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Applying plant growth-promoting rhizobacteria (PGPR) improves the efficiency
of soil-borne disease control and is considered a sustainable practice.
However, the effect of PGPR on the fungal community, especially
pathogenic fungi and arbuscular mycorrhizal fungi (AMF), remains unclear. In
this study, we examined the effects of a compound microbial agent (consisting
of Bacillus subtilis HG-15 and Bacillus velezensis JC-K3) on the incidence and
yield of wheat under low salt stress, as well as compared the diversity and
community composition of the rhizosphere fungal and AMF communities of
wheat in the CK (not inoculated bacterial agent) and BIO (inoculated with a
bacterial agent) groups. Chlorophyll relative content (SPAD), net
photosynthesis rate (Pn), transpiration rate (Tr), leaf water use efficiency
(WUE)), grains per spike and wheat yield in the BIO group increased more
than in the CK group. The number of diseased plants and disease incidence was
observed to be reduced. The relative efficacy reached 79.80%. We classified
1007 fungal operational taxonomic units (OTU) based on Miseq sequencing
data: 11 phyla, 173 families, 319 genera, and 521 species. Fifty-four OTUs were
classified from the AMF effective sequences, including 1 phylum, 3 families, 3
genera, and 17 species. The inoculation of bacterial agents reduced the relative
abundance of pathogen genera such as Gibberella, Fusarium, Cladosporium,
and Alternaria in wheat rhizosphere. It increased the relative abundance of AMF
species such as Glomus-group-B-Glomus-lamellosu-VTX00193, Glomus-
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viscosum-VTX00063, and Glomus-Glo2-VTX00280. In addition, pH, EC,
exchangeable K, available N, total N, organic matter, and olsen P were the
main driving forces for shaping wheat rhizosphere fungi. The pH value was
positively correlated with the relative abundance of fungal communities in soil,
especially Gibberella, Cladosporium, Fusarium, and Alternaria. In summary,
inoculation with Bacillus subtilis HG-15 and Bacillus velezensis JC-K3 affected
wheat yield, incidence, rhizosphere soil chemical properties, rhizosphere
fungi, and AMF fungal diversity and community. The findings may provide a
theoretical foundation and strain support for constructing efficient PGPR-

community and clarifying its mechanism of pathogenic bacteria inhibition.
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salt stress, microbial inoculants, plant growth-promoting rhizobacteria, arbuscular
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Introduction

Salt stress is one of the major abiotic stresses limiting crop
production in arid and semi-arid regions; salinity threatens at least
20% of the world’s cropland to varying degrees (Zhu et al., 2011).
Salt stress causes osmotic, ion toxicity, and oxidative stress,
disrupting the integrity of cell membrane systems and
ultrastructure in photosynthetic systems. The structure and
function of inter-root soil microbial communities are also
susceptible to significant changes because of salt stress, directly
affecting crop growth and yield (Munns and Tester, 2008).
Although plants can produce some yield in saline soil habitats,
most crops and tree species are not highly salt tolerant, with major
food crops such as wheat, maize, rice, and barley suffering yield
losses of up to 70% because of salt stress (Acquaah, 2007). With
the intensification of population growth, land and food conflicts,
and climate change, improving the soil environment and
promoting crop yields in low salt-stressed soils are crucial for
promoting economic development, ensuring food security,
relieving population pressure, and maintaining ecological balance.

Crop diseases caused by soil-borne pathogens are another
important constraint to high-quality, high-yielding food and
sustainable agricultural development worldwide. The sexual
stage of Fusarium is often Gibberella, which can cause crown
rot, stem rot, and blast rot in wheat (Javad et al., 2006); more
seriously, Fusarium can cause wilt and root rot in over 100 crops
(Li et al, 2015), such as wheat wilt caused by Fusarium
graminearum (Drakopoulos et al., 2020); and rice blight
caused by Fusarium moniliforme (Alam et al, 2010). The
Gibberella, on the other hand, causes fusarium head blight in
wheat, barley, and other cereal crops (Oliver et al., 2008).

Salt-tolerant PGPR has probiotic properties, such as the
production of phytohormones, siderophores, ACC deaminase
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(ACCD), and compatible solutes like proline, which directly
reduce the level of plant stress hormone ethylene and are
involved in the conversion and cycling of carbon (C), nitrogen
(N), and phosphorus (P), as well as other substances and energy
in the soil (Singh et al., 2015; Delgado-Baquerizo et al., 2016).
These mechanisms are related to improving plant salt tolerance
and induced system tolerance (IST), which can effectively reduce
salt stress damage in plants, promote crop growth, and suppress
pathogen proliferation (Etesami and Beattie, 2018). Arbuscular
mycorrhizal fungi (AMF) can form symbiotic relationships with
most crops. They can improve salt tolerance and disease
resistance to soil-borne diseases by promoting plant growth,
water uptake, and initiating host plant defense responses, besides
improving soil nutrient acquisition (Cameron et al., 2013; Ruiz-
Lozano et al., 2016; Despina et al., 2018; Bennett and Groten,
2022). Although AMF may not be “sustainable saviors” for
agricultural intensification (Thirkell et al., 2017), AMF does
have the potential to aid in the nutritional assimilation of
grains (Thirkell et al., 2020). Most studies have focused on the
pro-growth effects of exogenous inoculation of PGPR or AMF
on host plants. In contrast, little research has been done on the
synergistic effects of salt-tolerant PGPR with other
microorganisms in the root zone on saline soils and crops.
There is a specific lack of research on the response of AMF
communities to salt-tolerant PGPR.

The rational application of microorganisms in modern
agriculture can maximize yields while minimizing inputs
under anticipated environmental perturbations (Vries et al,
2020). Bacillus subtilis HG-15 and Bacillus velezensis JC-K3,
the strains used in this study, are salt-tolerant bacteria obtained,
respectively, from the rhizoplane and inside the roots of wheat in
the saline soil of Yellow River Delta; the strains did not inhibit
each other and were able to colonize stably in the inter-root of
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saline wheat, both with the properties of producing ACC
deaminase, IAA, Siderophore, and proline. The strains have
been demonstrated to promote wheat seedling growth, reduce
salt stress damage, and improve photosynthesis and
osmoregulation in pot experiments (Ji et al, 2021; Ji et al,
2022). More studies have shown that combined bacterial
inoculum has higher environmental adaptability, biological
viability, and synergistic metabolism levels than single strains
and has a greater impact on soil-plant material cycling
(Dombrowski et al., 2018). Therefore, this study will
investigate the effects of combined biocontrol agents composed
of these two strains on fungi, especially the AMF community in
wheat rhizosphere soil, as well as the relationship between
microbial community response, wheat yield, and disease
resistance. The results of this study may provide a theoretical
foundation and data support to clarify further the mechanisms
of PGPR and AMF promotion and disease prevention under salt
stress, as well as a reference point for future research on how to
mobilize indigenous AMF.

Materials and methods
Biocontrol strain and culture medium

The microbial inoculant is a compound agent of Bacillus
subtilis HG-15 and Bacillus velezensis JC-K3. Both strains exhibit
efficient antagonistic activity and other growth-promoting
characteristics, as described in our previous studies (Ji et al.,
2021; Ji et al., 2022). Luria-Bertani liquid medium was used as a
seed and fermentation medium. When the spore formation rate
in the fermentation liquid was greater than 95%, diatomite was
sterilized at a high temperature (121 °C, 20 min) and added at a
concentration of 10% to the fermented liquid. The bacteria were
allowed to adsorb to the diatomite. The suspension was
centrifuged at 3,100 x g for 20 min. The supernatant was
removed, and the sediment was stored at —40 °C for 48 h
before being placed in a lyophilizer (Labconco FreeZone® Plus
4.5 L; Kansas City, MO, USA) and treated at —48 °C and 9 Pa for
48 h (Ji et al,, 2020). The density of HG-15 and JC-K3 in the
resultant solid microbial agent was 472 x 10° CFU g ™" and 511 x
10® CFU g™/, respectively. The bacterial preparations were mixed
with sterile diatomite and diluted to 20 x 10° CFU g

Experimental design

Between October 2021 and July 2022, an experimental plot
system was established in the Weifang Changyi area of
Shandong Province, China (119°31'55"E, 36°38'47"N). The
soil in the experimental area was mildly salinized alluvial, and
the surface soil texture was medium loam. The chemical
properties of initial soil were pH 8.11, EC 316 us cm, organic
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matter 23.51 gkg ™, total nitrogen 1.792 g kg ', available nitrogen
79.35 mg kg, Olsen P 18.83 mg kg, and exchangeable
potassium 97.06 mg kg'. Nutrient Agar (NA) medium and
Potato Dextrose Agar (PDA) medium were used to isolate and
count culturable bacteria and fungi in rhizosphere soil,
respectively. The number of culturable bacteria and fungi in
soil was 5.73 x 10* and 2.34 x 10> CFU g dry weight of soil,
respectively. This study used a completely randomized block
design with three replicates per treatment (CK and BIO), with
each replicate consisting of an area of 40 m* (8 m length x 5 m
width) insulated with a buffer zone.

Wheat seeds (CV. Jimai 22) were surface-sterilized with 1%
sodium hypochlorite for 5 min, washed 3-5 times with sterile
water, and sown artificially on the plot at 0.6 kg per 40 m> on
October 12, 2021. At the jointing stage, wheat seedlings in the
treatment groups were first irrigated with bacterial preparations
(previously dissolved in water at 5.0 kg per 40 m?) on February
20, 2022, and then on March 08, 2022; wheat seedlings in the
control group were irrigated with the same volume of tap water.
Before replanting, a basal fertilizer (45% Yangfeng compound
fertilizer, N14-P16-K15; 1.2 kg per 40 mz) was used; the nitrogen
fertilizer (urea, 1.5 kg per 40 m*) was used during the green-
up period.

Rhizosphere soil sampling and analysis

The bulk of the soil at the root of the wheat was removed by
gentle shaking, leaving only rhizosphere soil; and the soil that
remained adhered to the roots was considered rhizosphere soil.
The residual soil was collected from the roots using a sterile
brush (Smalla et al., 1993). Soil samples for the determination of
microbial communities were quick-frozen in liquid nitrogen and
stored in a refrigerator at -80°C until they were extracted and
analyzed. Soil samples for chemical determination were stored at
4 °C. Soil pH and EC values were analyzed using digital pH
(FE20) and EC (FE930) meters (Mettler Toledo, Switzerland),
respectively, with soil-water ratios of 1:2.5 and 1:5. The organic
matter content in the soil was determined with a method
described in Aj and Black (1934). Olsen P was determined
using the method proposed by Olsen (1954). The total N was
determined using the Bremner (2009) method. Available N and
exchangeable potassium values were obtained using a method
described in Jackson (1979).

Chlorophyll relative content (SPAD) and
photosynthetic parameters

Five flag leaves were randomly selected from each plot at
9:00-11:00 a.m. on 0, 10, 20, and 30 days after the flowering of
winter wheat. The SPAD value was measured using a portable
chlorophyll tester (SPAD 502, Minolta Camera Co., Ltd., Japan).
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Net photosynthetic rate (Pn) and transpiration rate (Tr) were
measured using an LI-6800XT portable photosynthetic
instrument (Li-COR, Lincoln, NE, USA). The measuring time,
date, and leaf position were all consistent with the wheat SPAD
value. The photon flux was set to 1,200 mol m 2 s™*, the blade
temperature to 25 °C, the humidity to 55%, and the flow rate to
500 umol s™. Each treatment consisted of five leaves. Leaf water
use efficiency (WUE;) was calculated using the following
equation:

WUE, = Pn/Tr

Effects of microbial inoculants on disease

At the end of grouting, the main disease characteristics of
white heads in wheat were investigated. Each treatment had
three replicates, and each replicate had three sampling sites
chosen at random. A total of 100 wheat seedlings were surveyed
for each sampling point. The number of white spikes was
counted, and the relative biocontrol effect was calculated using
the following formula (Moussa et al., 2013).

The number of diseased plants

Disease incidence = — x 100%
Total number of wheat seedling
Relative efficacy
Disease incidence in control — disease incidence in treatment
= x 100%

Disease incidence in control

Grain filling rate and yield

Ten wheat spikes were randomly collected from each plot at
7, 14,21, 28, and 35 days after flowering. They were placed in the
oven at 105°C for 30 min and dried to constant weight at 75°C
for 72 h. The filling rate was calculated as grain weight/filling
duration (Deng et al, 2021). For wheat maturity, each plot
randomly selected 1 m* to investigate the number of spikes per
unit area, selected 100 spikes to investigate the number of grains
per spike, harvested 4 m? threshing, and weighed after natural
air drying (grain moisture content is approximately 12.5%),
calculated yield per unit area, and investigated 1000-grain
weight. The procedure was repeated five times for
each treatment.

DNA preparation and polymerase chain
reaction-based amplification

Soil genomic DNA was extracted from 0.5 g soils with a
FastDNA SPIN Kit for Soil (MP, California, USA) according to
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the manufacturer’s instructions. The DNA quality was examined
using 1.0% agarose gel electrophoresis, and the DNA
concentration was quantified using a NanoDrop 2000 UV-Vis
spectrophotometer (Wilmington, USA) (Zeng et al., 2021).

The fungal rDNA-ITS gene was amplified from the total soil
genomic DNA using primers ITS1F (5'-barcode-
CTTGGTCATTTAGAGGAAGTAA-3")/2043R (5'-
GCTGCGTTCTTCATCGATGC-3"). PCR was performed in
triplicates in a 20-pL reaction tube containing 4 pL of 5x
FastPfu Buffer, 2 uL of 2.5 mmol dNTPs, 0.8 uL of each
primer (5 umoL), 0.4 uL FastPfu Polymerase, 10 ng template
DNA, and adding ddH,O to a final volume of 20 uL.

Nested PCR was conducted to amplify fragments of AMF 18S
rRNA gene with high specific amplification. The first PCR step was
conducted in a 20 pL reaction tube containing 1 UL of genomic
DNA (approximately 10 ng), 2 uL of 2.5 mM dNTPs, 0.4 uL of
FastPfu DNA Polymerase (5 U uL™), 0.4 UL of each primer (10 uM;
AML1 (5'-ATCAACTTTCGATGGTAGGATAGA-3")/AML2 (5'-
GAACCCAAACACTTTGGTTTCC-3') primer pair), 4 UL of 5-
fold Fastpfu DNA Buffer (Takara, Dalian, China), and molecular-
grade water. In the second PCR amplification, the products of first
PCR step (with approximately 10 ng used as the template) were
amplified in a 50-puL reaction tube with the primers AMV4.5NF (5'-
AAGCTCGTAGTTGAATTTCG-3") and AMDGR (5'-
CCCAACTATCCCTATTAATCAT-3’), as described for the first
PCR step. The thermal cycling conditions for both PCR steps were
as follows: initial denaturation at 95 °C for 3 min; 27 cycles of 30 s of
denaturation at 95 °C, 30 s of annealing at 55 °C, and 45 s of
elongation at 72 °C; and final elongation at 72 °C for 10 min. PCR
products were extracted using 2% agarose gels and purified using an
AxyPrep DNA Gel Extraction Kit (Axygen, USA) according to
manufacturer’s protocol and quantified using a QuantiFluor ST
instrument (Promega, USA).

Illumina MiSeq and bioinformatics
analyses

Qualified and purified PCR products were sent to Majorbio
BioPharm Technology Co., Ltd. (Shanghai, China) for
sequencing on an Illumina MiSeq PE300 instrument (San
Diego, USA). The raw sequences were deposited in NCBI
Sequence Read Archive (SRA) database (accession number
PRJNA869482). The forward and reverse raw sequences were
merged using FLASH (Mago and Salzberg, 2011) by overlapping
paired-end reads using a required overlap length of >10 base
pairs (bp) and quality-controlled using Trimmomatic software
(Bolger et al.,, 2014); low-quality sequences (average quality
score< 20) containing ambiguous bases, sequences with no
valid primer sequence or barcode sequence, and sequences
with a read length< 50 bp were excluded. Moreover, the
permitted maximum error ratio of overlapping sequences was
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0.2, which was established as the basis for screening
overlapping sequences.

After the sequences were merged and subjected to quality
control, non-repeating sequences were extracted, and individual
sequences that did not repeat were removed using Usearch 7.0
(Edgar, 2013); the sequences were subsequently clustered into
operational taxonomic units (OTUs) with a 97% similarity cut-
off using QIIME software (Caporaso et al, 2010). After the
sequences were clustered, the taxonomy of each OTU was
classified from the domain level to the OTU level using RDP
Classifier algorithm against the MaarjAM database (Maarjam
081) (OPik et al., 2010), with a default confidence threshold
of 0.7.

Statistical analyses

Data analysis was performed using IBM SPSS 19.0. Plant and
soil parameters followed a normal distribution. A student’s t-test
and one-way ANOVA were used for parameter differences
among plant parameters (P< 0.05). Redundancy analysis
(RDA) was performed to examine the relationships between
the relative abundance of fungal, AMF taxa and the chemical
properties of soil samples by using Canoco 4.5.1
(Microcomputer Power, Ithaca, USA) software. The non-
parametric factorial Kruskal-Wallis (KW) sum-rank test of the
LEfSe software was used to detect the characteristics of
significant abundance differences, and the groups with
significant differences in abundance were found. LEfSe uses
linear discriminant analysis (LDA) to estimate the effect of
each component (species) abundance on the difference.

Results

The soil’s nutritional status was analyzed for the plant
growth study. To evaluate the effect of microbial agents, we
performed a student’s t-test (P< 0.05). The EC (5.50%),
exchangeable potassium (10.24%), Olsen P (5.68%), total N
(7.22%), available N (10.16%), and organic matter (12.31%) of
wheat rhizosphere soil treated with BIO were significantly higher
than those treated with CK group (P< 0.05). The pH of CK

10.3389/fpls.2022.1043171

group was significantly higher than that of the BIO treatment
(2.04%, P< 0.05) (Table 1).

The SPAD content of wheat after flowering decreased as the
growth process progressed in both treatments. Under the same
treatment, no significant difference was observed in the SPAD
content of wheat after flowering between days 0 and 10, but it
decreased significantly on days 20 and 30 (P< 0.05). At each time
point, the SPAD content of BIO treatment was significantly
higher than that of the CK treatment (P< 0.05) (Figure 1A).
With the advancement of growth process, Pn and Tr decreased
significantly (P< 0.05). On days 10, 20, and 30, the Pn of the BIO
treatment was significantly higher than that of the CK treatment
(P< 0.05). On day 20, the Tr of the BIO treatment was
significantly higher than that of the CK treatment (P< 0.05)
(Figures 1B, C). Under both treatments, WUE; decreased
significantly on days 20 and 30 (P< 0.05). On days 10, 20, and
30, the WUE, of the BIO treatment was significantly higher than
that of the CK treatment (Figure 1D).

The fitting curve (Figure 2) shows that the grain filling rate
of CK group reached peaked on day 20 after flowering. The BIO
group peaked on day 25 after flowering and was higher than the
CK treatment during 30-35 days after flowering. The incidence
of wheat disease was determined at the end of grain filling.
Diseased wheat plants (79.24%) and disease incidence (79.84%)
in the BIO group were significantly lower than those in the CK
group (P< 0.05). The relative efficacy was 79.80% (Table 2).
Inoculation with compound bacteria did not significantly change
the spike number or thousand-grain weight of wheat. However,
the grain number per spike (10.43%) and yield (8.77%) of the
BIO group were significantly higher than those of the CK group
(P< 0.05) (Table 3).

Wheat rhizosphere soil samples of the CK and BIO groups
were analyzed to determine their community structure. A total
of 759029 effective ITS sequences and 254269 effective AMF
sequences were obtained, which accounted for 82.54% and
97.83% of the raw sequences, respectively, and their average
lengths were 237 and 216, respectively. As the number of
sequences increases, so does the microbial diversity index. At
the final stage, the dilution curve became flat, indicating that the
sequencing data for this study reached saturation and could
cover most microbial communities in rhizosphere soil
(Figures 3A-D). Based on a 97% similarity score, 1007 OTUs

TABLE 1 Effects of the inoculation with combined PGPR inoculation (BIO) compared to control (CK) on the chemical properties of wheat

rhizosphere soil.

Treatment EC(us/  Exchangeable K(mg/  Olsen-P(mg/  Total N(g/  Available N(mg/  Organic matter(g/ pH
cm) kg) kg) kg) kg) kg)

CK 3420 + 101.52 + 1.88b 18.49 + 0.15b 1.94 + 0.07b 85.41 + 2.40b 26.49 + 0.59b 7.99 +
2.92b 0.06a

BIO 360.8 = 111.92 + 2.67a 1954 £ 0.23a 2.08 + 0.06a 94.09 + 1.58a 29.75 + 0.99a 7.83 +
438a 0.03b

Data are means + standard deviation (SD) (n = 5). The small letters in the table represent the significant difference between the indexes of uninoculated and inoculated compound microbial

agent wheat, P < 0.05.

Frontiers in Plant Science 05

frontiersin.org


https://doi.org/10.3389/fpls.2022.1043171
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jietal 10.3389/fpls.2022.1043171

A #“CK =BIO B

“CK WBIO

Ca

SPAD value
o 3 8 8 &8 & 2
z
=
=‘
2
@
:
=}
Q
Pn (umol CO,m? 1)
e w 3 @ B
=}
o
g
;U
5

0 10 20 30 0 10 20 30
Days after anthesis (d) Days after anthesis (d)

#CK =BIO

o

(o] =CK =BIO

3
8

Aa Ad Ba Ba Ab
c

o
2
8

3
8

Cb

2
3
g

Da Da

1H,
1%
8
WUE, pmol CO, (mmol H,0)"
N
ol

=
2
8

0 10 20 30 0 10 20 30
Days after anthesis (d) Days after anthesis (d)

FIGURE 1
Effects of compound microbial agents on SPAD and photosynthetic parameters in flag leaf. CK and BIO represent the control and combined
biocontrol agents inoculated plants, respectively. (A) SPAD: Chlorophyll relative content. (B) Pn: Net photosynthesis rate. (C) Tr: Transpiration
rate. (D) WUEL: Leaf water use efficiency. Capital letters indicated significant differences between groups (one-way ANOVA, P < 0:05), whereas
small letters indicate significant differences among control (CK) and compound microbial agents inoculated (BIO) plants at the same time point
(student's t-test, P < 0.05), respectively. The smaller bars are standard errors.

were classified from the effective fungal sequences: 11 phyla, 173 lower the Simpson index, the more diverse the microbial
families, 319 genera, and 521 species (Figure 3E). 54 OTUs were community composition. Inoculation with the PGPR
classified from the AMF effective sequences, including 1 phylum, significantly increased the richness of fungal community in
3 families, 3 genera, and 17 species (Figure 3F). The Sobs, Chao, wheat rhizosphere soil, decreased the diversity of AMF
and ACE indexes represent species richness indexes. The higher community, increased fungal diversity (P< 0.05), and had no
the index value, the more diverse the microbial community significant effect on AMF diversity (Table 4).
composition. The Shannon and Simpson indexes represent In terms of fungi community information in the rhizosphere
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Effects of compound microbial agents on grain filling rate. CK and BIO represent the control and combined biocontrol agents inoculated plants,
respectively.
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Acremonium, Sarocladium, Coprinopsis, Schizothecium,
Chaetomium in the BIO treatment (12.01%, 22.15%, 5.24%,
3.65%, 1.66%, and 2.02%, respectively) was higher than that in
the CK group (10.91%, 0.74%, 3.92%, 0.89%, 0.01%, 1.37%, and
0.91%, respectively). The relative abundance of Penicillium,
Gibberella, Mortierella, Fusarium, Cladosporium, Alternaria,
Filobasidium in the CK group (23.06%, 8.19%, 5.54%, 7.98%,
5.76%, 4.06%, and 4.53%, respectively) was higher than that in the
BIO group (1.08%, 2.86%, 5.2%, 2.17%, 2.77%, 2.27%, and 1.41%,
respectively). The relative abundance of Arachnomyces and

TABLE 2 Disease prevention efficacy by microbial inoculants.

Treatment

Candida in the BIO group (2.10% and 1.55%, respectively) was
higher than that in the CK group (both<0.01%). The relative
abundance of Epicoccum and Pyrenochaetopsis in the CK group
was 2.89% and 1.37%, respectively, but both accounted for<0.01%
in the BIO group (Figure 4A). Regarding AMF community
information in the wheat rhizosphere soil at the species level.
The relative abundance of Glomus-group-B-Glomus-lamellosu-
VTX00193, Glomus-viscosum-VTX00063, Glomus-sp.-
VTX00304, Glomus-MO-G17-VTX00114, Glomus-intraradices-
VTX00105, Glomus-acnaGlo2-VTX00155 in the BIO group

Total number of wheat seedlings Diseased plants Disease incidence Relative efficacy
CK 300 79 +53a 26.30%a —
BIO 300 16 £ 5.1b 5.30%b 79.80%

Data are means + standard deviation (SD) (n = 5). CK and BIO represent the control and combined biocontrol agents inoculated plants, respectively. The small letters in the table represent
the significant difference between the indexes of uninoculated and inoculated compound microbial agent wheat, P < 0.05.
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TABLE 3 Effects of different treatments on grain yield and yield components in winter wheat.

Treatment Spike number(x10* hm2) Grain number per spike 1000-grain weight(g) Yield(kg hm?)
CK 653.14 + 6.72a 34.53 + 2.31b 42.17 £ 341a 7469.37 + 357.6b
BIO 657.62 + 6.84a 38.13 + 2.06a 4294 £ 2.11a 8124.52 + 277.8a

Data are means + standard deviation (SD) (n = 5). CK and BIO represent the control and combined biocontrol agents inoculated plants, respectively. The small letters in the table represent
the significant difference between the indexes of uninoculated and inoculated compound microbial agent wheat, P < 0.05.

(15.44%, 9.44%, 8.88%, 5.34%, 4.18%, and 1.36%, respectively) was
higher than that in the CK group (14.55%, 5.47%, 2.81%, 4.10%,
2.12%, and 0.46%, respectively). The relative abundance of
Glomus-mosseae-VTX000679, Glomus-caledonium-VTX00065,
Glomus-sp.-VTX00301 in the CK group (8.40%, 18.65%, and
1.81%, respectively) was higher than that in BIO group (8.16%,
12.98%, and 1.75%, respectively). The relative abundance of
Glomus-Glo2-VTX00280 in BIO group (1.38%) was higher than
that in CK group (<0.01%). The relative abundance of Glomus-
Glo-C-VTX00323 in CK group (1.42%) was higher than in the
BIO group (< 0.01%) (Figure 4B).

RDA results revealed that the fungal communities of
different treatments were significantly separated, but AMF
community was not significantly separated. EC, exchangeable
K, available N, total N, organic matter, and Olsen P, primarily
Acremonium and Apodus, were positively correlated with
changes in the fungal community in wheat rhizosphere soil
under CK group. A positive correlation was observed between
pH and the change in the fungal community in BIO treatment,
including Gibberella and Mortierella. Penicillium was less
affected by the soil’s chemical properties (Figure 5A). The
interaction between soil chemical properties and the AMF
community revealed that Glomus-caledonium-VTX00065 was
significantly positively correlated with pH and EC. Glomus-
mosseae-VTX00067, Glomus-sp.-VTX00304, Glomus-
viscosum-VTX00063, Glomus-group-B-Glomus-lamellosu-
VTXO00193 were positively correlated with exchangeable K,
available N, total N, organic matter, and Olsen P (Figure 5B).

The fungal communities of two groups were classified and
analyzed using a microecological guild. The relative abundance of
plant pathogen, animal pathogen, and soil saprotroph functional
guilds in wheat rhizosphere soil fungi in the CK group was higher
than in the BIO group (Figure 6). The fungal genera directly related
to the pathogen: Gibberella, Cladosporium, Fusarium, Alternaria,
and Bipolaris (Table S1). The co-occurrence networks were used to

explore the co-occurrence relationships between fungal genera and
AMEF species. The fungal collinear network contained five phyla:
Ascomycota, Mortierellomycota, Basidiomycota, Olpidiomycota,
and Chytridiomycota. There are 37 genera with more than 30
nodes, including Panaeolus, Epicoccum, Coniothyrium, and
Sistotrema, Gibberella (Figure 7A). The AMF collinear network
includes Glomeromycota. Glomus-MO-G17-VTX00114s,
Glomus-acnaGlo2-VTX00155, and Glomus-viscosum-VTX00063
are important nodes (Figure 7B).

The relative abundance of Penicillium, Fusarium, Gibberella,
Filobasidium, and Cladosporium in the CK group was
significantly higher than in the BIO group (P< 0.05). The
relative abundance of Acremonium, Coprinopsis, and Bipolaris
in the BIO group was significantly higher than that in the CK
group (P< 0.05) (Figure 8A). The relative abundance of AMF
species, such as Glomus-Glo-C-VTX00323, in the CK group was
significantly higher than that in the BIO group (P< 0.05). The
relative abundance of Glomus in the BIO group was significantly
higher than that in the CK group (P< 0.05) (Figure 8B).

Discussion

Agricultural development in ecologically fragile areas is
hampered by geographical location, natural conditions, and
other factors and is confronted with severe challenges of salt
stress. The climatic conditions with a high evaporation-
precipitation ratio and a scarcity of freshwater resources are
prone to salinization, which is the main natural limiting factor
for land use in most countries (Ashraf et al., 2018). Effectively
improving the quality of crop rhizosphere soil can ensure
improved wheat yield and quality under biotic and abiotic
stresses (Simon et al., 2020). Non-salt-tolerant PGPRs are
susceptible to synergistic metabolism and antagonism by
indigenous microbial community in saline-alkaline soils, their

TABLE 4 Diversity index of fungi and AMF in wheat rhizosphere soil samples under different treatments.

Sample sobs shannon simpson ace chao coverage
Fungi CK 531.60 * 24.43b 342 £ 0.12b 0.09 + 0.01a 658.75 + 45.93a 666.88 + 46.01a 0.997962b
BIO 578.20 + 17.31a 3.83 + 0.05a 0.06 + 0.01b 677.42 + 27.74a 671.27 + 18.28a 0.998104a
AMF CK 37.60 + 1.67a 258 £ 0.62a 0.16 + 0.18a 37.90 + 1.76a 37.60 + 1.67a 0.9999692
BIO 26.40 + 2.88b 228 + 0.46a 0.17 + 0.11a 28.04 + 3.45b 26.80 + 3.03b 0.999938a

Data are means + standard deviation (SD) (n = 5). CK and BIO represent the control and combined biocontrol agents inoculated plants, respectively. The small letters in the table represent
the significant difference between the indexes of uninoculated and inoculated compound microbial agent wheat, P < 0.05.
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Relative abundance of fungal and AMF communities in wheat rhizosphere soil. (A) Relative abundance of fungal community in wheat
rhizosphere soil at the genus level. (B) Relative abundance of AMF community in wheat rhizosphere soil at the species level. Different colors
represent different species, and the rectangular area represents the percentage of species. CK and BIO represent the control and combined

biocontrol agents inoculated plants, respectively.

ecological functions are limited, or they gradually lose
colonization and plant growth promoting (PGP) properties
with increasing salinity (Etesami and Beattie, 2018). Therefore,
exploring microbial improvement measures that meet the
requirements of soil quality improvement and health
conservation in saline-alkali land is challenging and urgent.
Small molecular organic acids and siderophores secreted by
salt-tolerant PGPR can decompose insoluble minerals via
chelation, ion exchange, and acidification, thereby increasing
the availability of nutrients in the soil, lowering pH, and
alleviating Na" stress in wheat (Delvasto et al,, 2006; Chang
and Yang, 2009; Saha et al., 2016; Ramakrishna et al., 2019). Both
strains used in this study were salt-tolerant bacteria that can
tolerate at least 12% (w/v) NaCl stress (Ji et al., 2021; Ji et al.,
2022). This will greatly improve the strain’s ability to colonize in

saline-alkali land and maintain high biological activity. The EC,
exchangeable potassium, olsen P, total N, available N, and
organic matter of wheat rhizosphere soil in BIO group were
significantly higher than those in the CK group (P< 0.05)
(Table 1). The finding demonstrates that both strains have
competitive advantages in microbial-microbial interactions and
can achieve mutual benefit in plant-microbial interactions.
Similarly, previous studies have shown that strain salt
tolerance and ACC deaminase-producing activity directly
influence the effects of bacterial agents on saline agricultural
fields. For example, under salt stress, ACCD-producing
Pseudomonas fluorescens N3 and Pseudomonas putida Q7
strains increased maize root growth by 330% and plant height
by 230%, respectively (Kausar and Shahzad, 2006). Azospirillum
brasilense FP2 can reduce ACC oxidase expression and promote
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Redundancy Analysis (RDA) of AMF community based on Bray-Curtis distances. (A) fungal communities. (B) AMF communities. CK and BIO
represent the control and combined biocontrol agents inoculated plants, respectively.
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Variations in the composition of fungal functional groups inferred by FUNGuild. CK and BIO represent the control and combined biocontrol

agents inoculated plants, respectively.

root growth in wheat plants (Camilios-Neto et al., 2014).
Inoculation of salt-tolerant PGPB Micrococcus yunnanensis,
Planococcus rifietoensis, and Variovorax paradoxus into sugar
beet (Beta vulgaris L.) can increase seed germination and plant
biomass, enhance photosynthesis, and significantly reduce
stress-induced ethylene content (Zhou et al., 2017). Klebsiella,
Pseudomonas, Agrobacterium, and Ochrobactrum strains
isolated from the roots of Arthrocnemum indicum were nifH-
positive and were able to produce indole-3 acetic acid (ranging
from 11 to 19.1ug mL™?). In nutrient broth medium, all isolates
showed tolerance to NaCl ranging from 4 to 8%. Under salt
stress, inoculated peanut seedlings maintain ionic balance,
accumulate less reactive oxygen species (ROS), and show
enhanced growth compared to uninoculated seedlings (Sharma
et al., 2016).

Inoculation of PGPR under salt stress improves the
efficiency of plants to absorb selective ions by regulating the
expression of ion transporter (High-affinity K™ Transporter,
HKTI) to maintain a high K"/Na" ratio, reduce the
accumulation of Na" and CI ions, and regulate the balance of
macronutrients and micronutrients in plants and soils (Islam
et al,, 2016; Etesami and Beattie, 2018). Inoculation with ACCD-
producing Bacillus licheniformis HSW-16 can protect wheat
plants from growth inhibition caused by NaCl and increase
plant growth (6-38%) in terms of root length, shoot length, fresh
weight, and dry weight. Ionic analysis of plant samples showed
that bacterial inoculation decreases the accumulation of Na*
content (51%) and increases K* (68%) and Ca** content (32%)
in plants treated with different concentrations of NaCl (Singh
and Jha., 2016). Additionally, AMF communities have been
shown to induce sugar accumulation in plant roots further,
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leading to more organic acids being secreted into the soil,
lowering plant ion toxicity, and enhancing antioxidant and
detoxification defense systems (Abdelgawad et al., 2022).
These effects may be the direct cause of higher EC in the BIO
group than in the CK group (Table 1).

Photosynthesis is the basis of dry matter production and the
driving force behind final yield. PGPR affects the expression of
multiple proteins involved in plant photosynthesis, antioxidant
processes, transmembrane transport, and pathogenesis (Cheng
et al,, 2012). In this study, the photosynthetic characteristics of
wheat after flowering were significantly reduced on days 20 and
30 (P< 0.05), but the SPAD, Pn, and WUE, of wheat in the BIO
group were significantly higher than those in the CK group (P<
0.05) (Figure 1). This may be related to the characteristics that
both strains can produce siderophores and proline. The
siderophore can specifically and strongly bind Fe** to form an
absorbable organic chelate. The enriched Fe is an integral part of
key enzymes involved in plant respiration, photosynthesis, and
other reactions (Kobayashi and Nishizawa, 2012).
Osmoregulation substances such as proline can protect the
structure and function of biological macromolecules, scavenge
free radicals, and buffer the redox potential of cells to reduce
enzyme inactivation caused by salt stress and ensure
physiological activities such as photosynthesis (Ashraf and
Foolad, 2007; Kohler et al, 2009). In this study, the grain
number and yield of wheat in the BIO group were significantly
higher than those in the CK group (Table 3). The main reason
may be increased rhizosphere soil nutrients (Yadav et al., 2021).
Concurrently, PGPR and AMF synergistically increase nutrient
absorption, enhance photosynthesis, optimize rhizosphere
bacteria, and improve soil health. The factors above can
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improve plant development, biofortification, and grain yield,
consistent with previous studies (Smith and Sally, 2008;
Cameron et al., 2013; Singh and Prasanna, 2020).

Wheat root rot and basal stem rot are soil-borne diseases
caused by pathogens such as Alternaria, Fusarium, and
Gibberella, which can cause seed decay and seedling death
during wheat planting, basal stem browning at the adult stage,
and white spike disease in severe cases, seriously affecting wheat
yield and quality (Yuan et al., 2012; Gaju et al., 2014). To cope
with climate change and increased abiotic stress in cultivated
land, it is crucial to control disease occurrence and enhance crop
stress resistance to achieve long-term sustainable agricultural
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development (Simon et al., 2021). Lowering the number of
pathogens in soil by inoculating PGPR is an effective biological
control measure (Ju et al., 2021; Vogel et al., 2021; Wang et al,,
2022). As a major member of PGPR, Bacillus has a higher affinity
for iron, which can deprive pathogenic microorganisms of
nutrients and inhibit their pathogenesis (Radhakrishnan et al,
2017). Bacillus amyloliquefaciens subsp. Plantarum XH-9 has
potential as a biocontrol agent when applied to local arable land
to prevent the damage caused by Fusarium oxysporum and other
phytopathogens (Wang et al., 2018). AMF not only competes for
a niche with pathogens and produces mechanical defense
barriers to reduce the number of pathogens such as Fusarium
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Discriminant analysis of multi-level species differences in CK and BIO groups. Indicator fungi and AMF with LDA scores of 3 or greater in
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(Hao et al, 2010); AMF can also induce plants to produce
protective enzymes and regulate root exudates/secondary
metabolites, reduce root damage caused by pathogens, induce
systemic defense systems in crops, and further enhance nutrient
and water absorption (Geel et al,, 2017). It is unclear how the
application of antagonistic bacteria affects wheat rhizosphere
fungi, especially AMF. In this study, diseased plants (79.24%)
and disease incidence (79.84%) in the BIO group were
significantly lower than those in the CK group (P< 0.05), and
relative efficacy was 79.80% (Table 2). Our results showed that
inoculation of antagonistic bacteria into the rhizosphere of
plants could significantly alter the microbial community
structure of arbuscular mycorrhizal fungi in the wheat
rhizosphere (Figure 4), which may explain why plants produce
‘induced systemic tolerance’. Differences in fungal community
function between the BIO and CK groups confirmed this result
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(Figure 6). All these findings demonstrate that combined
Bacillus spp. inoculation can effectively control soil-
borne diseases.

The biocontrol effect of microbial agents is easily affected by
many biological and non-biological factors. In this study, salt
stress and pathogens increased the complexity of PGPR
biocontrol mechanisms in the field. Illumina MiSeq
sequencing results revealed that microbial agents increased the
richness and diversity of fungi (Table 4). The relative abundance
of Apodus, Acremonium, Sarocladium, Coprinopsis,
Schizothecium, and Chaetomium in the BIO group was higher
than in the CK group. Chaetomium is widely used and studied
because it produces a variety of secondary metabolites with
antibacterial effects (Shanthiyaa et al, 2013). The relative
abundance of Penicillium, Gibberella, Mortierella, Fusarium,
Cladosporium, Alternaria, and Filobasidium in the CK group
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was higher than that in the BIO group (Figures 4A, 8A).
Gibberella and Mortierella were positively correlated with soil
pH (Figure 5A), which may be attributed to the weakened
inhibitory effect of combined Bacillus spp. inoculation at high
pH. Although Penicillium has an antibacterial effect (Larena
et al, 2018), its inhibitory effect on Gibberella, Fusarium,
Alternaria, and other pathogens was not demonstrated in this
study. We speculate that Penicillium is inhibited by the
inoculated compound microbial agent or that it cannot
produce enough antibacterial metabolites under salt stress.

Glomus is a major AMF fungus infecting plants (Landwehr
et al., 2002). Previous studies have demonstrated that
inoculation with Glomus helps stimulate plant growth and
biomass (Campos-Soriano et al., 2010; Naseer et al., 2022).
However, glomus’s mycelial growth is susceptible to salt stress
(Juniper and Abbott, 2006). In this study, Glomus was the most
common AMF genus in the CK and BIO groups (Figure 4B), but
not among all fungi (Figure 4A). In the BIO group, Glomus-
group-B-Glomus-lamellosu-VTX00193, Glomus-viscosum-
VTX00063, Glomus-sp.-VTX00304, Glomus-MO-G17-
VTX00114, Glomus-intraradices-VTX00105, Glomus-
acnaGlo2-VTX00155, Glomus-Glo2-VTX00280 were the most
common bacteria. Their relative abundance in the BIO group
was higher than in the CK group (Figure 4). Glomus-group-B-
Glomus-lamellosu-VTX00193, Glomus-viscosum-VTX00063
and Glomus-sp.-VTX00304 were positively correlated with
organic matter, total N, exchangeable K, Olsen P (Figure 5B).
Not only PGPR directly influenced AMF community structure
and function, but also the changes in rhizosphere soil chemical
properties have a selective effect on community composition.
AMEF has broad-spectrum benefits and potential application
value under adverse conditions (Guo et al., 2022). The effect of
AMEF on plant growth was negatively correlated with the
complexity of symbiotic network (Vannini et al., 2016;
Pawlowska et al, 2018). In this study, AMF strains did not
exhibit a complex symbiotic network (Figure 7B), indicating that
AMEF may strongly affect wheat. Current studies have confirmed
that the combination of PGPR and AMF can exert greater
growth-promoting characteristics to stimulate plant growth,
which is better than inorganic fertilizer (Yadav et al, 2020;
Yadav et al, 2021). Therefore, because of the universality of
AMF and its potential impact on plant nutrient uptake and
growth, it is crucial to verify the effect of biocontrol agents on
AMF communities in the field.

Conclusion

Our experiments established that a compound bacterial
agent (consisting of Bacillus subtilis HG-15 and Bacillus
velezensis JC-K3) improved wheat plant growth and yield
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under salt stress. They improved soil chemical properties,
enhanced wheat photosynthesis, and WUE,, and significantly
reduced wheat disease incidence. Illumina MiSeq sequencing
results confirmed the inhibitory effect of combined Bacillus spp.
inoculation on pathogens in wheat rhizosphere soil.
Concurrently, the AMF community structure in the soil
responded to combined Bacillus spp. inoculation, and multiple
AMFs were correlated with soil chemical properties. This study
deepens research on the ecological function of PGPR in the
wheat rhizosphere in saline-alkali land. However, more research
on the functions of different AMF strains and communities is
required to fully understand the complexity and succession of
the microbial community structure or the directional regulation
of the AMF community.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/
Supplementary Material.

Author contributions

CJ, ZC, and XK conceived the ideas and designed the
experiment. CJ, ZC, XK, and ZX collected and analysed the
samples. CJ, FS, CL, and JX analysed the data. CJ, ZC, KL, ZL,
and HC prepared the figures and wrote the manuscript. CJ, ZL
and HC revised and edited the draft. All authors made
significant contributions to the draft and gave final approve
for publication.

Funding

This work was supported by the National Natural Science
Foundation of China (32072518), Shandong Provincial Natural
Science Foundation (ZR2022QC155), Key Research and
Development Project of Shandong Province (2018GNC2306),
Weifang University Doctor Initiation Fund Project (208-
44121013), Horizontal Topic (208-40121141).

Acknowledgments

We would like to thank Weifang University, Shandong
Agriculture University, Key Laboratory of State Forestry
Administration for Silviculture of the Lower Yellow River for
supporting this work.

frontiersin.org


https://doi.org/10.3389/fpls.2022.1043171
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ji et al.

Conflict of interest

Author CJ, HC and ZL are employed by Shandong
Yongsheng Agricultural Development Co., Ltd. Yongsheng
(Shouguang) Vegetable Technology Research Institute Co., Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Abdelgawad, H., El-Sawah, A. M., Mohammed, A. E., Alotaibi, M. O., Yehia, R.
S., Selim, S., et al. (2022). Increasing atmospheric CO, differentially supports
arsenite stress mitigating impact of arbuscular mycorrhizal fungi in wheat and
soybean plants. Chemosphere 296, 134044. doi: 10.1016/j.chemosphere.
2022.134044

Acquaah, G. (2007). Principles of plant genetics and breeding (Oxford: Blackwell
Publishing Ltd).

Aj, W., and Black, I. (1934). An examination of the degtjareff method for
determining soil organic matter, and a proposed modification of the chromic acid
titration method. Soil Sci. 37, 29-38. doi: 10.1097/00010694-193401000-00003

Alam, M., Chourasia, H. K., Sattar, A., and Janardhanan, K. K. (2010). Collar rot
and wilt: a new disease of Java citronella (Cymbopogon winterianus) caused by
Fusarium moniliforme Sheldon. Plant Pathol. 43, 1057-1061. doi: 10.1111/j.1365-
3059.1994.tb01659.x

Ashraf, M., and Foolad, M. R. (2007). Roles of glycine betaine and proline in
improving plant abiotic stress resistance. Environ. Exp. Bot. 59, 206-216. doi:
10.1016/j.envexpbot.2005.12.006

Ashraf, M., Shahzad, S. M., Imtiaz, M., Rizwan, M. S., Arif, M. S., and Kausar, R.
(2018). Nitrogen nutrition and adaptation of glycophytes to saline environment: a
review. Arch. Agron. Soil Sci. 1419571, 1-26. doi: 10.1080/03650340.2017.1419571

Bennett, A., and Groten, K. (2022). The costs and benefits of plant-arbuscular
mycorrhizal fungal interactions. Annu. Rev. Plant Biol. 73, 649-672. doi: 10.1146/
annurev-arplant-102820-124504

Bolger, A. M., Marc, L., and Bjoern, U. (2014). Trimmomatic: a flexible trimmer
for illumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.1093/
bioinformatics/btul70

Bremner, J. M. (2009). Determination of nitrogen in soil by the kjeldahl method.
J. Agric. Sci. 55, 11-33. doi: 10.1017/S0021859600021572

Cameron, D. D., Neal, A. L., Wees, S., and Ton, J. (2013). Mycorrhiza-induced
resistance: More than the sum of its parts? Trends Plant Sci. 18, 539-545.
doi: 10.1016/j.tplants.2013.06.004

Camilios-Neto, D., Bonato, P., Wassem, R., Tadra-Sfeir, M. Z., Brusamarello-
Santos, L. C., Valdameri, G., et al. (2014). Dual RNA-seq transcriptional analysis of
wheat roots colonized by Azospirillum brasilense reveals up-regulation of nutrient
acquisition and cell cycle genes. BMC Genomics 15, 378. 1-378.13. doi: 10.1186/
1471-2164-15-378

Campos-Soriano,, Garcia-Garrido, J. M., San,, and Segundo, (2010). Activation
of basal defense mechanisms of rice plants by glomus intraradices does not affect
the arbuscular mycorrhizal symbiosis. New Phytol. 188 (2), 597-614. doi: 10.1111/
j.1469-8137.2010.03386.x

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D,,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community
sequencing data. Nat. Methods 7, 335-336. doi: 10.1038/nmeth.£.303

Chang, C. H,, and Yang, S. S. (2009). Thermo-tolerant phosphate-solubilizing
microbes for multi-functional biofertilizer preparation. Bioresource Technol. 100,
1648-1658. doi: 10.1016/j.biortech.2008.09.009

Frontiers in Plant Science

10.3389/fpls.2022.1043171

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1043171/full#supplementary-material

SUPPLEMENTARY TABLE 1
Normalized relative abundance of assigned fungal functional guilds
with treatment

Cheng, Z., Woody, O. Z., Mcconkey, B. J., and Glick, B. R. (2012). Combined
effects of the plant growth-promoting bacterium Pseudomonas putida UW4 and
salinity stress on the Brassica napus proteome. Appl. Soil Ecol. 61, 255-263. doi:
10.1016/j.apsoil.2011.10.006

Delgado-Baquerizo, M., Grinyer, J., Reich, P. B., and Singh, B. K. (2016). Relative
importance of soil properties and microbial community for soil functionality:
insights from a microbial swap experiment. Funct. Ecol. 30, 1-12. doi: 10.1111/
1365-2435.12674

Delvasto, P., Valverde, A., Ballester, A., Igual, ]. M., Mufioz, J. A., Gonzalez, F.,
et al. (2006). Characterization of brushite as a re-crystallization product formed
during bacterial solubilization of hydroxyapatite in batch culture. s. Soil Biol.
Biochem. 38, 2645-2654. doi: 10.1016/j.50ilbi0.2006.03.020

Deng, Y., Liu, R., Wang, Z., Zhang, L., and Diao, J. (2021). The stereoselectivity
of metconazole on wheat grain filling and harvested seeds germination: implication
for the application of triazole chiral pesticides. J. Hazardous Materials 416, 125911.
doi: 10.1016/j.jhazmat.2021.125911

Despina, B., Cotton, T. E. A,, Daniell, T. J., Bidartondo, M. L, Cameron, D. D,,
and Evans, K. L. (2018). The effects of arbuscular mycorrhizal fungal colonisation
on nutrient status, growth, productivity, and canker resistance of apple (Malus
pumila). Front. Microbiol. 9 (1461), 1-14. doi: 0.3389/fmicb.2018.01461

Dombrowski, N., Teske, A., and Baker, B. (2018). Expansive microbial metabolic
versatility and biodiversity in dynamic guaymas basin hydrothermal sediments.
Nat. Commun. 9, 1-13. doi: 10.1038/541467-018-07418-0

Drakopoulos, D., Kgi, A., Gimeno, A., Six, J., and Vogelgsang, S. (2020).
Prevention of Fusarium head blight infection and mycotoxins in wheat with cut-
and-carry biofumigation and botanicals. Field Crops Res. 246 (107681), 1-9. doi:
10.1016/j.fcr.2019.107681

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nat. Methods 10, 996-998. doi: 10.1038/nmeth.2604

Etesami, H., and Beattie, G. (2018). Mining halophytes for plant growth-
promoting halotolerant bacteria to enhance the salinity tolerance of non-
halophytic crops. Front. Microbiol. 9 148, 1-20. doi: 10.3389/fmicb.2018.00148

Gaju, O,, Allard, V., Martre, P., Gouis, J. L., Moreau, D., Bogard, M., et al. (2014).
Nitrogen partitioning and remobilization in relation to leaf senescence, grain yield
and grain nitrogen concentration in wheat cultivars. Field Crops Res. 155, 213-223.
doi: 10.1016/j.fcr.2013.09.003

Geel, M. V., Jacquemyn, H., Plue, J., Saar, L., and Ceulemans, T. (2017). Abiotic
rather than biotic filtering shapes the arbuscular mycorrhizal fungal communities
of European seminatural grasslands. New Phytol. 220, 1-11. doi: 10.1111/
nph.14947

Guo, X, Wang, P, Wang, X, Li, Y., and Zhang, J. (2022). Specific plant
mycorrhizal responses are linked to mycorrhizal fungal species interactions.
Front. Plant Sci. 13 930069, 1-15. doi: 10.3389/fpls.2022.930069

Hao, W. Y., Ren, L. X,, Ran, W., and Shen, Q. R. (2010). Allelopathic effects of
root exudates from watermelon and rice plants on Fusarium oxysporum f.sp.
niveum. Plant Soil 336, 485-497. doi: 10.1007/s11104-010-0505-0

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1043171/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1043171/full#supplementary-material
https://doi.org/10.1016/j.chemosphere.2022.134044
https://doi.org/10.1016/j.chemosphere.2022.134044
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1111/j.1365-3059.1994.tb01659.x
https://doi.org/10.1111/j.1365-3059.1994.tb01659.x
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1080/03650340.2017.1419571
https://doi.org/10.1146/annurev-arplant-102820-124504
https://doi.org/10.1146/annurev-arplant-102820-124504
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1017/S0021859600021572
https://doi.org/10.1016/j.tplants.2013.06.004
https://doi.org/10.1186/1471-2164-15-378
https://doi.org/10.1186/1471-2164-15-378
https://doi.org/10.1111/j.1469-8137.2010.03386.x
https://doi.org/10.1111/j.1469-8137.2010.03386.x
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1016/j.biortech.2008.09.009
https://doi.org/10.1016/j.apsoil.2011.10.006
https://doi.org/10.1111/1365-2435.12674
https://doi.org/10.1111/1365-2435.12674
https://doi.org/10.1016/j.soilbio.2006.03.020
https://doi.org/10.1016/j.jhazmat.2021.125911
https://doi.org/0.3389/fmicb.2018.01461
https://doi.org/10.1038/s41467-018-07418-0
https://doi.org/10.1016/j.fcr.2019.107681
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.3389/fmicb.2018.00148
https://doi.org/10.1016/j.fcr.2013.09.003
https://doi.org/10.1111/nph.14947
https://doi.org/10.1111/nph.14947
https://doi.org/10.3389/fpls.2022.930069
https://doi.org/10.1007/s11104-010-0505-0
https://doi.org/10.3389/fpls.2022.1043171
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ji et al.

Islam, F., Yasmeen, T., Arif, M. S, Ali, S., Ali, B., Hameed, S., et al. (2016). Plant
growth promoting bacteria confer salt tolerance in Vigna radiata by up-regulating
antioxidant defense and biological soil fertility. Plant Growth Regul. 80, 23-36. doi:
10.1007/s10725-015-0142-y

Jackson, M. L. (1979). Soil chemical analysis - advanced course (Prentice- Hall,
Englewood Cliffs, NJ: UW-Madison Libraries Parallel Press).

Javad, N., Etebarian, H. R, and Gholam, K. (2006). Biological control of
Fusarium graminearum on wheat by antagonistic bacteria. Songklanakarin J. Sci.
Technol. 28, 29-38. Available at: https://www.researchgate.net/publication/
26469827.

Ji, C., Tian, H., Wang, X,, Song, X., Ju, R, Li, H,, et al. (2022). Bacillus subtilis
HG-15, a halotolerant rhizoplane bacterium, promotes growth and salinity
tolerance in wheat (Triticum aestivum). BioMed. Res. Int. 9506227, 1-16.
doi: 10.1155/2022/9506227

Ji, C, Wang, X,, Song, X., Zhou, Q,, Li, C.,, Chen, Z, et al. (2021). Effect of
Bacillus velezensis JC-K3 on endophytic bacterial and fungal diversity in wheat
under salt stress. Front. Microbiol. 12 (802054). doi: 10.3389/fmicb.2021.802054/
full

Ji, C., Wang, X,, Tian, H., Hao, L., Wang, C., Zhou, Y., et al. (2020). Effects of
Bacillus methylotrophicus M4-1 on physiological and biochemical traits of wheat
under salinity stress. . Appl. Microbiol. 129, 1-17. doi: 10.1111/jam.14644

Ju, Y., Kou, M., Zhong, R., Christensen, M. J., and Zhang, X. (2021). Alleviating
salt stress on seedings using plant growth promoting rhizobacteria isolated from
the rhizosphere soil of Achnatherum inebrians infected with Epichloé gansuensis
endophyte. Plant Soil 465, 349-366. doi: 10.1007/s11104-021-05002-y

Juniper, S., and Abbott, L. K. (2006). Soil salinity delays germination and limits
growth of hyphae from propagules of arbuscular mycorrhizal fungi. Mycorrhiza 16,
371-379. doi: 10.1007/s00572-006-0046-9

Kausar, R, and Shahzad, S. M. (2006). Effect of ACC-deaminase containing rhizobacteria
on growth promotion of maize under salinity stress. J. Agric. Soc. Sci. 2, 216-218.

Kobayashi, T., and Nishizawa, N. K. (2012). Iron uptake, translocation, and
regulation in higher plants. Annu. Rev. Plant Biol. 63, 131-152. doi: 10.1146/
annurev-arplant-042811-105522

Kobhler, J., Hernandez, J. A., Caravaca, F., and Roldan, A. (2009). Induction of
antioxidant enzymes is involved in the greater effectiveness of a PGPR versus AM
fungi with respect to increasing the tolerance of lettuce to severe salt stress. Environ.
Exp. Bot. 65, 245-252. doi: 10.1016/j.envexpbot.2008.09.008

Landwehr, M., Hildebrandt, U., Wilde, P., Nawrath, K., Toth, T., Biro, B., et al.
(2002). The arbuscular mycorrhizal fungus Glomus geosporum in European saline,
sodic and gypsum soils. Mycorrhiza 12, 199-211. doi: 10.1007/s00572-002-0172-y

Larena, I, Espeso, E. A., Villarino, M., Melgarejo, P., and Cal, A. D. (2018).
Molecular techniques to register and commercialize a Penicillium rubens strain as a
biocontrol agent. New Future Developments Microbial Biotechnol. Bioengineering 5,
97-117. doi: 10.1016/B978-0-444-63501-3.00005-3

Li, E, Ling, J., Wang, G., Xiao, J.,, Yang, Y., Mao, Z,, et al. (2015). Comparative

proteomics analyses of two races of Fusarium oxysporum f. sp. conglutinans that
differ in pathogenicity. Sci. Rep. 5 13663, 1-21. doi: 10.1038/srep13663

Mago, T., and Salzberg, S. L. (2011). FLASH: Fast length adjustment of short
reads to improve genome assemblies. Bioinformatics 27 (17), 2597-2963. doi:
10.1093/bioinformatics/btr507

Moussa, T. A. A., Almaghrabi, O. A., and Abdel-Moneim, T. S. (2013). Biological
control of the wheat root rot caused by Fusarium graminearum using some PGPR
strains in Saudi Arabia. Ann. Appl. Biol. 163, 72-81. doi: 10.1111/aab.12034

Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev.
Plant Biol. 59, 651-681. doi: 10.1146/annurev.arplant.59.032607.092911

Naseer, M., Zhu, Y., Li, F. M,, Yang, Y. M., Wang, S, and Xiong, Y. C. (2022).
Nano-enabled improvements of growth and colonization rate in wheat inoculated
with arbuscular mycorrhizal fungi. Environ. pollut. 295 118724, 1-12. doi: 10.1016/
j.envpol 2021.118724

Oliver, R. E., Cai, X., Friesen, T. L., Halley, S., Stack, R. W., and Xu, S. S. (2008).
Evaluation of Fusarium head blight resistance in tetraploid wheat (Triticum
turgidum 1.). Crop Sci. 48, 213-222. doi: 10.2135/cropsci2007.03.0129

Olsen, S. R. (1954). Estimation of available phosphorus in soils by extraction with
sodium bicarbonate. Miscellaneous Paper Institute Agric. Res. Samaru 939, 18-19.

OPik, M., Vanatoa, A., Vanatoa, E., Moora, M., Davison, J., Kalwij, J. M., et al.
(2010). The online database MaarjAM reveals global and ecosystemic distribution
patterns in arbuscular mycorrhizal fungi (Glomeromycota). New Phytol. 188, 223
241. doi: 10.1111/j.1469-8137.2010.03334.x

Pawlowska, T. E., Gaspar, M. L., Lastovetsky, O. A., Mondo, S. J., Imperio, R. R.,
Evaniya, S., et al. (2018). Biology of fungi and their bacterial endosymbionts. Annu.
Rev. Phytopathol. 56, 289-309. doi: 10.1146/annurev-phyto-080417-045914

Radhakrishnan, R., Hashem, A., and Abd_Allah, E. F. (2017). Bacillus: a
biological tool for crop improvement through bio-molecular changes in adverse
environments. Front. Physiol. 8, 667. doi: 10.3389/fphys.2017.00667

Frontiers in Plant Science

15

10.3389/fpls.2022.1043171

Ramakrishna, W., Yadav, R, and Li, K. (2019). Plant growth promoting bacteria
in agriculture: Two sides of a coin. Appl. Soil Ecol. 138, 10-18. doi: 10.1016/
j.apsoil.2019.02.019

Ruiz-Lozano, J. M., Aroca, R., Zamarre?, O.A., Molina, S., Andreo-Jiménez, B.,
Porcel, R,, et al. (2016). Arbuscular mycorrhizal symbiosis induces strigolactone
biosynthesis under drought and improves drought tolerance in lettuce and tomato.
Plant Cell Environ. 39, 441-452. doi: 10.1111/pce.12631

Saha, M., Sarkar, S., Sarkar, B., Sharma, B. K., Bhattacharjee, S., and Tribedi, P.
(2016). Microbial siderophores and their potential applications: a review. Environ.
Sci. pollut. Res. 23, 3984-3999. doi: 10.1007/s11356-015-4294-0

Shanthiyaa, V., Saravanakumar, D., Rajendran, L., Karthikeyan, G., and
Raguchander, T. (2013). Use of Chaetomium globosum for biocontrol of potato
late blight disease. Crop Prot. 52, 33-38. doi: 10.1016/j.cropro.2013.05.006

Sharma, S., Jayant, K., and Bhavanath, J. (2016). Halotolerant rhizobacteria
promote growth and enhance salinity tolerance in peanut. Front. Microbiol. 7,
1600. 1-11. doi: 10.3389/fmicb.2016.01600

Simon, M., Brner, A., and Struik, P. C. (2021). Editorial: fungal wheat diseases:
etiology, breeding, and integrated management. Front. Plant Sci. 12, 1-5.
doi: 10.3389/fpls.2021.671060

Simon, M., Fleitas, M. C., Castro, A. C., and Schierenbeck, M. (2020). How foliar
fungal diseases affect nitrogen dynamics, milling, and end-use quality of wheat.
Front. Plant Sci. 11, 1-23. doi: 10.3389/fpls.2020.569401

Singh, R. P,, and Jha,, N. P. (2016). A halotolerant bacterium Bacillus licheniformis
HSW-16 augments induced systemic tolerance to salt stress in wheat plant (Triticum
aestivum). Front. Plant Sci. 7, 1890. 1-18. doi: 10.3389/fpls.2016.01890

Singh, D., and Prasanna, R. (2020). Potential of microbes in the biofortification
of zn and fe in dietary food grains. a review. Agron. Sustain. Dev. 40 (15), 1-21. doi:
10.1007/s13593-020-00619-2

Singh, R. P., Shelke, G. M., Kumar, A., and Jha, P. N. (2015). Biochemistry and
genetics of ACC deaminase: a weapon to “stress ethylene” produced in plants.
Front. Microbiol. 6, 937. doi: 10.3389/fmicb.2015.00937

Smalla, K, Cresswell, N., Mendonca-Hagler, L. C., Wolters, A., and Elsas, ]. D. V. (1993).
Rapid DNA extraction protocol from soil for polymerase chain reaction-mediated
amplification. J. Appl. Microbiol. 74, 78-85. doi: 10.1111/1.1365-2672.1993.tb02999.x

Smith,, and Sally, E. (2008). Mycorrhizal symbiosis || structure and development
of ectomycorrhizal roots (New York: Academic Press), 191-268.

Thirkell, T., Charters, M., Elliott, A., Sait, S., and Field, K. (2017). Are
mycorrhizal fungi our sustainable saviours? considerations for achieving food
security. J. Ecol. 105, 921-929. doi: 10.1111/1365-2745.12788

Thirkell, T. J., Pastok, D., and Field, K. J. (2020). Carbon for nutrient exchange
between arbuscular mycorrhizal fungi and wheat varies according to cultivar and
changes in atmospheric carbon dioxide concentration. Global Change Biol. 26, 1-
14. doi: 10.1111/gcb.14851

Vannini, C., Carpentieri, A., Salvioli, A., Novero, M., Marsoni, M., Testa, L., et al.
(2016). An interdomain network: the endobacterium of a mycorrhizal fungus
promotes antioxidative responses in both fungal and plant hosts. New Phytol. 211,
265-275. doi: 10.1111/nph.13895

Vogel, C., Potthoff, D., Schifer, M., Barandun, N., and Vorholt, J. (2021).
Protective role of the Arabidopsis leaf microbiota against a bacterial pathogen. Nat.
Microbiol. 6, 1537-1548. doi: 10.1038/s41564-021-00997-7

Vries, F., Griffiths, R., Knight, C., Nicolitch, O., and Williams, A. (2020).
Harnessing rhizosphere microbiomes for drought-resilient crop production.
Science 368, 270-274. doi: 10.1126/science.aaz5192

Wang, Y., Pruitt, R. N., Niirnberger, T., and Wang, Y. (2022). Evasion of plant
immunity by microbial pathogens. Nat. Rev. Microbiol. 20, 449-464. doi: 10.1038/
541579-022-00710-3

Wang, X. H., Wang, C. D, Li, Q, Zhang, J. M, Ji, C, Sui, ] K,, et al. (2018). Isolation and
characterization of antagonistic bacteria with the potential for biocontrol of soil-borne
wheat diseases. J. Appl. Microbiol. 125, 1868-1880. doi: 10.1111/jam.14099

Yadav, R., Ror, P., Beniwal, R., Kumar, S., and Ramakrishna, W. (2021). Bacillus
sp. and arbuscular mycorrhizal fungi consortia enhance wheat nutrient and yield in
the second-year field trial: Superior performance in comparison with chemical
fertilizers. J. Appl. Microbiol. 132, 2203-2219. doi: 10.1111/jam.15371

Yadav, R., Ror, P., Rathore, P., Kumar, S., and Ramakrishna, W. (2020). Bacillus
subtilis CP4, isolated from native soil in combination with arbuscular mycorrhizal
fungi promotes biofortification, yield and metabolite production in wheat under
field conditions. J. Appl. Microbiol. 131, 339-359. doi: 10.1111/jam.14951

Yuan, J., Raza, W., Shen, Q., and Huang, Q. (2012) Antifungal activity of Bacillus

amyloliquefaciens NJN-6 volatile compounds against Fusarium oxysporum f. sp.
cubense Appl. Environ. Microbiol. 78, 5942-5944. doi: 10.1128/AEM.01357-12

Zeng, H., Yu, L, Liu, P., Wang, Z., and Wang, J. (2021). Nitrogen fertilization
has a stronger influence than cropping pattern on AMF community in maize/
soybean strip intercropping systems. Appl. Soil Ecol. 167, 104034. 1-11. doi:
10.1016/j.apsoil.2021.104034

frontiersin.org


https://doi.org/10.1007/s10725-015-0142-y
https://www.researchgate.net/publication/26469827
https://www.researchgate.net/publication/26469827
https://doi.org/10.1155/2022/9506227
https://doi.org/10.3389/fmicb.2021.802054/full
https://doi.org/10.3389/fmicb.2021.802054/full
https://doi.org/10.1111/jam.14644
https://doi.org/10.1007/s11104-021-05002-y
https://doi.org/10.1007/s00572-006-0046-9
https://doi.org/10.1146/annurev-arplant-042811-105522
https://doi.org/10.1146/annurev-arplant-042811-105522
https://doi.org/10.1016/j.envexpbot.2008.09.008
https://doi.org/10.1007/s00572-002-0172-y
https://doi.org/10.1016/B978-0-444-63501-3.00005-3
https://doi.org/10.1038/srep13663
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1111/aab.12034
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1016/j.envpol.2021.118724
https://doi.org/10.1016/j.envpol.2021.118724
https://doi.org/10.2135/cropsci2007.03.0129
https://doi.org/10.1111/j.1469-8137.2010.03334.x
https://doi.org/10.1146/annurev-phyto-080417-045914
https://doi.org/10.3389/fphys.2017.00667
https://doi.org/10.1016/j.apsoil.2019.02.019
https://doi.org/10.1016/j.apsoil.2019.02.019
https://doi.org/10.1111/pce.12631
https://doi.org/10.1007/s11356-015-4294-0
https://doi.org/10.1016/j.cropro.2013.05.006
https://doi.org/10.3389/fmicb.2016.01600
https://doi.org/10.3389/fpls.2021.671060
https://doi.org/10.3389/fpls.2020.569401
https://doi.org/10.3389/fpls.2016.01890
https://doi.org/10.1007/s13593-020-00619-2
https://doi.org/10.3389/fmicb.2015.00937
https://doi.org/10.1111/j.1365-2672.1993.tb02999.x
https://doi.org/10.1111/1365-2745.12788
https://doi.org/10.1111/gcb.14851
https://doi.org/10.1111/nph.13895
https://doi.org/10.1038/s41564-021-00997-7
https://doi.org/10.1126/science.aaz5192
https://doi.org/10.1038/s41579-022-00710-3
https://doi.org/10.1038/s41579-022-00710-3
https://doi.org/10.1111/jam.14099
https://doi.org/10.1111/jam.15371
https://doi.org/10.1111/jam.14951
https://doi.org/10.1128/AEM.01357-12
https://doi.org/10.1016/j.apsoil.2021.104034
https://doi.org/10.3389/fpls.2022.1043171
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ji et al.

Zhou, N., Zhao, S., and Tian, C. Y. (2017). Effect of halotolerant
rhizobacteria isolated from halophytes on the growth of sugar beet (Beta
vulgaris 1.) under salt stress. FEMS Microbiol. Lett. 364, fnx091. 1-8.
doi: 10.1093/femsle/fnx091

Frontiers in Plant Science

16

10.3389/fpls.2022.1043171

Zhu, F., Qu, L., Hong, X., and Sun, X. (2011). Isolation and characterization of a
phosphate-solubilizing halophilic bacterium Kushneria sp. YCWA18 from dagiao
saltern on the coast of yellow Sea of China. Evidence-Based Complementary Altern.
Med. 615032, 1-6. doi: 10.1155/2011/615032

frontiersin.org


https://doi.org/10.1093/femsle/fnx091
https://doi.org/10.1155/2011/615032
https://doi.org/10.3389/fpls.2022.1043171
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Biocontrol and plant growth promotion by combined Bacillus spp. inoculation affecting pathogen and AMF communities in the wheat rhizosphere at low salt stress conditions
	Introduction
	Materials and methods
	Biocontrol strain and culture medium
	Experimental design
	Rhizosphere soil sampling and analysis
	Chlorophyll relative content (SPAD) and photosynthetic parameters
	Effects of microbial inoculants on disease
	Grain filling rate and yield
	DNA preparation and polymerase chain reaction-based amplification
	Illumina MiSeq and bioinformatics analyses
	Statistical analyses

	Results
	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


