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Bacillus cereus CGMCC 1.60196:
a promising bacterial inoculant
isolated from biological soil crusts
for maize growth enhancement
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!College of Food and Bioengineering, Henan University of Science and Technology, Luoyang, China,
2Henan Engineering Research Center of Food Microbiology, Luoyang, China, *National
Demonstration Center for Experimental Food Processing and Safety Education, Luoyang, China

Soil microbial inoculants are widely recognized as an environmentally friendly
strategy for promoting crop growth and increasing productivity. However,
research on utilizing the microbial resources from desert biological soil crusts
to enhance crop growth remains relatively unexplored. In the present work,
a bacterial strain designated AC1-8 with high levels of amylase, protease,
and cellulase activity was isolated from cyanobacterial crusts of the Tengger
Desert and identified as Bacillus cereus (CGMCC 1.60196). The refinement of
the fermentation parameters of B. cereus CGMCC 1.60196 determined that the
most effective medium for biomass production was composed of 5 g/L glucose,
22g/L yeast extract and 15g/L MgSO,, and the optimal culture conditions
were pH 6.0, temperature 37°C, inoculation quantity 3% and agitation speed
240 rpm. Furthermore, the utilization of B. cereus CGMCC 1.60196 has resulted
in substantial improvements in various growth parameters of maize seedlings,
including shoot length, shoot fresh and dry weights, root fresh and dry weights,
and the contents of chlorophyll a, chlorophyll b, and total chlorophyll. The most
pronounced growth promotion was observed at an application concentration
of 1x10° CFU/m?. These results suggest that the novel B. cereus strain, isolated
from cyanobacterial crusts, can be regarded as an exemplary biological agent
for soil improvement, capable of enhancing soil conditions, promoting crop
cultivation and supporting food production.

KEYWORDS

Bacillus cereus, carbon degradation, cyanobacterial crusts, extracellular hydrolase
activity, plant growth-promoting bacteria, response surface methodology

1 Introduction

Crop cultivation represents a fundamental aspect of human existence, providing
sustenance and economic stability. However, the ever-increasing global population and the
subsequent demand for food have placed immense pressure on soil vitality and agricultural
practices (Cordell et al., 2009; Aytenew, 2021). Traditional methods of crop cultivation, while
effective, frequently depend on synthetic fertilizers that may result in environmental
degradation and social burdens, including soil erosion and degradation, desertification,
contamination of water resources, loss of biodiversity, and impacts on economic trends
(Smeets and Faaij, 2010; Pahalvi et al., 2021). Consequently, there is a burgeoning interest in
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exploring alternative, eco-friendly approaches to augment soil fertility
and enhance crop growth.

In the pursuit of sustainable agricultural practices, soil microbial
inoculants are considered a beneficial agricultural strategy that can
improve soil conditions and increase crop yield by promoting the
absorption and utilization of mineral nutrients, while minimizing
environmental impact (Sharma et al., 2016; de Vries et al., 2020; Devi
et al, 2022). Bacillus species, spore-forming bacterium widely
distributed in soil environments, are known for their secretion of
diverse enzymes that facilitate nutrient cycling, exert a broad
spectrum of positive influences on enriching soil available resources
and promoting crop growth (Ongena and Jacques, 2007;
Bhattacharyya et al., 2017; Vinodkumar et al., 2017; Zhang et al,,
2023). Additionally, Bacillus spp., widely recognized as safe, has
emerged as a robust organism capable of not only growing readily to
very high densities but also remaining stable and easy to store
subsequent to the preparation of bacterial agents, and it can swiftly
recover, reproduce, and function effectively within a suitable
environment (Kumar et al., 2011; Gu et al., 2015). Therefore, Bacillus
spp. have become ideal candidates for biofertilizer formulations,
owing to their characteristics and beneficial contributions to
agricultural practices.

Biological soil crusts (BSCs), communities of cyanobacteria,
lichens, mosses, lichens, fungi, archaea and bacteria that live in the
uppermost few millimeters of soil, and make up 40% of the living
cover of desert ecosystems (Belnap and Lange, 2003; Weber et al.,
2016). As the early developmental stage of BSC development, the
formation and development of cyanobacterial crusts are often
accompanied by dramatic increases in soil fertility, which is crucial
for the subsequent development and stability of the entire ecosystem
(Lietal., 2004, 2006). It has been widely accepted for many years that
Cyanobacteria play important roles in the improvement of soil
fertility and stability during BSC development, and recent studies
have further confirmed the contribution of bacterial species, which
multiply more rapidly than Cyanobacteria in cyanobacterial crusts,
to these processes (Pepe-Ranney et al., 2016; Park et al., 2017; Zhao
et al., 2020).

Bacillus as the dominant genus (with the highest relative
abundance) of cyanobacterial crusts (Liu et al., 2017a,b), has ecological
functions such as carbon degradation (mainly the degradation of
starch and cellulose), carbon fixation and ammonification. Guida et al.
(2023) found that inoculation of cyanobacteria and/or bacteria,
particularly strains such as B. subtilis and members of the Azotobacter
genus, can lead to a substantial alteration in the soil hydrological
processes. Mao et al. (2023) found that BSCs formed by co-inoculation
of Bacillus XZM and microalgae remediate arsenic-contaminated soil
in mining areas. Our previous study found that B. tequilensis CGMCC
17603 with high productivity of exopolysaccharide can effectively
improve the ability of sand fixation and wind prevention (Zhao et al.,
2019). Therefore, Bacillus in cyanobacterial crusts is expected to
become a crucial microbial resource to promote the restoration of
degraded soils.

In this work, our goals were (i) to isolate, screen and identify a
Bacillus sp. with high amylase, protease and cellulase activities, (ii) to
optimize the fermentation conditions of the isolate, and (iii) to assess
the phytobeneficial effects of the strain on maize seedling growth. The
results of this study provide promising microbial resource for the
development of microbial fertilizers or soil amendments, which are
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essential to promote the improvement of farmland quality and the
quality and yield of farmland crops.

2 Materials and methods

2.1 Isolation, screening and identification
of candidate strain

In July 2021, cyanobacterial crusts were collected from the
Shapotou revegetated area (37°32'N, 105°02'E), southeastern edge of
the Tengger Desert, North Central China. The annual average
temperature was 9.6°C, the extreme minimum temperature was
—25.1°C, and the extreme maximum temperature was 38.1°C. Six
samples were collected, placed inside a sterile plastic reservoir to form
a composite sample, transported to the laboratory in a cooler packed
with ice, and stored at 4°C until further processing. The isolation of
Bacillus strains was carried out according to the method of our
previous study (Zhao et al., 2019). To identify the candidate strain, the
extracellular hydrolase activities of the isolates was further examined
using the Oxford Cup method. Briefly, sterile agar medium was
poured into sterile petri dishes (90 mm diameter), four Oxford cups
were placed equidistantly on the surface of individual petri dish after
medium solidify, 200 pL of fresh overnight culture was added to three
cups whereas an equivalent volume of sterile saline was added to the
other cup as comparison, and then the petri dishes were incubated at
37°C for 24 h before observing the hydrolysis zone. The agar mediums
and hydrolysis zone observation method used for the determination
of extracellular hydrolase activities were carried out as previously
described (Gu et al., 2015). In addition, genetic identification was
carried out by 16S rRNA sequencing according to Sun et al. (2023).

2.2 Optimization of fermentation medium
and conditions of candidate strain

2.2.1 Optimization of fermentation conditions of
candidate strain

Fermentation conditions included pH (5.5, 6.0, 6.5, 7.0 and 8.0),
temperature (34, 37, 40, and 43°C), inoculation quantity (2.0, 2.5, 3.0,
3.5 and 4.0%), and agitation speed (180, 200, 220, and 240 rpm) were
optimized by changing one factor at a time and keeping all the other
factors constant. The experiments were conducted in 250mL
Erlenmeyer flasks with 30 mL of medium for 24 h, and then the optical
density in each monitored at

case was 600nm using

a spectrophotometer.

2.2.2 Optimization of fermentation medium of
candidate strain

Optimal fermentation medium for biomass production, including
carbon sources (glucose, sucrose, maltose and lactose), nitrogen
sources [beef extract, yeast extract, urea and (NH,),SO,], and
inorganic salts (NaCl, MgSO,, K,HPO, and NaH,PO,). The
concentrations of the above carbon sources and inorganic salts were
ranges from 10 to 30g/L and 5 to 25g/L, respectively. The
concentrations of each nitrogen source ranged from G1 to G5: beef
extract from 5 to 25 g/L, yeast extract from 10 to 30 g/L, urea from 2.5
to 12.5¢g/L, and (NH,),SO, from 2.5 to 12.5g/L. These parameters
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were tested individually while keeping other components of LB
medium constant (10g/L tryptone, 5g/L yeast extract, 10g/L NaCl,
pH 7.0) to evaluate their impact on the biomass yield of the strain.

Response Surface Methodology (RSM), an empirical statistical
modeling technique, can minimize the number of experiments
required to evaluate several independent variables and their
interactions (Ravikumar et al., 2007; Amenaghawon et al., 2013). The
main carbon source (A), main nitrogen source (B) and main inorganic
salt (C) were optimized based on a three-level (-1, 0 and + 1), three-
variable Box-Behnken design (BBD). A total of 17 experiments (runs
1-17) were designed, including 5 central point experiments. Biomass
was estimated as CFU/mL using 100 pL inoculum diluted in ten-fold
steps. Design Expert software 8.0.6 (Stat-Ease Inc., Minneapolis, MN,
United States) was used for regression of the experimental data.
Analysis of variance (ANOVA) was used to determine the significance
of the main and interaction effects of model terms.

2.3 Phytobeneficial effects of candidate
strain on maize seedling growth

Three maize seeds (Xianyu 335) were planted in each pot with
2.5kg of low-fertility soil containing 53.54+12.96 mg/kg available
19.46 +4.28 mg/kg
130.95 +2.81 mg/kg available potassium, and then the inoculum of

nitrogen, available  phosphorus, and
candidate strain was sprayed on the soil surface. The inoculum
concentration was divided into three levels, 1x 10° CFU/m? (T1),
1x10° CFU/m? (T2) and 1x 10" CFU/m? (T3) respectively, and the
control pot (T0) was planted with seeds that received the same volume
of sterile water. Treatments were replicated three times and were
completely randomized. All pots were maintained at 60% of soil
water-holding capacity. Plants received a photoperiod of 16/8h light/
dark and temperatures of 24/18°C day/night. Observations were taken
on the 49th day of treatment. Growth parameters such as chlorophyll
content (Guo et al., 2022), height, wet weight, dry weight of the shoot

and root (Liu et al., 2021) were measured and statistically analyzed.

2.4 Statistical analysis

ANOVA and Tukey’s honestly significant difference analysis were
performed using SPSS for Windows, Version 16.0 (SPSS Inc., Chicago,
IL, United States) to determine differences among various treatments
for the crop growth parameters, provided that the data met the
assumptions of normality of residuals and homoscedasticity. Mann-
Whitney U-test was used to examine the differences among various
treatments for data that failed to meet the assumptions of normality
of residuals and homoscedasticity. Figures were generated using
Origin 8.0 (Origin Lab Corp., Northampton, MA, United States).

3 Results and discussion

3.1 Screening, isolation and identification
of candidate Bacillus strain

Six isolates, designated as Bacillus spp. AC1-6, AC1-8, AC3-2,
AC3-4, AC3-5 and AC4-7, displayed amylase, cellulase and/or
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protease activity (Table 1). The observation of extracellular hydrolytic
enzyme activities of isolated AC1-8 to starch (24.0mm), cellulose
(29.6mm) and protein (24.6mm) showed that the isolate may
synergistically promote the decomposition of starch, cellulose and
protein. Furthermore, the application of the strain in soil environment
has the potential to promote plant nutrient absorption and enhance
soil nutrient cycling (Zhao et al., 2020; Miao et al., 2021).

The identification of the isolated AC1-8 strain was based on both
morphological and molecular methods. Strain AC1-8 was observed
to be Gram-positive, spore-forming and rod-shaped. Colonies on LB
plate was circular, smooth, yellowish white, and approximately 3 mm
in diameter after incubation for 24h at 37°C. These characteristics are
similar to those of Bacillus species. Moreover, the 16S rDNA sequences
of AC1-8 were aligned using the NCBI-BLAST database, indicating
that the genetic sequence was 98% homologous to that of the Bacillus
cereus Y23 strain (GenBank accession number: MN6480521)
(Figure 1). Therefore, AC1-8 was identified as B. cereus, and has been
deposited at China General Microbiological Culture Collection Center
(CGMCC) under deposition number of CGMCC 1.60196.

3.2 High concentration culture of Bacillus
cereus CGMCC 1.60196

To realize the popularization and application of B. cereus CGMCC
1.60196 in the field of soil improvement and plant growth promotion,
high biomass yield and the low cost of this production process are the
key problems to be solved. Temperature, pH, inoculation quantity and
agitation speed are critical parameters that significantly influence the
production of bacterial biomass in fermentation processes (Freitas et al.,
2010). Similarly, the production of bacterial biomass was also largely
influenced by the medium compositions, such as the C source, the N
source and the inorganic salt (Luang-In et al., 2018). By optimizing
these parameters, it is possible to enhance the efficiency and productivity
of the fermentation process, leading to increased bacterial biomass
production (Rao et al., 2007; Kumar et al., 2011). Therefore, our study
optimized the culture conditions and medium compositions of B. cereus
CGMCC 1.60196, as these were the most important factors affecting the
production of bacterial biomass and metabolites.

As shown in Figure 2, the biomass of B. cereus CGMCC 1.60196
was higher when pH, inoculation quantity and agitation speed were
controlled at 6.0, 3% and 240rpm, respectively. Considering the
energy consumption of fermentation, the optimal temperature was set
at 37°C. Additionally, the optimal C source, N source, and inorganic

TABLE 1 Hydrolytic activity of the different Bacillus strains to starch,
cellulose and protein.

Strains Zone diameter (mm)
Amylase Cellulase Protease

AC1-6 20.3 0 23.0
AC1-8 24.0 29.6 24.6
AC3-2 16.2 249 232
AC3-4 19.7 0 22.7
AC3-5 14.7 0 23.8
AC4-7 18.6 17.0 18.6
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salt of B. cereus CGMCC 1.60196 were selected from multi-nutrient
and multi-level, which were 10 g/L glucose, 25 g/L yeast extract, and
15g/L MgSO,, respectively (p<0.05; Figure 3). Consistent with
previous studies, the optimal levels of key factors can be successfully
screened through single-factor experiments, and the yield of target
products was increased by multiple times (Mcdaniel and Ankenman,
2000; Ahmed et al., 2019; Saha and Mazumdar, 2019). However, these
experiments do not take into account the possible interactions

KF4796791  Bacillus_sp._D-7-2
KU9866481  Bacillus_cereus_strain_XH18
KR0784011  Bacillus_cereus_strain_NCIM_2155
LN8901731  Bacillus_cereus_strain_M87
LN8901241  Bacillus_cereus_strain_M38
LN8901281  Bacillus_cereus_strain_M42
* AC1-8
MN6480521  Bacillus_cereus_strain_Y23
LN8900761  Bacillus_cereus_strain_L80
KX9052991  Bacillus_cereus_strain_HDK07
KR2337571  Bacillus_cereus_strain_IHB_B_10262
LN8900821  Bacillus_cereus_strain_L86
JQ3085721  Bacillus_cereus_strain_OPP5_3-2
KY9303331  Bacillus_cereus_strain_NIBSM_0sG2
0P0013821  Bacillus_cereus_strain_MB4

FIGURE 1

Phylogenetic analysis based on 16S rRNA gene sequences available

from the National Center for Biotechnology Information.

10.3389/fmicb.2024.1461949

between the factors, thereby resulting in an inability to obtain an
optimal strategy.

RSM, as an effective mathematical and statistical tool, was selected
to improve the biomass production of B. cereus CGMCC 1.60196 by
studying all factors involved in experimental analysis and their
possible interactions to optimize the fermentation process (Rami¢
et al,, 2015; Hippolyte et al., 2018; Araya-Farias et al., 2019). In this
work, 17-run experiments were performed via BBD based on three
variables in three levels to obtain the maximum biomass production
of B. cereus CGMCC 1.60196 (Tables 2, 3). Run 8 showed the
maximum biomass production when the medium compositions were
set to 5g/L glucose, 20 g/L yeast extract and 15g/L MgSO, (Table 3).
Multiple regression analysis on the actual responses, established first-
order polynomial equation to explain the biomass production of
B. cereus CGMCC 1.60196 as following:

Y =+0.714475-0.1257054 + 0.109625B + 0.057730C
+0.0016104B —0.000620AC — 0.000460BC

+0.004219 4% — 0.002581B2 —0.001431C> (1)

Based on the results of ANOVA, the significance value of the
model (F-value=14.00; p-value=0.00011), and a non-significant value
lacking a fit (p-value=0.1018) indicated that model provided here
valid (Table 4; Amouzgar et al., 2010). The determination of the
squared regression coefficient (R?) for biomass production was 0.9474
meaning that the data variability could be interpreted very well by the
models. The value of the adjusted R* (0.8797) also supported a good
fit between the regression model and to the data (Table 4). In addition,
linear terms (A and B), quadratic terms (A% B” and C*) and interaction
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TABLE 2 Independent variables and levels used for Box—Behnken design.

Independent Symbol

variables coded

Glucose A 5 10 15
Yeast extract B 20 25 30
MgSO, C 10 15 20

term (AB) were significant (p <0.05) whereas others were not
significant model terms (Table 4), suggesting that glucose and yeast
extract have a significant effect on the biomass production of B. cereus
CGMCC 1.60196. The maximum predicted value of biomass
production was 1.87 x 10" CFU/mL when the parameters were set to
glucose 5g/L, yeast extract 22g/L, and MgSO, 15g/L. Under the
recommended optimum conditions, the biomass production of
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TABLE 3 Box—Behnken design matrix for the three independent variables
and their corresponding experimental observed responses.

Biomass
Run A 8 C (10°CFU/m
1 10 25 15 1.67
2 10 30 10 1.55
3 15 20 15 1.65
4 10 25 15 1.67
5 10 25 15 1.70
6 10 30 20 1.49
7 5 25 20 1.80
8 5 20 15 1.87
9 10 20 20 1.65
10 5 30 15 1.72
11 10 25 15 1.72
12 15 25 10 1.75
13 5 25 10 1.79
14 10 25 15 1.68
15 10 20 10 1.66
16 15 30 15 1.67
17 15 25 20 1.70

A: glucose; B: yeast extract; C: MgSO.,.

B. cereus CGMCC 1.60196 was 1.91 x 10" +2.31 x 10’ CFU/mL, which
was in close agreement with the predicted value.

3.3 Effect of Bacillus cereus CGMCC
1.60196 on seedling growth

Soil microbial inoculants, increasingly adopted to enhance crop
productivity, face significant challenges in screening, preserving
functional properties, and ensuring efficient application in
low-fertility soils (Singh, 2017; Kaminsky et al., 2019). In this study,
B. cereus CGMCC 1.60196, which was isolated from cyanobacterial
crusts and showed a perfect potential to improve soil nutrient
conditions, was chosen in order to highlight its effect on seedling
growth in low fertility soil. As shown in Table 5, the shoot length,
shoot fresh weight, shoot dry weight, root fresh weight, root dry
weight, and contents of total chlorophyll, chlorophyll a and
chlorophyll b of the T2 treatment group were significantly higher
than those of other treatment groups, indicating that B. cereus
CGMCC 1.60196 exhibited good physiological growth-promoting
characteristics on maize seedlings. Consistent with previous
researches, plants inoculated with B. megaterium, B. aryabhattai
and/or B. mesonae significantly enhance tomato growth and
chlorophyll content (Fan et al., 2016; Yoo et al., 2019).

Moreover, some Bacillus spp. have been identified as plant
growth-promoting bacteria that can stimulate plant growth through
direct or indirect mechanisms (Podile and Kishore, 2006). For
example, by increasing the bioavailability of mineral nutrients (as
demonstrated in this study) (Samreen et al., 2019; Cardoso et al.,
2021), or by providing exopolysaccharides, amino acids, and other
nutritional factors (Zhao et al., 2019; Khan et al.,, 2021), or by
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TABLE 4 ANOVA analysis and statistical parameters of the fitted quadratic polynomial model for the optimization of medium compositions.

Source Sum of squares Dfig:jisr:f Mean square F-value

Model 0.1184 9 0.0132 14.00 0.0011 Significance
A 0.0215 1 0.0215 2291 0.0020 ok

B 0.0209 1 0.0209 22.25 0.0022 w

C 0.0017 1 0.0017 1.79 0.2227 ns

AB 0.0065 1 0.0065 6.90 0.0341 *

AC 0.0010 1 0.0010 1.02 0.3455 ns

BC 0.0005 1 0.0005 0.56 0.4775 ns

A? 0.0468 1 0.0468 49.85 0.0002 ok

B? 0.0175 1 0.0175 18.66 0.0035 wk

C 0.0054 1 0.0054 5.74 0.0478 *
Residuals 0.0066 7 0.0009

Lack of fit 0.0050 3 0.0017 4.14 0.1018 Not significance
Pure error 0.0016 4 0.0004

Cor total 0.1249 16

R*=0.9474

Adjusted R*=0.8797

A: glucose; B: yeast extract; C: MgSOy; *, significant (p <0.05); **, very significant (p <0.01); ns, not significant (p >0.05).

TABLE 5 Effect of B. cereus CGMCC 1.60196 on the maize seedling growth.

Treatment Shoot Root Leaf
Fresh Dry Fresh Dry Total Chlorophylla Chlorophyll b
weight weight weight weight  chlorophyll (mg/g) (mg/g)
(¢) (9) (¢)) (¢) (mg/q)

TO 73.03+191b | 2439+0.69b | 3.06+0.32c | 7.45+0.03d | 1.54+0.06b 11.82+0.47 b 9.47+0.28 b 235+0.30 b
T1 7430£3.11b | 2589+1.33b | 3.52+0.12b | 840+02lc | 1.67+0.32b 12.63+0.36 b 10.32£0.24 b 231+0.16 b
T2 81.00+147a  3691+2.17a | 4.69+0.18a | 15.09+035a = 3.45+0.36a 17.78+3.61a 14.15%2.75a 3.63+0.86a
T3 63.67+2.83c | 27.13+230b | 3.80£0.15b | 1030+0.15b = 1.71+0.17b 15.58+0.39 ab 12.4240.22 ab 3.16+0.30 ab

Lowercase letters indicate significant differences between treatments (p <0.05). Data shown represent means + standard deviation (n =3).

synthesizing plant growth regulating compounds such as gibberellin
and indole acetic acid (Gutiérrez-Manero et al., 2001; Khan et al.,
2021). B. cereus CGMCC 1.60196 has excellent extracellular
hydrolytic enzyme activities (Table 3), providing maize seedlings
with greater potential for nutrient uptake and transport, resulting
in greater growth in maize seedlings (Zhao et al., 2020; Zhou et al.,
2022). Microbial inoculants with agriculture-related traits such as
nutrient facilitation are essential for effectively promoting plant
growth in low-fertility soils (Jiang et al., 2023). In addition to
enhancing nutrient absorption, whether B. cereus CGMCC 1.60196
produces hormones or other secretions to promote the growth of
maize seedlings is still unknown.

4 Conclusion

In summary, this study provided a new strain of B. cereus
CGMCC 1.60196 with high amylase, protease and cellulase
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activities, realized its high density fermentation, and revealed its
promoting effects on the growth of maize seedlings. This
discovery not only broadens our understanding of microbial
resources in extreme environments such as desert BSCs, but also
offers a valuable, eco-friendly, and cost-effective biotechnological
approach for enhancing maize seedling growth in
low-fertility soils.

Nevertheless, there were several limitations that might need to
be addressed in our future work. First, further investigation is
necessary to determine the exact mechanism by which B. cereus
CGMCC 1.60196 promotes crop growth and development.
Specifically, it is important to ascertain whether the strain possesses
other crop growth promotion traits (such as nitrogen fixation,
phosphate solubilization, and siderophore production) or whether it
enhances crop growth through close interactions with other microbial
species. Second, additional experiments are needed to study the
application effects (Effects on soil properties, crop yield, etc.) of the

bacterial inoculant on a variety of soil types and crop types to broaden
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the application scenarios of its commercialized product. Noteworthy,
these verification experiments should include comparative studies
with existing biofertilizers to delineate the novelty and effectiveness of
this bacterial inoculant. Furthermore, it is essential to study the
application effects of the bacterial inoculant across various soil types
and crop varieties to enhance the potential commercial product’s
application scenarios.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

LZ: Conceptualization, Funding acquisition, Writing — original
draft, Writing - review & editing. CK: Investigation, Methodology,
Writing - original draft. SZ: Investigation, Methodology, Writing —
review & editing. LC: Investigation, Methodology, Writing - review &
editing. SX: Investigation, Methodology, Writing — review & editing.
YW: Methodology, Writing — review & editing. YZ: Methodology,
Writing - review & editing. SG: Supervision, Writing — review &
editing.

References

Ahmed, S. A., Abdella, M. A,, El-Sherbiny, G. M., Ibrahim, A. M., and Atalla, S. M.
(2019). Application of one-factor-at-a-time and statistical designs to enhance a-amylase
production by a newly isolate Bacillus subtilis strain-MK1. Biocatal. Agric. Biotechnol.
22:101397. doi: 10.1016/j.bcab.2019.101397

Amenaghawon, N. A., Nwaru, K. I, Aisien, E. A, Ogbeide, S. E., and Okieimen, C. O.
(2013). Application of box-Behnken design for the optimization of citric acid production
from corn starch using aspergillus Niger. Br. Biotechnol. J. 3, 236-245. doi: 10.9734/
BBJ/2013/3379

Amouzgar, P, Khalil, H. A., Salamatinia, B., Abdullah, A. Z., and Issam, A. M. (2010).
Optimization of bioresource material from oil palm trunk core drying using microwave
radiation; a response surface methodology application. Bioresour. Technol. 101,
8396-8401.

Araya-Farias, M., Husson, E., Saavedra-Torrico, J., Gérard, D., Roulard, R., Gosselin, L,
etal. (2019). Wheat bran pretreatment by room temperature ionic liquid-water mixture:
optimization of process conditions by PLS-surface response design. Front. Chem. 7:585.
doi: 10.3389/fchem.2019.00585

Aytenew, M. (2021). “Soil biodiversity as a key sponsor of regenerative agriculture” in
Biodiversity of ecosystems. Editor L. Hufnagel. (London, England: IntechOpen).

Belnap, J., and Lange, O. L. (2003). Biological Soil Crusts: Structure, Function and
Management. Springer, Berlin Heidelberg.

Bhattacharyya, C., Bakshi, U., Mallick, I., Mukherji, S., Bera, B., and Ghosh, A. (2017).
Genome-guided insights into the plant growth promotion capabilities of the
physiologically versatile Bacillus aryabhattai strain AB211. Front. Microbiol. 8:411. doi:
10.3389/fmicb.2017.00411

Cardoso, A. E, Alves, E. C., da Costa, S. D. A., de Moraes, A. . G., da Silva Junior, D. D.,
Lins, P. M. P, et al. (2021). Bacillus cereus improves performance of Brazilian green
dwarf coconut palms seedlings with reduced chemical fertilization. Front. Plant Sci.
12:649487. doi: 10.3389/fpls.2021.649487

Cordell, D., Drangert, J., and White, S. (2009). The story of phosphorus: global food
security and food for thought. Glob. Environ. Change 19, 292-305. doi: 10.1016/j.
gloenvcha.2008.10.009

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

Devi, R, Kaur, T, Kour, D., Yadav, A., Yadav, A. N., Suman, A, et al. (2022). Minerals

solubilizing and mobilizing microbiomes: a sustainable approach for managing minerals’
deficiency in agricultural soil. J. Appl. Microbiol. 133, 1245-1272. doi: 10.1111/jam.15627

Frontiers in Microbiology

10.3389/fmicb.2024.1461949

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
financially supported by the National Natural Science Foundation of
China (Grant No. 32201383), College Students Innovative
Entrepreneurial Training Plan Program of Henan Province (Grant No.
202310464048), Key R&D Projects in Henan Province (Grant No.
241111314200), and “Leading the Charge with Open Competition”
Project in Inner Mongolia Autonomous (Grant No. 2024JBGS0003-1).

Conflict of interest

The 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 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.

Fan, P, Chen, D,, He, Y., Zhou, Q,, Tian, Y., and Gao, L. (2016). Alleviating salt stress
in tomato seedlings using Arthrobacter and Bacillus megaterium isolated from the
rhizosphere of wild plants grown on saline-alkaline lands. Int. J. Phytoremediation 18,
1113-1121. doi: 10.1080/15226514.2016.1183583

Freitas, E, Alves, V. D,, Pais, J., Carvalheira, M., Costa, N., Oliveira, R., et al. (2010).
Production of a new exopolysaccharide (EPS) by Pseudomonas oleovorans NRRL
B-14682 grown on glycerol. Process. Biochem. 45, 297-305.

Gu, S. B., Zhao, L. N., Wu, Y, Li, S. C,, Sun, J. R., Huang, J. E, et al. (2015). Potential
probiotic attributes of a new strain of Bacillus coagulans CGMCC 9951 isolated from
healthy piglet feces. World ] Microbiol Biotechnol 31, 851-863. doi: 10.1007/
s11274-015-1838-x

Guida, G., Nicosia, A., Settanni, L., and Ferro, V. (2023). A review on effects of
biological soil crusts on hydrological processes. Earth-Sci. Rev. 243:104516. doi:
10.1016/j.earscirev.2023.104516

Guo, X., Shakeel, M., Wang, D., Qu, C,, Yang, S., Ahmad, S., et al. (2022). Metabolome
and transcriptome profiling unveil the mechanisms of light-induced anthocyanin
synthesis in rabbiteye blueberry (vaccinium ashei: Reade). BMC Plant Biol. 22:223. doi:
10.1186/s12870-022-03585-x

Gutiérrez-Maiiero, F. ], Ramos-Solano, B., Probanza, A. N., Mehouachi, J. R,,
Tadeo, F, and Talon, M. (2001). The plant-growth-promoting rhizobacteria Bacillus
pumilus and Bacillus licheniformis produce high amounts of physiologically active
gibberellins. Physiol. Plant. 111, 206-211. doi: 10.1034/j.1399-3054.2001.1110211.x

Hippolyte, M. T., Augustin, M., Hervé, T. M., Robert, N, and Devappa, S. (2018).
Application of response surface methodology to improve the production of
antimicrobial biosurfactants by Lactobacillus paracasei subsp. tolerans N2 using
sugar cane molasses as substrate. Bioresour. Bioprocess. 5:48. doi: 10.1186/
540643-018-0234-4

Jiang, M., Delgado-Baquerizo, M., Yuan, M. M., Ding, J., Yergeau, E., Zhou, J., et al.
(2023). Home-based microbial solution to boost crop growth in low-fertility soil. New
Phytol. 239, 752-765. doi: 10.1111/nph.18943

Kaminsky, L. M., Trexler, R. V., Malik, R. J., Hockett, K. L., and Bell, T. H. (2019). The
inherent conflicts in developing soil microbial inoculants. Trends Biotechnol. 37,
140-151. doi: 10.1016/j.tibtech.2018.11.011

Khan, M. A,, Sahile, A. A,, Jan, R., Asaf, S., Hamayun, M., Imran, M., et al. (2021).
Halotolerant bacteria mitigate the effects of salinity stress on soybean growth by
regulating secondary metabolites and molecular responses. BMC Plant Biol. 21:176. doi:
10.1186/s12870-021-02937-3

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1461949
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.bcab.2019.101397
https://doi.org/10.9734/BBJ/2013/3379
https://doi.org/10.9734/BBJ/2013/3379
https://doi.org/10.3389/fchem.2019.00585
https://doi.org/10.3389/fmicb.2017.00411
https://doi.org/10.3389/fpls.2021.649487
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1126/science.aaz5192
https://doi.org/10.1111/jam.15627
https://doi.org/10.1080/15226514.2016.1183583
https://doi.org/10.1007/s11274-015-1838-x
https://doi.org/10.1007/s11274-015-1838-x
https://doi.org/10.1016/j.earscirev.2023.104516
https://doi.org/10.1186/s12870-022-03585-x
https://doi.org/10.1034/j.1399-3054.2001.1110211.x
https://doi.org/10.1186/s40643-018-0234-4
https://doi.org/10.1186/s40643-018-0234-4
https://doi.org/10.1111/nph.18943
https://doi.org/10.1016/j.tibtech.2018.11.011
https://doi.org/10.1186/s12870-021-02937-3

Zhao et al.

Kumar, V., Sahai, V., and Bisaria, V. (2011). High-density spore production of
Piriformospora indica, a plant growth-promoting endophyte, by optimization of
nutritional and cultural parameters. Bioresour. Technol. 102, 3169-3175. doi: 10.1016/j.
biortech.2010.10.116

Li, X. R, Xiao, H. L., He, M. Z,, and Zhang, J. G. (2006). Sand barriers of straw
checkerboards for habitat restoration in extremely arid desert regions. Ecol. Eng. 28,
149-157. doi: 10.1016/j.ecoleng.2006.05.020

Li, X. R,, Xiao, H. L,, Zhang, ]. G., and Wang, X. P. (2004). Long-Term Ecosystem
Effects of Sand-Binding Vegetation in the Tengger Desert, Northern China. Restor. Ecol.
12, 376-390. doi: 10.1111/j.1061-2971.2004.00313.x

Liu, L. C, Liu, Y. B., Hui, R., and Xie, M. (2017b). Recovery of microbial community
structure of biological soil crusts in successional stages of Shapotou desert revegetation,
north-West China. Soil Biol. Biochem. 107, 125-128. doi: 10.1016/j.s0ilbio.2016.12.030

Liu, L. C,, Liu, Y. B, Zhang, P, Song, G., Hui, R., Wang, Z. R,, et al. (2017a).
Development of bacterial communities in biological soil crusts along a revegetation
chronosequence in the Tengger Desert, Northwest China. Biogeosciences 14, 3801-3814.
doi: 10.5194/bg-14-3801-2017

Liu, H., Wu, Y., Xu, H,, Ai, Z., Zhang, ], Liu, G., et al. (2021). Nenrichment affects the
arbuscular mycorrhizal fungi-mediated relationship between a C, grass and a legume.
Plant Physiol. 187, 1519-1533. doi: 10.1093/plphys/kiab328

Luang-In, V., Saengha, W,, and Deeseenthum, S. (2018). Characterization and
bioactivities of a novel exopolysaccharide produced from lactose by Bacillus tequilensis
PS21 isolated from Thai Milk Kefir. Microbiol. Biotechnol. Lett. 46, 9-17. doi: 10.4014/
MBL.1712.12018

Mao, Q., Xie, X., Pinzon-Nunez, D. A., Xie, Z., Liu, T., and Irshad, S. (2023).
Native microalgae and Bacillus XZM remediate arsenic-contaminated soil by
forming biological soil crusts. J. Environ. Manag. 345:118858. doi: 10.1016/j.
jenvman.2023.118858

Mcdaniel, W. R., and Ankenman, B. E. (2000). Comparing experimental design
strategies for quality improvement with minimal changes to factor levels. Qual. Reliab.
Eng. Int. 16, 355-362. doi: 10.1002/1099-1638(200009/10)16:53.0.CO;2-1

Miao, Y., Niu, Y., Luo, R,, Li, Y., and Ding, W. (2021). Lower microbial carbon use
efficiency reduces cellulose-derived carbon retention in soils amended with compost
versus mineral fertilizers. Soil Biol. Biochem. 156:108227. doi: 10.1016/j.
s0ilbio.2021.108227

Ongena, M., and Jacques, P. (2007). Bacillus lipopeptides: versatile weapons for plant
disease biocontrol. Trends Microbiol. 16, 115-125. doi: 10.1016/j.tim.2007.12.009

Pahalvi, H. N,, Rafiya, L., Rashid, S., Nisar, B., and Kamili, A. N. (2021). “Chemical
fertilizers and their impact on soil health” in Microbiota and biofertilizers. eds. G. H.
Dar, R. A. Bhat, M. A. Mehmood and K. R. Hakeem, vol. 2 (Cham: Springer).

Park, C. H,, Li, X. R, Zhao, Y,, Jia, R. L., and Hur, J. S. (2017). Rapid development of
cyanobacterial crust in the field for combating desertification. PLoS One 12:¢0179903.
doi: 10.1371/journal.pone.0179903

Pepe-Ranney, C., Koechli, C., Potrafka, R., Andam, C., Eggleston, E., Garcia-Pichel, E,
et al (2016). Non-cyanobacterial diazotrophs mediate dinitrogen fixation in biological
soil crusts during early crust formation. ISME J. 10, 287-298. doi: 10.1038/
ismej.2015.106

Podile, A. R. A. K., and Kishore, G. K. (2006). Plant growth-promoting Rhizobacteria.
Dordrecht: Springer.

Rao, Y. K., Tsay, K. J., Wu, W. S., and Tzeng, Y. M. (2007). Medium optimization of
carbon and nitrogen sources for the production of spores from Bacillus amyloliquefaciens

Frontiers in Microbiology

08

10.3389/fmicb.2024.1461949

B128 using response surface methodology. Process. Biochem. 42, 535-541. doi: 10.1016/j.
procbio.2006.10.007

Rami¢, M., Vidovi¢, S., Zekovi¢, Z., Vladi¢, ., Cvejin, A., and Pavli¢, B. (2015).
Modeling and optimization of ultrasound-assisted extraction of polyphenolic
compounds from Aronia melanocarpa by-products from filter-tea factory. Ultrason.
Sonochem. 23, 360-368. doi: 10.1016/j.ultsonch.2014.10.002

Ravikumar, K., Krishnan, S., Ramalingam, S., and Balu, K. (2007). Optimization of
process variables by the application of response surface methodology for dye removal
using a novel adsorbent. Dyes Pigments 72, 66-74. doi: 10.1016/j.dyepig.2005.07.018

Saha, S. P, and Mazumdar, D. (2019). Optimization of process parameter for alpha-
amylase produced by Bacillus cereus amy3 using one factor at a time (OFAT) and central
composite rotatable (CCRD) design based response surface methodology (RSM).
Biocatal. Agric. Biotechnol. 19:101168. doi: 10.1016/j.bcab.2019.101168

Samreen, T., Zahir, Z. A., Naveed, M., and Asghar, M. (2019). Boron tolerant
phosphorus solubilizing Bacillus spp. MN-54 improved canola growth in alkaline
calcareous soils. Int. J. Agric. Biol. 21, 538-546. doi: 10.17957/IJAB/15.0926

Sharma, S., Kulkarni, J., and Jha, B. (2016). Halotolerant rhizobacteria promote growth
and enhance salinity tolerance in peanut. Front. Microbiol. 7:1600. doi: 10.3389/
fmicb.2016.01600

Singh, B. K. (2017). Creating new business, economic growth and regional prosperity
through microbiome-based products in the agriculture industry. Microb. Biotechnol. 10,
224-227. doi: 10.1111/1751-7915.12698

Smeets, E. M. W,, and Faaij, A. (2010). The impact of sustainability criteria on the costs
and potentials of bioenergy production - applied for case studies in Brazil and Ukraine.
Biomass Bioenergy 34, 319-333. doi: 10.1016/j.biombioe.2009.11.003

Sun, X,, Niu, Y., Du, Y., Geng, C., Guo, C., and Zhao, L. (2023). Isolation and
identification of new soil strains with phosphate-solubilizing and exopolysaccharide-
producing abilities in the Yellow River wetland nature Reserve of Luoyang city, China.
Sustain. For. 15:3607. doi: 10.3390/su15043607

Vinodkumar, S., Nakkeeran, S., Renukadevi, P., and Malathi, V. G. (2017). Biocontrol
potentials of antimicrobial peptide producing Bacillus species: multifaceted antagonists
for the management of stem rot of carnation caused by Sclerotinia sclerotiorum. Front.
Microbiol. 8:446. doi: 10.3389/fmicb.2017.00446

Weber, B., Biidel, B., and Belnap, J. (2016). Biological Soil Crusts: An Organizing
Principle in Drylands, 226 Springer-Verlag, Berlin.

Yoo, S. J., Weon, H. Y., Song, J., and Sang, M. K. (2019). Induced tolerance to salinity
stress by halotolerant bacteria bacillus aryabhattai H19-1 and B. Mesonae H20-5 in
tomato plants. J. Microbiol. Biotechnol. 29, 1124-1136. doi: 10.4014/jmb.1904.04026

Zhang, Y., Hu, ], Zhang, Q., Cai, D., Chen, S., and Wang, Y. (2023). Enhancement of
alkaline protease production in recombinant Bacillus licheniformis by response surface
methodology. Bioresour. Bioprocess. 10:27. doi: 10.1186/s40643-023-00641-8

Zhao, L.N,,Li,X. R, Wang, Z.R,, Qi, ]. H,, Zhang, W. L., Wang, Y. S., et al. (2019). A new
strain of Bacillus tequilensis CGMCC 17603 isolated from biological soil crusts: a promising
sand-fixation agent for desertification control. Sustain. For. 11:6501. doi: 10.3390/
sull1226501

Zhao, L.N,, Liu, Y. B, Wang, Z. R., Yuan, S. W,, Qi, J. H., Zhang, W. L., et al. (2020). Bacteria
and fungi differentially contribute to carbon and nitrogen cycles during biological soil crust
succession in arid ecosystems. Plant Soil 447, 379-392. doi: 10.1007/s11104-019-04391-5

Zhou, F, Hansen, M., Hobley, T. ], and Jensen, P. R. (2022). Valorization of green

biomass: alfalfa pulp as a substrate for oyster mushroom cultivation. Food Secur. 11:2519.
doi: 10.3390/foods11162519

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1461949
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.biortech.2010.10.116
https://doi.org/10.1016/j.biortech.2010.10.116
https://doi.org/10.1016/j.ecoleng.2006.05.020
https://doi.org/10.1111/j.1061-2971.2004.00313.x
https://doi.org/10.1016/j.soilbio.2016.12.030
https://doi.org/10.5194/bg-14-3801-2017
https://doi.org/10.1093/plphys/kiab328
https://doi.org/10.4014/MBL.1712.12018
https://doi.org/10.4014/MBL.1712.12018
https://doi.org/10.1016/j.jenvman.2023.118858
https://doi.org/10.1016/j.jenvman.2023.118858
https://doi.org/10.1002/1099-1638(200009/10)16:53.0.CO;2-I
https://doi.org/10.1016/j.soilbio.2021.108227
https://doi.org/10.1016/j.soilbio.2021.108227
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.1371/journal.pone.0179903
https://doi.org/10.1038/ismej.2015.106
https://doi.org/10.1038/ismej.2015.106
https://doi.org/10.1016/j.procbio.2006.10.007
https://doi.org/10.1016/j.procbio.2006.10.007
https://doi.org/10.1016/j.ultsonch.2014.10.002
https://doi.org/10.1016/j.dyepig.2005.07.018
https://doi.org/10.1016/j.bcab.2019.101168
https://doi.org/10.17957/IJAB/15.0926
https://doi.org/10.3389/fmicb.2016.01600
https://doi.org/10.3389/fmicb.2016.01600
https://doi.org/10.1111/1751-7915.12698
https://doi.org/10.1016/j.biombioe.2009.11.003
https://doi.org/10.3390/su15043607
https://doi.org/10.3389/fmicb.2017.00446
https://doi.org/10.4014/jmb.1904.04026
https://doi.org/10.1186/s40643-023-00641-8
https://doi.org/10.3390/su11226501
https://doi.org/10.3390/su11226501
https://doi.org/10.1007/s11104-019-04391-5
https://doi.org/10.3390/foods11162519

	Bacillus cereus CGMCC 1.60196: a promising bacterial inoculant isolated from biological soil crusts for maize growth enhancement
	1 Introduction
	2 Materials and methods
	2.1 Isolation, screening and identification of candidate strain
	2.2 Optimization of fermentation medium and conditions of candidate strain
	2.2.1 Optimization of fermentation conditions of candidate strain
	2.2.2 Optimization of fermentation medium of candidate strain
	2.3 Phytobeneficial effects of candidate strain on maize seedling growth
	2.4 Statistical analysis

	3 Results and discussion
	3.1 Screening, isolation and identification of candidate Bacillus strain
	3.2 High concentration culture of Bacillus cereus CGMCC 1.60196
	3.3 Effect of Bacillus cereus CGMCC 1.60196 on seedling growth

	4 Conclusion

	References

