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Abstract

Purpose Biological soil disinfestation (BSD) is an effective
non-chemical method to control soil-borne disease by incor-
porating organic amendments into soil under flooding condi-
tions. For suppressing Artemisia selengensis root rot patho-
gens (Fusarium oxysporum f. sp. cubense (FOC),
Phytophthora spp., and Pythium spp.), the effects of BSD
treatment using maize straw as organic material and water
regime were investigated by greenhouse experiments.
Materials and methods Pathogens infested soil was filled in
greenhouse pots and incorporated with maize straw at rates of
0.2 %, 0.5 %, and 2 % (w/w) under flooded or water-saturated
(100 % water-holding capacity) conditions at 25-35 °C for
25 days.

Results and discussion The population of A. selengensis root
rot pathogens was effectively reduced after BSD treatments
with all three maize straw application rates, and the largest
reduction was reached up about 90 % at 2 % application rate.
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No obvious difference in suppressing effect was observed be-
tween flooded and water-saturated soil conditions with the same
application rate of maize straw. BSD induced bacterial commu-
nity structure shift and biodiversity enhancement. Two toxic
organic acids producers, Clostridium and Bacillus spp., were
found as predominant populations in both flooding alone and
BSD treatments, while four types of organic acids, acetate, pro-
pionate, butyrate, and isovelerate were only detected in BSD
treatments. Besides, increasing soil pH and organic matter with
concomitantly decreasing nitrate occurred in BSD-treated soils.
Conclusions Maize straw is an effective BSD organic materi-
al, which might also provide a potential and environment-
friendly disposal strategy of crop residues. Saturating soil to
reach 100 % WHC was a good alternative to soil flooding in
BSD. Bacterial community shifts, organic acids accumulation,
and soil properties changes indicated multiple ways that might
be involved in suppressing A. selengensis root rot pathogens
during BSD treatment.

Keywords Artemisia selengensis root rot - Biological soil
disinfestation (BSD) - Maize straw - Bacterial community
shift - Organic acids

1 Introduction

Soil-borne disease caused by fungal, bacterial, and nematode
pathogens has become a huge threat to agricultural production
under intensive cultivation. For a long time, chemical disin-
festation method, such as methyl bromide fumigation, is con-
sidered as the most effective and economical approach to con-
trol soil-borne disease. With the increasing concerns about
human and environmental risks of chemicals, non-chemical
methods, such as flooding, solarization, and organic amend-
ment, have been widely investigated to search for alternatives
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to chemical fumigation. Biological soil disinfestation (BSD) is
one of alternatives controlling soil-borne disease. It accom-
plishes the goal of soil-borne pathogens suppression by incor-
porating decomposable organic material into soil under
flooding conditions and then covering with plastic mulch. A
broad spectrum of pathogens and nematodes has been mark-
edly suppressed by this method (Kobara et al. 2007; Uematsu
et al. 2007; Momma 2008; Momma et al. 2010).

It has been reported varieties of organic materials, such as
ethanol, molasses, broccoli, cover crops, animal and green
manure, and so on, are effective in BSD treatment (Shinmura
2002; Momma et al. 2011; Nufez-Zofio et al. 2011). Howev-
er, these organic materials sometimes are not accessible and
economical in fields. Crop residues, such as maize, wheat, and
rice straw, are more easy to acquire due to the wide cultivation
of these crops. Our previous studies have showed maize and
rice straw, combined with soil flooding, could successfully
suppress banana fusarium wilt in both laboratory and field
experiments (Huang et al. 2015). Considering that the disposal
of large quantities of crop residues has become an urgent
environmental concern to government in China (Hrynchuk
1998; Buresh and Sayre 2007; Gadde et al. 2009), using crop
residues as organic material in BSD might provide a new
promising, potential, and environment-friendly strategy. Ad-
ditionally, previous studies suggested that more incorporation
rates of organic amendments in BSD might induce higher
mortality of pathogens (Blok et al. 2000). Examining the ef-
fects of organic application rates on pathogens would help to
figure out the optimal application rate of crop residues.

On the other hand, evidences from some researches pointed
that flooding is not indispensible for BSD, and irrigating soil to
reach 100 % water-holding capacity (WHC) could effectively
inhibit pathogens as well (Momma et al. 2010; Muramoto et al.
2008). Because flooding soil demands vast amount of water and
is not always practical, for instance in hilly mountain areas
where standing water layer is hardly maintained and in field
where soils have very large percolation rate, saturating soil
would be a good alternative. Yet, some contrast results still exist,
which regarded that merely saturating soil was not effective in
suppressing some pathogens such as Pythium spp. (Snyder
1987). Thus, to promote practical application of BSD, a further
understanding of water regime is essential.

Till now, the efficacy of BSD in soil-borne pathogen dis-
infestation has been confirmed by many studies, but its exact
mechanism is still under exploration. Compared with other
non-chemical methods (flooding and solarization), the tem-
perature in BSD is obviously lower than the lethal level solar-
ization requires (Katan 2000; Larkin and Griffin 2007; Yossen
et al. 2008), and the anaerobic condition induced by flooding
alone cannot result in as effective soil disinfestation as BSD
does (Butler et al. 2012). Moreover, the soil redox potential in
BSD experiences much more quick and dramatic drop than
flooding alone. All of these made researchers assumed that it
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was such a strong reductive and anaerobic condition that led to
final pathogens inactivation in BSD (Blok et al. 2000). In fact,
this is a very complicated process, usually involving soil phys-
icochemical changes, microbiota shifts, nutrients cycling, tox-
ic compounds accumulation, and so on. Some researchers
have reported apparent bacterial community changing from
aerobic-dominated states to facultative and anaerobic-
dominated states in BSD-treated soil (Momma et al. 2013).
Clostridium spp., producers of some toxic organic acids, were
identified to be engaged in the mechanism of BSD (Momma
et al. 2013; Mowlick et al. 2013). High concentrations of
acetate and butyrate directly suppressing pathogens have been
detected in BSD-treated soil (Momma et al. 2006; Muramoto
et al. 2008).

Artemisia selengensis Turcz, called “Li Hao” in Chinese,
is a common perennial herbaceous edible weed, widely dis-
tributed along marshes, lakeshores, and riverbanks in North-
east China and Central China (Zhang and Kong 2005). Since
its high nutrition and medicinal value, it has been favored as
food and herbal medicine for thousands of years in China
(Peng et al. 2010). Currently, development of intensive agri-
culture has improved the yield of A. selengensis, but its culti-
vation efficiency is hampered by some soil-borne diseases,
particularly, root rot caused by Fusarium oxysporum f. sp.
cubense (FOC), Phytophthora spp., and Pythium spp. (Yang
2007). The disease causes wilted leaves, stunted growth, vas-
cular discoloration, and brown soft roots and, finally, leads to
plant death.

Given the concerns above, the aim of this study was to
determine the potential of maize straw as organic amendments
for BSD in suppressing A. selengensis root rot caused by
FOC, Phytophthora spp., and Pythium spp. Different maize
straw addition rates and two soil irrigation states were evalu-
ated to test its efficiency and provide practical guidelines for
BSD field promotion. Furthermore, the mechanism of sup-
pressing pathogens was examined by investigating bacterial
community structure changes and toxic organic acids
productions.

2 Materials and methods
2.1 Soil and crop residues

The soil used in greenhouse experiment was collected from
the farm in Baguazhou, Nanjing. The farm has planted
A. selengensis for more than 12 years. In 2013, root rot inci-
dence has spread most of the areas of the farm and its yield has
been greatly reduced. Because some fields are no longer suit-
able for growing A. selengensis, farmers have to plant other
crops such as maize as alternative. Soil samples were collected
from the fields with the most serious root rot disease. The soil
was clay loamy in texture, with organic matter content of
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1.8 %. The soil was seriously acidified into pH 4.2 due to
intensively cultivation. Locally, the natural soil is neutral.
All soil was sieved with 2-mm sieve before experiment. Maize
straw was collected locally as organic materials for BSD, with
organic C 42.5 %. Before amended into soil, the straw were
cut into sections, dried at 40 °C, and grounded into powder.

2.2 Experiment design

All experiments were conducted in greenhouse. Pots (20 x
10 cm) were filled with 500-g soil sample, and treatments were
set up as follows: (1) CK: no amended and flooded; (2) flood:
flooded but no amended; (3) flood+0.2 %: flooded and
amended with 0.2 % (w/w) maize straw; (4) flood+0.5 %:
flooded and amended with 0.5 % (w/w) maize straw; (5)
flood+2 %: flooded and amended with 2 % (w/w) maize straw;
(6) saturate+0.5 %: saturated and amended with 0.5 % (w/w)
maize straw. The pots were randomly arranged in a greenhouse
with temperature ranging between 25-35 °C. Three replicates
were set for each treatment. Before experiments, each pot was
thoroughly mixed with designed rate of maize straw; then tap
water was irrigated into soil to reach 1:1 ratio in flooded pots
and to reach the maximum water-holding capacity (100 %
WHC) in saturated pots; finally, each pot was sealed with a
plastic film for 25 days incubation in greenhouse.

2.3 Soil properties analysis

The soil redox potential in each pot was measured in situ by an
ORP meter (FJA-16, ISSAS, China) on days 1, 2, 3, 5, 10, 15,
20, and 25. Soil samples for pH and nitrate analyzing were
collected on days 5, 10, 15, and 25. Soil samples for pathogen
evaluation and PCR-DGGE analysis were respectively col-
lected on days 25 and 15, and samples for organic acid anal-
ysis were collected on days 5, 10, and 15. The plastic film in
each pot was carefully removed when sampling, five subsam-
ples in each pot were collected, and then the plastic film was
used to seal the pot again. After fully mixed the five subsam-
ples obtained from each pot, the sample was prepared for
analysis. Soil pH was measured in slurry (1:1 with deionized
water) by a pH electrode (Mettler Toledo, FE20-FiveEasy,
USA). Soil nitrate were extracted by 2 M KCl in a solution
(soil:water=1:5) after 1-h 250 r/min shaking and then mea-
sured by a continuous-flow analyzer (Skalar, Netherlands). At
the start and end of the experiment, organic matter of soil was
determined by Walkly-Black wet digestion method. The soil
maximum water-holding capacity was determined as follows:
First, about 100-g soil with three replicates were used to de-
termine soil water-holding capacity. After fully irrigating and
flooding soil, the water was allowed to stand on the soil sur-
face (about 2 cm) for 2 h. The soil container was sealed by
cling film to prevent evaporation. Then the water was seeped
out of soil for 6 h, and the weight of soil with 100 % WHC was

obtained. The excess water was removed by drying the soil at
105 °C to constant mass.

2.4 Soil pathogen evaluation

Soil-borne pathogens were calculated by a standard 10-fold
dilution method. Here, oat medium was used for the growth of
Pythium spp., corn medium was used for Phytophthora spp.
growth, and modified komada medium was for FOC growth.
Diluted soil suspensions were inoculated into plates and incu-
bated at 28 °C for 72 h. The total number of pathogens were
determined by counting the number of colony-forming units
(CFU) and transformed as log10 (CFU g ™' dry soil).

2.5 Soil DNA extraction and PCR amplification

According to previous researches, microorganism shift in
BSD soil could be clearly observed during the first 2 weeks
(Momma et al. 2013; Mowlick et al. 2013). About 0.25-g soil
from each treatment was taken after 15-day incubation, and
DNA was carefully extracted according to the manual instruc-
tions (MO BIO Ultra Clean® Soil DNA Isolation Kit, MO
BIO Laboratories Inc., USA). The DNA quality and yield
were checked on 1.2 % agarose gel (ethidium bromide
stained) and visualized by UV trans-illumination. PCR was
carried out with a CRX-96 thermocycler (Bio-Rad Laborato-
ries Inc., Hercules, CA, USA). The primer systems used for
amplification of bacteria 16S rDNA fragments were listed in
Table 1 (Zoetendal et al. 1998). The 25 ul PCR mixture
contained 12.5 pl master mix (including Tag DNA Polymer-
ase, ANTP, Tris-HCI, KCl, and MgCl,, 2x Taq PCR Master
Mix, Tiangen Biotech, Beijing, China), 1 pl of each primer,
5 ul DNA template, and 5.5 pl sterilized dd-H,O. Thermal
cycling conditions were as follows: an initial denaturing step
at 94 °C for 4 min followed by 35 cycles consisting denatur-
ation at 94 °C for 30 s, 30 s for primer annealing at 57 °C and
45 s at 72 °C for primer elongation. Cycling was finally ex-
tended at 72 °C for 10 min and cooled to 4 °C. The PCR
products obtained from PCR reactions were checked by
1.2 % agarose gel electrophoresis.

Table 1  Primers used in the experiment
Primers® Sequence (5-3')°  Product  Reference
size (bp)
GC-U968 (F) GC-AACGCGAA 490 Zoetendal et al. (1998)
GAACCTTAC
L1401 (R) GCGTGTGTACA 400 Zoetendal et al. (1998)
AGACCC

F forward primer, R reverse primer

® A GC-rich sequence (GC.-) attached to the 5' end of sequences is
indicated
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2.6 DGGE analysis and DNA sequencing

PCR amplified 16S DNA fragments were fingerprinted using
a D-GENE System (Bio-Rad Laboratories, Hercules, CA,
USA). PCR products were loaded onto 6 % (w/v) polyacryl-
amide gels (40 % acrylamide/bis-solution, 37.5:1, Bio-Rad)
containing a linear denaturing gradients ranging from 50 to
70 %. Gels were performed electrophoresis for 16 h at 60 °C.
After the electrophoresis, gels were stained with SYBR® Gold
nucleic acid gel stain (Molecular Probes, Eugene, OR) and
digitally photographed, and analyzed by image analysis
(Quantity One 4.6.3, Bio-Rad).

The target DGGE bands were carefully excised by a steril-
ized scalpel and each band was eluted into 20 pl sterilized dd-
H,0 at 4 °C overnight. Then 2 pul DNA elution was taken to
re-amplification by the same PCR conditions listed above.
The PCR products were analyzed by same DGGE program
to confirm the expected products isolation. Only samples
displaying a single band which co-migrated with its original
sample were excised. After overnight elution, they were am-
plified with the primers without GC clamp, purified and
cloned to pEASY-T1 vector (Transgen, Beijing, China), and
sequenced in Genscript Company (Nanjing, China). The re-
covered sequences were aligned with bacteria gene fragments
available from the National Center for Biotechnology Infor-
mation databases (NCBI). The closest known relatives of the
partial bacteria sequences were found by BLAST searches in
GenBank.

2.7 Toxic organic acids determinations

1 ml soil solution sample was collected from each pot to detect
toxic organic acids by small size of soil water samplers (Daiki,
Japan, contributed by Prof. Yuso Kobara) on days 5, 10, and
15. Then they were centrifuged at 3000 rpm for 5 min and
identified by an HPLC system (Agilent 1260, USA) according
to the modified method of Ling (Ling et al. 2011). XDB-C18
column (4.6x250 mm, Agilent, USA) with a gradient solution
of 2.5 mM H,SO, (A) and methanol (B) were used to isolate
organic acids. The gradients were set as follows: first 95 % A
plus 5 % B at the flow rate of 1 ml min~'/5 min, then 95 % A
plus 5 % B at the rate of 1 ml min~'/8 min, 85 % A plus 15 %
B at the rate of 1 ml min~'/40 min, 85 % A plus 15 % B at the
rate of 1 ml min™'/stop. The wavelength of UV detector was
210 nm. Organic acid components were isolated and identified
through comparing retention times and peak areas with stan-
dards (Sigma, USA).

2.8 Data analysis
All data collected were checked for normality and homogene-

ity and appropriately transformed before performing statistical
analysis. The ANOVA module in SPSS 16.0 (SPSS Inc.,

@ Springer

Chicago, IL, USA) and SNK tests (»<0.05) was used to ana-
lyze the variances among different treatments.

3 Results
3.1 Soil Eh and pH

During the first 3 days, soil redox potentials (Eh) exhibited
sharp drop in all BSD treatments (Fig. 1a). The speeds of Eh
drop decreased in the following order: flood+2 %>flood+
0.5 %>flood+0.2 %>saturate+0.5 %. The lowest Eh was ob-
served in the treatment of flood+2 % at day 3, in which Eh
decreased from 300 to —416 mv. Although the Eh drop varied
very significantly (p<0.001) across BSD treatments at the
beginning of experiment, their differences were smaller at
the end of experiment (about —150~200 mv) and even totally
diminished between the treatments of flood+0.5 %, flood+
2 %, and saturate+0.5 % (p>0.05). On the contrast, the Eh
in flooding alone treatment was only slightly decreased to
88 mv, and the Eh in CK treatment was kept around 300 mv
through the whole experiment.

Compared with CK, the soil pH was apparently elevated in
all flooded or water-saturated treatments (Fig. 1b). The pH in
CK was maintained around 4.3 throughout the experiment,
while it was rapidly increased beyond 4.7 in other treatments
on day 5 and further raised above 5.3 on day 25. The highest
pH was in the treatment of flood+0.5 % (pH=5.60). No sta-
tistical difference in the final pH was observed between each
BSD treatment (p>0.05) and between flooding alone and
BSD treatments (p>0.05).

3.2 Soil-borne pathogen

The initial populations of three kinds of pathogens in the soil
were above 3% 10* CFU g ! soil. Incorporating maize straw
into flooded or saturated soil did result in significant mortal-
ity of soil-borne pathogens (Phytophthora spp., Pythium
spp., and FOC) (Fig. 2). The flood+2 % treatment exhibited
the most pronounced inactivation of pathogens, up to 90 %
for all three kinds of pathogens. Although the final patho-
gens populations of the other three BSD treatments (flood+
0.2 %, flood+0.5 %, and saturate+0.5 %) were still remark-
ably higher than that in the flood+2 % treatment, they also
experienced sharp reduction of pathogens (about 75~80 %)
and the differences of their final pathogens populations were
smaller or not significant. Flooding alone did inactivate
pathogens as well, but the effect was quite insignificant
when compared with BSD treatments. Less than 65 % path-
ogens were reduced in flooding alone treatment. For CK, its
viable pathogens were persisted over 2x 10* CFU g_1 soil
till the end of the experiment.
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Fig. 1 a, b Change in soil Eh and pH during the 25-day incubation. Bars
refer to one standard deviation. The treatments are (1) CK: no amended
and flooded, (2) flood: flooded but no amended, (3) flood+0.2 %: flooded
and amended with 0.2 % (w/w) maize straw, (4) flood+0.5 %: flooded and

3.3 Community composition of bacteria

The DGGE banding patterns of bacterial community from the
soils are shown in Fig. 3. Clear variability in bands position
and intensity could be visually inspected from different treat-
ments. Upon the DGGE profiles, the community structure of
bacterial populations in CK was represented by a series of
weak, resolved but still distinguishable bands, with two or
three dominant intense bands. However, an apparent increas-
ing bacterial diversity was evidenced in both flooded alone
and BSD treatments accompanied by the occurrence of more
intense and dominant bands (8~12). The bacterial diversity
peaked in samples from flood+2 % treatment, with about 51
bands, while there are only 39 and 45 bands in CK and
flooding alone, respectively. The majority of dominant bands
were localized in the upper part of the gel in saturated

amended with 0.5 % (w/w) maize straw, (5) flood+2 %: flooded and
amended with 2 % (w/w) maize straw, and (6) saturate+0.5 %: saturated
and amended with 0.5 % (w/w) maize straw. Within days 1 and 25, means
indicated by the same letter are not significantly different, p>0.05

treatment, whereas they were in the middle part of the gel in
flooded treatments.

In the gel, three replicates profiles of each treatment were
highly repetitive; therefore, cluster analysis of DGGE banding
patterns by the unweighted pair-group method using arithmet-
ic averages (UPGMA) was utilized to generate similarity den-
drogram (Fig. 4). The clustering profile showed apparent two
broad clusters (CK; flooded or saturated treatments), indicat-
ing that CK was most distinct from the other treatments. Near-
ly all samples from different treatments could be identified
from each other and their replicates were grouped into the
same clusters, which substantiated the visual inspection re-
sults of DGGE profile. Samples from saturated treatment were
grouped on a separate cluster sharing a 50 % similarity with
other flooded treatments, which further confirmed the visual
results. Among the three flooded treatments, two BSD
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Fig. 2 a—c Suppressing effects
on Artemisia selengensis root rot
pathogens (FOC, Phytophthora - 1
spp., and Pythium spp.) after 25- 3
day incubation. Data presented

are averages of treatments with

standard deviation. Column g
indicated by same /etters are not o
significantly different (p>0.05).

Bars marked with * or # are very

significantly different with the

CK or flood treatments,

respectively (p<0.001)
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treatments were more alike, while the flooded alone treatment ~ saturated treatments (Table 2). DGGE bands 1 and 2 both
shared a 60 % level similarity with them. showed 99 % similarities to Verrucomicrobiaceae sp., which

Furthermore, DNA sequences of the recognized different ~ was a typical bacteria species engaged in fermentation process
bands in the gel showed that Verrucomicrobiaceae sp., Clos-  in the soil. Band 3 exhibited 100 % similarity to uncultured
tridium sp., and Bacillus sp., were detected in flooded or  Candidatus Saccharibacteria bacterium (EF016808), a
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Flood+0. 5%

Flood CK

Saturate+0. 5% Flood+2%

Fig.3 The original DGGE profile of the bacterial community in different
treatments on day 15 (CK, flood, flood+0.2 % maize straw, flood+2 %
maize straw, saturate+0.5 % maize straw). Bands indicated with numbers
were excised, re-amplified, and sequenced

candidate TM7 species usually found in sludge or rainforest
soil. In addition, bands 4, 5, 6, and 7 all showed high nucle-
otide similarity to Clostridium sp. (from 97 to 98 %), which
included many species producing organic acids under anaer-
obic soil environment.

3.4 Organic acids produced in BSD

Soil solution samples were collected and analyzed by HPLC
to investigate whether organic acids were produced in the
treatments (Fig. 5). Of the four organic acids tested, acetic
acid was the major part in all BSD treatments, while isovaleric
acid was the minor one. In both flood+0.2 % and flood+0.5 %
treatments, four organic acids were not detected until 10 days
after the start of treatments in most cases and, generally,
followed by an obvious decline on day 15. Change of organic
acids in the saturate+0.5 % treatment largely mirrored this
trend, in spite of that they were detectable on day 5. In the
flood+2 % treatment, a different trend was observed, with
gradual increasing concentrations of organic acids from day
5 to day 15. Across the four BSD treatments, the highest
concentrations of the four organic acids were all in the
flood+2 % treatment, with 7.84, 2.30, 2.16, and 1.75 mM
for acetic acid, propionic acid, butyric acid, and isovaleric
acid, respectively. The second one was in the saturate+0.5 %
treatment, and the lowest one was displayed by the flood+

0.2 % treatment. None of the four organic acids was detected
in CK and flooding-alone treatments.

4 Discussion

Biological soil disinfestation is a promising, effective, and
non-chemical method, which achieves soil disinfestation and
controls soil-borne disease by incorporating decomposable
organic material into flooded soil. In this study, different rates
of maize straw were amended into flooded or water-saturated
soil to investigate the potential of this method on suppressing
A. selengensis root rot caused by FOC, Phytophthora spp.,
and Pythium spp. The soil bacterial community changes and
organic acids dynamics were analyzed to help in clarifying the
mechanism of this method.

Addition of crop residues, like maize, rice, or wheat straw
in the soil has been reported to remarkably reduce several
kinds of fusarium wilt disease (Shinmura 2002; Yossen et al.
2008; Huang et al. 2013). In the study, a sharp decline in three
kinds of viable 4. selengensis root rot pathogens (up to 90 %)
were found in all maize straw amended treatments under ei-
ther flooded or saturated conditions. This confirms that maize
straw was an effective organic material in suppressing a wide
spectrum of soil-borne disease. Of the three addition rates of
maize straw, the highest one (2 %, w/w) resulted in the greatest
mortality of pathogens. This agrees with what Momma et al.
(2010) have found that improving organic material addition
rates could reduce more pathogens and even shorten the BSD
period. No statistical distinction was noted in the other two
lower addition rates (0.2 and 0.5 %, w/w). Admittedly, com-
pared with CK and flooding-alone treatments, the two lower
rates have effectively decreased pathogens. Moreover, they
are relatively less than common addition rates of other BSD
organic material (Subbarao et al. 1999; Momma et al. 2006;
Momma 2008; Butler et al. 2012; Momma et al. 2013), indi-
cating their higher efficacy in BSD.

In spite of that, the drop of Eh in saturated treatment was
not as dramatic as that in flooded treatment at the beginning of
the experiment, and the difference between their reductive
states was gradually diminished and become unobservable at
the end of experiment. Nearly equal pathogens mortalities
were noted in flooded and saturated treatments with same
addition rates of maize straw. This is accorded with previous
reports that irrigating soil to reach its maximum water-holding
capacity (WHC) was sufficient to establish a strong anaerobic
and reductive environment to reduce pathogens (Snyder 1987,
Kobara et al. 2007). Besides, some researches proposed that
even 20~30 % moist soil was capable to effectively suppress
pathogens when paired with organic material and covered
with plastic films (Blok et al. 2000; Butler et al. 2012b;
Momma et al. 2013).
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Fig. 4 Similarity dendrograms (UPGMA, Dice coefficient of similarity) of bacterial banding patterns of different treatments. The similarity
dendrograms (ranging from 0—1) were calculated based on PCR-DGGE profiles in Fig. 3

Our molecular results illustrated that a marked indigenous
soil bacterial communities shifted in all flooded and saturated
soil. As we have known, flooding used to reducing fungi pop-
ulations while leaving bacteria unaffected or even increasing it
(Drenovsky et al. 2004; Huang et al. 2015). Organic amend-
ments such as compost or manure have been illustrated that
they could affect natural soil microorganisms, especially

bacteria community, and provide biological control to soil-
borne pathogens (Bulluck et al. 2002; Tiquia et al. 2002;
Gelsomino and Cacco 2006). In BSD, the anaerobic decompo-
sition of organic matter stimulates growth and proliferation of
anaerobic bacteria (Blok et al. 2000; Mowlick et al. 2013).
Some of them, such as Clostridium and Bacillus spp., are
well-known toxic producers and have antagonistic activity

Table 2 Phylogenetic

relationships of bands sequence Representative sequence  Best match database (GenBank accession number) Similarity (%)

from bacterial PCR-DGGE (GenBank accession

profiles (Fig. 3) number)
1(KT157526) Uncultured Verrucomicrobia bacterium (AJ629850) 99
2(KT157526) Uncultured Verrucomicrobia bacterium (AJ629850) 99
3(KT157527) Uncultured Candidatus Saccharibacteria bacterium (EF016808) 100
4(KT157528) Uncultured Clostridium sp. (AB286217) 100
5(KT157529) Uncultured Clostridium sp. (AY330123) 97
6(KT157530) Uncultured Clostridium sp. (JX230409) 97
7(KT157531) Uncultured Clostridium sp. (HE575392) 98
8(KT157532) Bacillus subtilis (AY219900) 96
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Fig. 5 a—d The changes of acetic acid, propionic acid, butyric acid, and
isoveleric acid concentrations from 0-15 days in treatments of flood,
flood+0.2 %, flood+0.5 %, flood+2 %, and saturate+0.5 %. Data

(Mowlick et al. 2013; Mowlick et al. 2014). Consistently, al-
though distinguishes in DGGE patterns were observable be-
tween each BSD treatment, especially between the saturated
and flooded BSD treatments, the bands representing the two
bacterial species were very intense and well resolved in all of
the BSD treatments, indicating that they were dominant bacte-
rial types in BSD soil. Ironically, same bands also appeared in
the flooding-alone treatment, but flooding alone never reduced
pathogens as effectively as BSD did. According to our DGGE
profile, the bacterial biodiversity in BSD treatments was appar-
ent higher than that in flooding alone, indicating many other
bacterial species proliferated in BSD soils, especially in the
highest maize straw addition treatment. Multiplication of these
indigenous microorganisms might compete with pathogens in
nutrients and niches and play a role in pathogens suppression.
Since functions of these species are not clear, further research is
needed to provide more evidences.

It has been proven that the dominated clostridial species in
BSD is tightly connected with accumulation of acetate and bu-
tyrate, which could greatly suppress pathogens (Momma et al.
2006; Momma et al. 2010). Here, rather high concentrations of
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presented are averages of treatments with standard deviation. Within
each treatment, bars indicated by the same letter are not significantly
different, p>0.05

acetic acid were detected in all BSD treatments, together with
lower amounts of butyric, propionic acid, and isoveleric acids,
while none of them was detected in CK and flooding-alone
treatments. The four detected organic acids were known to be
generated via anaerobic decomposition of straw (Gotoh and
Onikura 1971). Their amount enhanced with the added rates of
straw and peaked during 10 and 20 days (Rao and Mikkelsen
1976; Shan et al. 2008). Our experiments verified that the highest
production of organic acids appeared in the largest addition rates
of maize straw. Accumulation of organic acids gradually de-
creased after 10 days incubation, except the highest maize straw
addition treatment. Momma et al. (Momma et al. 2006) sug-
gested that anaerobic bacteria such as Clostridium spp. might
proliferate using organic material as growth substrate immediate-
ly after the establishment of reductive and anaerobic condition,
but with the consumption of substrate, less organic acids would
be generated. Pathogens mortality coincided well with the
change of organic acids, with most dramatic decrease of patho-
gens occurring in the first 10~15 days in BSD (Momma 2008;
Klein et al. 2011, 2012). It is worth to noting that saturated BSD
treatments seemed to produce higher concentrations of organic
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acids than flooded ones at the same addition rate of maize straw.
Since less water was added in saturated soil, it is one possible
reason to explain their higher concentrations of organic acids
than flooding treatments. Overall, our results emphasize again
the important roles of toxic organic acids (acetate, propionate,
butyrate, and isovelerate) in pathogen suppression. Since only
four organic acids were examined in our experiments, other un-
known volatile fatty acids and compounds are possibly engaged
in BSD process as well.

Besides a direct killing of pathogens, effects of BSD on soil
microbiota might also directly or indirectly result from the
changes in soil physical and chemical properties, such as soil
pH, Ec, nutrients, and soil structure (Ferreras et al. 2006;
Gelsomino and Cacco 2006; Gopinath et al. 2008; Butler
et al. 2014). In this study, the original soil pH (4.2) was very
acidic and not suitable for general plant growth and microbial
activity, but it increased up to 6.0 after BSD treatment. How-
ever, rather contrasting results were reported regarding the soil
pH change in BSD: in some cases the soil pH was found to be
reduced (Momma et al. 2006; Huang et al. 2015), whereas in
others increasing pH was reported (Butler et al. 2012; Butler
et al. 2014). In fact, the change of soil pH depends on the
original pH in soil. That is, after BSD treating, pH value tends
to decrease in soil with higher original pH (>6.0), but to in-
crease in soil with lower original pH (<5.0). Therefore, BSD
plays an important role in soil pH amelioration.

The total organic matter in soil was greatly improved; for
example, it was increased from 1.81 to 2.68 % in flood+2 %
treatment, but soil nitrate concentration decreased to nearly
zero level (data not shown). Soil provides a habitat for living
organisms, including plants and microbiota, whose activities
are tightly coupled with the physicochemical properties of soil
(Paul 2006). Improvement of soil properties frequently induce
positive impact in microbiology communities and crop grow-
ing (Tejada et al. 2006; Stark et al. 2007; Gopinath et al.
2008). As we have known, increasing soil microorganism
diversity is likely to be antagonistic to pathogens or beneficial
to crop growth (Gelsomino and Cacco 2006). The promoting
growth of crop, in turn, may influence the abundance and
activities of soil microorganism by releasing exudates and
lysates in the rhizosphere (Grayston et al. 1998) that might
further show biological control on pathogens. Thus, to fully
explore the mechanism of BSD, additional experiments must
be undertaken to clarify the inherent interactions between soil
physicochemical properties, crop growth, and microbiology
communities and how these mutual relationships influence
the survival and growth of soil-borne pathogens.

5 Conclusions

In this study, effects of maize straw as BSD organic material
was clearly observed in suppressing 4. selengensis root rot

@ Springer

pathogens via greenhouse experiments under flooded and
water-saturated conditions. All three addition rates of maize
straw ranged from 0.2 to 2 % could effectively inactivate
FOC, Phytophthora spp., and Pythium spp., although the larg-
est amount of maize straw addition did result in significantly
higher pathogens’ mortality than the other two rates. Saturat-
ing soil to reach 100 % WHC was a good alternative to soil
flooding in BSD, because no obvious difference appeared
between them at the same rates of organic amendments.
BSD induced clear bacterial community shifts with enhanced
biodiversity, and two well-known toxic organic acids pro-
ducers, Clostridium, and Bacillus spp., were dominant taxo-
nomic groups. Four toxic acids, acetate, propionate, butyrate,
and isovelerate were accumulated in BSD, but gradually di-
minished after 10 to 15 days. Soil pH and organic matter
increased, while NO;  disappeared after BSD treatment. All
the factors observed would contribute to the inactivity of FOC
to different extent.
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