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Abstract

Purpose The objective of this study was to investigate the effects of application of biochar and microbial inoculants on the
bioavailability of phosphorus and potassium, tomato growth, and the bacterial community in greenhouse soil.

Materials and methods The experiment was conducted in a greenhouse with tomato mono-cropped for 21 years at Yongqing
County of Hebei Province from November 2018 to June 2019. The treatments included conventional fertilization control
(CF), 2 t/ha of biochar application (B, manufactured from apricot shell), 75 L/ha of microbial inoculants application (M,
containing effective strains of Bacillus megaterium and Paenibacillus mucilaginosus), the mixture of microbial inoculants
and biochar application (BM).

Results The results showed that the application of 75 L/ha microbial inoculants in greenhouse tomato could increase the
yields of tomato by 23.41%, vitamin C (Vc) and soluble sugar concentrations by 14.41% and 13.62%, respectively. The
microbial inoculants combined with 2 t/ha biochar enhanced the effects of microbial inoculants on the growth promotion
of tomatoes. The application of microbial inoculants combined with biochar increased the P and K accumulation in tomato
plants by 28.72-57.14% and 19.53-29.03%, respectively, during the whole growing stage. Moreover, the application of
microbial inoculants significantly increased the relative abundance of Bacillus, Paenibacillus, and Flavobacterium and
decreased the relative abundance of Acidobacterium.

Conclusions The application of microbial inoculants improved the bioavailability of phosphorus and potassium and tomato
growth by altering the composition of soil bacterial community. These results show the potential of co-application of bio-
char and microbial inoculants as a potential tool to sustain longer-term production of monoculture vegetable systems in
greenhouses.
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1 Introduction

Tomato (Lycopersicon esculentum) is an annual or peren-
nial herb of solanaceae, which is one of the most popular
vegetables in the world, and its fruit is rich in lycopene,
phenols, organic acids, vitamin, and many other benefi-
cial ingredients (Cochard et al. 2022; Yagmur and Gunes
2021). In China, consecutive monoculture of tomato under
greenhouse conditions is commonly adopted to obtain bet-
ter economic benefits (Zheng et al. 2020). However, under
conventional management practices, the long-term con-
secutive monoculture of tomato in greenhouses may nega-
tively affect soil quality, resulting in poor plant growth
and fruit quality, as well as intensification of pests and
diseases (Hongdan et al. 2017; Zhao et al. 2019a). There-
fore, it is urgent to develop sustainable and high-efficiency
management strategies and improve soil quality in green-
house vegetable production systems in order to promote
the healthy development of soil and sustain long-term
production.

In recent years, microbial technology has attracted
great attention in the fields of agricultural production and
environmental protection due to its high efficiency and
environmental friendly (Singh et al. 2021). Nowadays,
more and more types of functional microorganisms were
identified. For example, it has been shown that Bacillus
megaterium could secrete organic acids to dissolve phos-
phate, and a gene related to citrate synthase synthesis was
found in its gene sequence (Huang et al. 2019). Gupta and
Kumar (2017) have showed that the bacteria not only could
dissolve phosphates by secreting organic acids but also
could utilize their own functional groups to chelate metal
ions in soil and further promote the release of phosphate.
The bacteria secrete extracellular enzymes which play an
active role in the mineralization of organophosphorus in
soil (Raliya et al. 2016). At the same time, Paenibacillus
mucilaginosus is well known for dissolving potassium. It
has been shown that the metabolism of silicate bacteria
could produce enzymes, capsular polysaccharides, and
low molecular organic acids, destroy the lattice structure
of potassium feldspar, and decompose and transform soil
mineral potassium and immobilized potassium into avail-
able potassium that could be absorbed and utilized by
plants (Sindhu et al. 2014). Paenibacillus mucilaginosus
secreted capsular polysaccharides, which was a typical
characteristic potassium-dissolving bacteria (Huang et al.
2019). However, the key and difficulty for these functional
bacteria to play their roles are to ensure that they can stay
well in soil for a long time.

Biochar is one potential amendment to improve soil
properties, which is used as a soil amendment for its well-
researched benefits, such as improving soil fertility and
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structure, promoting plant growth in agricultural produc-
tion (Singh et al. 2022; Zhu et al. 2017). However, previ-
ous studies on biochar application mostly focused on its
use as a soil amendment/conditioner to alter soil physical
and chemical properties with less consideration given to
its impact on soil biological properties, particularly with
short-term application (Paz-Ferreiro et al. 2015). Moreo-
ver, biochar is rich in nutrients and characterized by high
porosity on the surface area which may provide a favorable
habitat for bacterial proliferation and survival (Glodowska
et al. 2017). It was reported that biochar produced by slow
pyrolysis of agricultural wastes significantly increased the
survival of Burkholderia sp. and Bacillus sp. and stimu-
lated seed germination, plant growth, and yields of tomato,
as well as soil biological activity (Tripti et al. 2017). It is
also well known that “all biochars are not created equal”
and as a consequence, the effects on crops are both bio-
char-specific and site-specific (Mukherjee and Lal 2014).
A better understanding of the complexity of these relation-
ships requires more field studies.

Therefore, we hypothesized that (1) the pore structure
of biochar provides attachment sites for the microbial
inoculants applied directly to soil and then increases the
soil microbial activity; (2) the combined application of
the microbial inoculants together with biochar will help
in promoting the functions of nutrient activation and crop
growth of the strains. To test our hypothesis, a greenhouse
experiment was conducted to determine: (1) the effects of
co-applying biochar and microbial inoculants containing
effective strains of Bacillus megaterium and Paenibacillus
mucilaginosus on the availability of P and K in the soil, and
the growth and development of tomato plants and (2) the
response of the diversity and composition of the soil bacte-
rial community with the co-application of biochar and the
microbial inoculants. This paper will provide new insights
on the development of high-efficiency environment-friendly
regulation technology for intensive greenhouse vegetables
production.

2 Materials and methods
2.1 Study site and soil characteristics

The experiment was conducted at Yongqing County, Lang-
fang City, Hebei Province (39°09'01"N, 116°33'14"E),
where tomato has been grown continuously (Provence vari-
ety) in greenhouse for 21 years. The key soil properties were
measured following standard procedures (Abou-EI-Seoud
and Abdel-Megeed 2012). The soil had a pH (H,O) of 8.4,
and organic matter content of 18.3 g/kg. It contained 1.2 g/
kg of total nitrogen, 122.3 mg/kg of alkali-hydrolyzable
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nitrogen, 257.4 mg/kg of available P, and 1171.6 mg/kg of
available K. The climate is a typical temperate continen-
tal monsoon climate with an average annual temperature
of approximately 11.5 “C, an average annual precipitation
of approximately 540 mm, an average annual sunshine of
2740 h, and a frost-free period of 183 days.

2.2 Microbial inoculants and biochar

The effective microbial inoculants of Bacillus megaterium
and Paenibacillus mucilaginosus were provided by Hebei
Runwo Biotechnology Company, with the bacteria number
2x 10 cfu/mL, and the effective bacteria ratio of the two
was 1:1.

The biochar was provided by Chengde Huajing Acti-
vated Carbon Company, which was manufactured from
apricot shell at a final temperature of 800-900 C for 0.5 h,
including 73.1% of organic carbon content, 9.4 g/kg of total
nitrogen content, 11.3 mg/kg of total phosphorus content,
10.6 mg/kg of total potassium content, and pH 9.6.

2.3 Experimental design

Four treatments were set up: conventional fertilization with-
out application of biochar or microbial inoculants control
(CF), conventional fertilization with 2 t/ha of biochar (B),
conventional fertilization with 75 L/ha of the microbial
inoculants (M), conventional fertilization with the mixture
of 75 L/ha of the microbial inoculants and 2 t/ha of biochar
(BM). Each treatment was repeated 3 times. A total of 12
plots were set up, each was 8.4 mx 3.6 m (length X width).
One week before transplanting, the soil was rotary tilled
according to the conventional practices of local vegetable
growers. One day before transplanting, the experiment plots
were randomly arranged. The application rates of total nutri-
ent in the conventional fertilization were N 424 kg/ha, P,05
332 kg/ha, and K,O 707 kg/ha.

2.4 Soil sample collection and measurement
2.4.1 Soil sample collection

Soil samples were taken at early fruiting stage (20 days after
transplanting), vigorous bearing stage (60 days after trans-
planting), last bearing stage (100 days after transplanting),
and last fruit stage (140 days after transplanting). The top-
soil of 0-20 cm was taken from areas 10-15 cm away from
the main root of tomato. Five soil samples were randomly
taken from each plot, mixed thoroughly, a part of which was
stored in a refrigerator at— 80 “C for the determination of

soil microbial diversity. The remaining soil samples were
air-dried and sieved for the determination of soil fertility.

2.4.2 Determination of soil fertility index

The available P concentration of soil was determined by
sodium bicarbonate extraction and molybdenum-antimony
resistance colorimetry, and the available K concentration
of soil was determined by ammonium acetate extraction
and flame photometry (Abou-El-Seoud and Abdel-Megeed
2012).

2.4.3 Determination of soil microbial community

DNA was extracted from the 0.5 g frozen soil samples fol-
lowing manufacturer’s procedures (E.Z.N.A.® soil DNA
Kit) and were subsequently sequenced by Miseq sequencing
to study the microbial diversity (Shanghai Majorbio Bio-
pharm Technology Company). The amplification region was
V3-V4 region of bacterial 16S rRNA, and the primers used
were:

F: 515F (GTGCCAGCMGCCGCGG) and
R: 907R (CCGTCAATTCMTTTRAGTTT) (Yusoff et al.
2013)

The PCR thermoprofile is as follows: denaturing at 95 ‘C
for 3 min, 95 C for 3 s, annealing at 55 °C for 30 s, extend-
ing at 72 °C for 45 s, 27 cycles, and finally extending at
72 °C for 10 min. The PCR reaction was carried out in 20
pL mixture containing 4 pL of 5 X FastPfu buffer, 2 pL of
2.5 mmol/L dNTPs, 0.8 pL of each primer (5 pM), 0.4 pL.
of FastPfu polymerase and 10 ng of template DNA. After
amplification, purification and fluorescence quantification
were performed and sequencing was performed on the Illu-
mina MiSeq platform.

2.5 Plant sample collection and measurement
2.5.1 Plant sample collection

Plant samples were collected on days 20, 60, 100, and 140
after tomato transplanting, with 5 plants being randomly
selected from each plot, and oven-dried (60 C) to a con-
stant weight for nutrient analysis in plant tissues. Ripe fruits
with similar appearance and size were collected at vigorous
bearing stage, and five fruits from each plot were randomly
collected as samples, which were mainly used to determine
nitrate, vitamin C (Vc), soluble protein, and soluble sugar
contents. In addition, the yields of tomato in each plot were
also recorded.
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2.5.2 The determination of plant samples

For the quality of tomato fruit, the nitrate content was deter-
mined by ultraviolet spectrophotometry, Vc content was deter-
mined by molybdenum blue colorimetry, soluble protein con-
tent was determined by Coomassie bright blue G-250 staining
method, and soluble sugar content was determined by con-
centrated sulfuric acid-anthrone colorimetry. The determi-
nation of tomato tissue nutrients and calculation of P and K
accumulation in tomato plants were carried out following
the described previously (Zhao et al. 2021).

2.6 Statistical analysis

The diversity indices of Shannon, Sobs, Chaol, and cover-
age rate were calculated in Mothur and used to compare soil
bacterial alpha diversity between different treatments. The
significant differences in yields and quality of tomato, dry
weights of plant tissues, P and K accumulation in plant tis-
sues, bacterial alpha diversity, and the relative abundances
of different taxonomic levels of bacteria between treatments
were analyzed using one-way ANOVA based on Tukey’s
post-hoc test using SPSS software (Version 22.0).

3 Results

3.1 Effects of biochar and microbial inoculants
on the yields and quality of tomato

Compared with CF, M and BM treatments significantly
increased tomato yields by 28.27% and 23.41%, respec-
tively (p <0.05) (Fig. 1). The BM treatment also increased
tomato yields by 3.94% compared with M treatment
(p <0.05). However, there was no significant difference
between the B treatment and CF in tomato yields. These
results indicated that the application of 75 L/ha the micro-
bial inoculants in greenhouse significantly increased the
yields of tomato, and the application of 2 t/ha the biochar
enhanced the effects of the microbial inoculants on increas-
ing the yields of tomato.

Compared with CF, the M treatment significantly
increased Vc concentrations by 14.41%, and the BM and
M treatments significantly increased the soluble sugar con-
centrations by 13.27% and 13.62%, respectively (p <0.05)
(Table 1). There was no difference on the nitrate and solu-
ble protein in tomato fruit among different treatments. The
results showed that the application of microbial inoculants
could improve the quality of tomato fruit.
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Fig. 1 Effects of different treatments on tomato yields. CF, conven-
tional fertilization as control; B, conventional fertilization combined
with 2 t/ha of biochar; M, conventional fertilization combined with
75 L/ha of the microbial inoculants; BM, conventional fertilization
combined with both of 75 L/ha of the microbial inoculants and 2 t/ha
of biochar. Different letters indicate significant differences at p <0.05
according to Tukey’s post-hoc test

3.2 Effects of biochar and microbial inoculants
on the dry weights of tomato tissues

The plant biomass was an important indicator for the
growth of tomato. At seedling stage, the M and BM treat-
ments significantly increased the dry weights of tomato
root by 29.79% and 65.95% compared with CF (Table 2).
At early fruiting stage, the M and BM treatments signifi-
cantly increased the dry weights of tomato shoots by 14.66%
and17.86% and roots by 21.77% and 33.04%, respectively.
Similarly, the M and BM treatments also increased the dry
weights of tomato shoots and roots at vigorous bearing and
last bearing stages, respectively. There was no significant
difference on the dry weights of tomato shoots and roots
between the B treatment and CF at the last three-growth
stage. Compared with the M treatment, the BM treatment
also increased the dry weights of tomato shoots and roots
at early fruiting and vigorous bearing stage, accounting for
4.42-6.62% and 8.73-12.88%, respectively (p <0.05). These
results showed that the application of 75 L/ha the microbial
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Table 1 Effects of differeqt Treatments NO;™! (mg/kg-FW) Ve (mg/kg) Soluble protein (mg/g) Soluble sugar (%)
treatments on tomato quality .
CF 45.63+1.32a 181.06 +7.66b 3.33+0.11a 120.64 +6.36b
B 46.38+5.54a 181.37+7.47b 3.29+0.13a 121.56 +11.45b
M 47.21+2.17a 207.15+5.05a 3.31+0.24a 137.07 +7.65a
BM 45.36 +£3.24a 192.31+5.12ab 3.36+0.10a 136.65+9.06a

CF conventional fertilization as control, B conventional fertilization combined with 2 t/ha of biochar, M
conventional fertilization combined with 75 L/ha of the microbial inoculants, BM conventional fertilization
combined with both of 75 L/ha of the microbial inoculants and 2 t/ha of biochar. Different letters indicate
significant differences at p <0.05 according to Tukey’s post-hoc test

inoculants could promote the growth and development of
tomato plants at different growth stages, and the application
of 2 t/ha of the biochar could enhance the growth-promoting
effects of microbial inoculants on tomato.

3.3 Effects of biochar and microbial inoculants
on the bioavailability of phosphorus and potassium

Compared with CF, the BM treatment significantly
increased the available P concentrations in soil by 24.10%
and 30.02%, and available K by 37.22% and 4.33% at vigor-
ous bearing and last bearing stage, respectively (p <0.05)
(Table 3). However, there was no significant difference in

Table 2 Effects of different treatments on the dry weight of tomato at
different growing stages

Different growing Treatments Shoots (g) Roots (g)

stage

Seedling stage CF 0.85+0.01b  0.05+0.00d
B 0.74+0.02c  0.04+0.00c
M 0.93+0.04ab 0.06+0.00b
BM 1.00+0.04ab 0.08 +0.00a

Early fruiting stage CF 118.86+1.67c  1.12+0.03c
B 119.95+2.75¢  1.12+0.01c
M 136.30+1.13b  1.32+0.04b
BM 14474+3.40a 1.49+0.02a

Vigorous bearing CF 160.70+1.87c 11.03+0.10c

stage B 166.09+3.17c 11.19+0.23c

M 180.68 +2.05b 12.64+0.13b
BM 189.11+0.72a 13.74+0.21a

Last bearing stage CF 173.66 +1.24c  12.29+0.54c
B 178.20+1.23¢c 13.36 +0.36bc
M 193.62+1.09b 14.23 +0.10ab
BM 208.09+2.69a 15.39+0.33a

CF conventional fertilization as control, B conventional fertilization
combined with 2 t/ha of biochar, M conventional fertilization com-
bined with 75 L/ha of the microbial inoculants, BM conventional fer-
tilization combined with both of 75 L/ha of the microbial inoculants
and 2 t/ha of biochar. Different letters indicate significant differences
at p <0.05 according to Tukey’s post-hoc test

soil available P and K between BM and CF at seedling and
early fruiting stage. These results showed that the combined
application of microbial inoculants with biochar had “after
effect” on the activation of phosphorus and potassium in soil
of greenhouse tomato.

Moreover, the amount of P and K accumulation in tomato
plant tissues was also different among different treatments
(»<0.05) (Table 4). Compared with CF, M, and BM treat-
ments significantly increased the P amount in tomato plant
by 17.47-32.52% and 28.72-57.14% during the whole grow-
ing stage. B treatment only increased P amounts at vigorous
bearing stage. Compared with M treatment, BM treatment
also increased P amounts in tomato plant by 9.03-22.22%.
On the other hand, M and BM treatments significantly
increased the K amounts in tomato plant by 12.60-16.89%
and 19.53-29.03% during the whole growing stage com-
pared with CF. Compared with CF, B treatment increased
K amounts in tomato plant by 1.63-4.21% at the last three
growth stages, respectively. Compared with M, BM treat-
ment also increased K amounts in tomato plant at the last
three growth stages. These results indicated that the micro-
bial inoculants significantly promoted the absorption of P
and K nutrients in tomato plants, and the combination of
microbial inoculants and biochar was conducive to enhanc-
ing the effects of microbial inoculants.

3.4 Effects of biochar and microbial inoculants
on soil bacterial community diversity

The V3 and V4 regions of 16S rRNA were sequenced in 48
soil samples from 4 treatments at different growth stages
of tomato. The sequenced data included 2,090,771 valid
sequences, 828,908,015 bases, and the average length of
the sequences was 396.46 bp with 40,921 OTUs at a similar
level of 97% (Table 5). It was found that there was a sig-
nificant difference between the M treatment and the BM
treatment in Sobs index at early fruiting stage (p <0.05), but
there was no significant difference between other treatments,
indicating that the application of the microbial inoculants
would not adversely the bacterial community diversity of
the soil.
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Table 3 Effects of different treatments on available P and available K concentrations in greenhouse soil

Index Treatments Seedling stage Early fruiting stage Vigorous bearing stage Last bearing stage

Available P (mg/kg) CF 273.56 +£25.03a 276.56 +£25.55ab 204.25+4.21b 198.56 +17.50b
B 247.48+£27091a 317.25+21.51a 200.56+3.12b 236.26 +19.52ab
M 256.63 +15.26a 261.63+3.13b 222.36+5.03b 219.48 +18.75ab
BM 263.15+6.82a 299.56 +29.46ab 253.47+7.64a 258.17+8.18a

Available K (mg/kg) CF 1186.41+16.91a 1051.36+32.35a 953.58+35.33b 919.64+9.31b
B 1219.36 +65.25a 1077.26 +68.82a 982.16+43.27b 918.35+10.92b
M 1228.45+43.52a 994.26 +41.02a 997.38 +£26.44b 939.47+8.97b
BM 1180.48 +20.92a 1066.34+10.81a 1308.51+81.52a 959.51+3.22a

CF conventional fertilization as control, B conventional fertilization combined with 2 t/ha of biochar, M conventional fertilization combined with
75 L/ha of the microbial inoculants, BM conventional fertilization combined with both of 75 L/ha of the microbial inoculants and 2 t/ha of bio-
char. Different letters indicate significant differences at p <0.05 according to Tukey’s post-hoc test

3.5 Effects of biochar and microbial inoculants
on the composition of bacterial community
in greenhouse soil

Figure 2 shows the phyla composition and distribution of
soil bacterial communities under different treatments of
greenhouse tomato at different stages. The dominant phyla
(relative abundance > 1%) in different treatments were Pro-
teobacteria, Actinobacteria, Acidobacteria, Bacteroidetes,
Chloroflexi, Firmicutes, Planctomycetes, Gemmatimona-
detes, and Nitrospirae, accounting for 89.76-95.88% of the
total sequence and with relative abundances from 26.03 to
35.07%, 12.50 to 19.32%, 11.01 to 17.17%, 5.77 to 19.10%,
6.50 to 10.39%, 4.32 to 11.60%, 6.28 to 8.26%, 2.79 to
4.59%, and 1.20 to 2.13%, respectively. It was found that
the species composition of bacteria in the greenhouse soil
in different treatments or different tomato growth stages was
the same, but the relative abundance of Acidobacteria in
the soil was significantly different at seedling and vigorous
bearing stages (p <0.05). Compared with CF, the relative
abundance of Acidobacteria in the M treatment decreased
by 25.52% and 42.61% at seedling stage and vigorous

bearing stage, respectively. At the same time, the relative
abundance of Acidobacteria in the M treatment decreased
by 42.19% compared with B treatment at vigorous bearing
stage. Acidobacteria is an oligotrophic bacterium, of which
the relative abundance will decrease with the increase of
available nutrient concentration. The results indicated that
the application of 75 L/ha the microbial inoculants during
transplanting of tomato could improve the composition of
bacterial community and promote the activation of P and
K in soil, causing the decrease of the relative abundance of
Acidobacteria in soil.

The relative abundances of the predominant bacterial
genera showed similar patterns to the corresponding bacte-
rial phyla (Fig. 3). At seedling stage, compared with CF, the
relative abundance of Bacillus in BM treatment increased
by 63.23%; the relative abundance of Paenibacillus in M
and BM treatments increased by 268.42% and 194.74%,
respectively; the relative abundance of Flavobacterium in B,
M, and BM treatments increased by 268.42%, 194.74%, and
94.74%, respectively. Interestingly, the relative abundance
of Acidobacterium in BM treatment decreased by 41.12%
compared with CF. At early fruiting stage, compared with

Table 4 Effects of different treatments on the amounts of P and K accumulation in tomato plants

Plant nutrient uptake Treatments Seedling stage Early fruiting stage Vigorous bearing stage Last bearing stage
P (kg/ha) CF 0.07 +0.00b 20.57+0.63¢ 50.77+0.83c 66.98 +0.65¢
B 0.07 +0.00b 22.45+0.58¢ 54.03+0.57b 71.28 +0.49¢
M 0.09+0.01a 27.26+0.23b 61.67+1.39 78.68 +0.57b
BM 0.11+0.01a 29.84+0.30a 67.24+0.46a 86.22+1.65a
K (kg/ha) CF 0.31+0.00b 156.23 +2.52d 178.30+2.07d 233.49+2.93d
B 0.28+0.01b 158.77 +3.40c 185.81+2.36¢ 239.86 +1.34¢
M 0.36+0.02a 182.61+2.31b 200.76 +2.57b 263.07 +1.06b
BM 0.40+0.02a 196.20+4.38a 213.12+1.95a 286.05+4.42a

CF conventional fertilization as control, B conventional fertilization combined with 2 t/ha of biochar, M conventional fertilization combined with
75 L/ha of the microbial inoculants, BM conventional fertilization combined with both of 75 L/ha of the microbial inoculants and 2 t/ha of bio-

char. Different letters indicate significant differences at p <0.05 according to Tukey’s post-hoc test
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Table 5 Effects of different
treatments on the diversity and

Stages Treatments

Shannon index Sobs index

Chaol index

Coverage rate

richness index of soil bacterial
community at different tomato
growth stages

Seedling CF

Early fruiting CF

Vigorous bearing CF

Last bearing CF

6.25+0.11a 2041.26+81.12a  2849.32+132.01a 0.97+0.0040
6.26+0.01a 2013.36+38.46a  2782.25+69.22a  0.97+0.0002
6.31+£0.03a 2038.26+126.05a 2751.24+117.05a 0.97+0.0038
6.32+0.02a 2064.59+43.26a  2839.68+98.21a  0.97+0.0026
6.27+0.05a 2013.95+66.25ab  2751.71+£70.93a  0.97 +£0.0006
6.13+0.05a 1912.55+40.01ab 2647.59+£67.92a  0.97 +£0.0004
6.35+0.05a 2127.26+28.75a  2826.66+113.21a 0.97+0.0036
5.70+£0.46a 1831.15+£79.86b  2624.31+£54.32a  0.97+0.0011
6.29+0.06a 2062.54+73.23a  2751.58£62.90a  0.97+0.0012
6.23+0.02a 2049.26+53.51a  2653.69+17.17a  0.97+0.0033
6.17+0.05a 1982.13+12.74a  2729.24+18.35a  0.97 +£0.0008
6.13+0.02a 2027.25+41.36a  2718.15+£59.03a  0.97+0.0017
6.28+0.03a 1979.98 +£29.55a  2654.72+5.51a 0.96+0.0015
6.20+0.04a 1961.54+75.42a  2669.45+50.92a  0.97+0.0031
6.22+0.10a 1964.26 +35.56a  2755.43+57.17a  0.96+0.0006
6.17+£0.06a 1868.17+37.61a  2627.91+£50.43a  0.96+0.0018

CF conventional fertilization as control, B conventional fertilization combined with 2 t/ha of biochar, M
conventional fertilization combined with 75 L/ha of the microbial inoculants, BM conventional fertilization
combined with both of 75 L/ha of the microbial inoculants and 2 t/ha of biochar. Different letters indicate
significant differences at p <0.05 according to Tukey’s post-hoc test

CF, the relative abundance of Bacillus in M treatment and
BM treatment increased by 77.20% and 87.09%; the relative
abundance of Paenibacillus in BM treatment increased by
161.54%; but the relative abundance of Acidobacterium in
BM treatment decreased by 33.58%. At vigorous bearing
stage, compared with CF, the relative abundance of Bacil-
lus in BM treatment increased by 178.45%; the relative
abundance of Paenibacillus in B, M, and BM treatments
increased by 41.67%, 17.65%, and 17.65%; but the relative

Fig.2 Composition of soil 100%
bacterial community at phyla ® others
level under different treatments
of greenhouse tomato at dif- m Nitrospirae
ferent stages. CF, conventional 80% 1
fertilization as control; B, con- ~ B Gemmatimonadetes
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pling time indicate significant 20% A . .
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to Tukey’s post-hoc test = Proteobacteria
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abundance of Acidobacterium in BM treatment decreased
by 55.99%. At last bearing stage, compared with CF, the
relative abundance of Bacillus in M and BM treatments
increased by 36.26% and 27.25%; the relative abundance
of Paenibacillus in M and BM treatments increased by
106.67% and 93.33%; but the relative abundance of Aci-
dobacterium in BM treatment decreased by 29.26%. The
relative abundances of Bacillus, Paenibacillus, and Fla-
vobacterium were significantly increased when microbial

Sampling Time
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Fig. 3 Effects of different treat-
ments on the relative abundance
of the dominant bacteria genus
in the soil samples at differ-
ent tomato growth stages. CF,
conventional fertilization as
control; B, conventional fertili-
zation combined with 2 t/ha of
biochar; M, conventional fer-
tilization combined with 75 L/
ha of the microbial inoculants;
BM, conventional fertilization
combined with both of 75 L/
ha of the microbial inoculants
and 2 t/ha of biochar. Different
letters at each sampling time
indicate significant differences
at p <0.05 according to Tukey’s
post-hoc test
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inoculants of 75L/ha was applied in greenhouse soil at
seedling stage, but the relative abundance of Acidobacte-
rium was significantly decreased (p <0.05). The relative
abundances of Bacillus and Paenibacillus were significantly
increased and the relative abundance of Acidobacterium was
significantly decreased from early fruiting stage to vigorous
bearing stage. The results showed that the application of
the microbial inoculants could not only increase the rela-
tive abundance of phosphorus-solubilizing and potassium-
solubilizing functional bacteria in soil but also increase the
relative abundance of plant auxin-secreting functional bac-
teria in soil to promote growth of tomato.

4 Discussion

Results from this study showed that the application of 75 L/ha
microbial inoculants could significantly increase dry weights
of tomato roots and shoots and increase yields of tomato, Vc,
and soluble sugar concentrations in tomato. These results indi-
cated that the application of microbial inoculants containing
Bacillus megaterium and Paenibacillus mucilaginosus could
promote the growth of tomato and improve the quality. Stud-
ies have shown that seeds of tomato treated with Paenibacillus
mucilaginosus have fast germination and high germination
rate and can promote the growth of root length of tomato
seedlings, increase fresh weight, dry weight, and root-shoot
ratio of plants (Li et al. 2017, Nuzzo et al. 2020). Our previ-
ous study also demonstrated that the application of Bacillus
megaterium significantly increased the growth of chili pepper
and cucumber under different greenhouse conditions (Zhao
et al. 2021, 2019b). Moreover, the combined application of
microbial inoculants and biochar significantly improved the
growth and quality of tomato than that of only microbial
inoculants treatment. Probably due to biochar’s high surface
area and its ability to adsorb nutrients, it provides a highly
favorable habitat to microorganisms to colonize, grow, and
reproduce (Semida et al. 2019). Microbes living inside may
get better protected from external factors such as desiccation,
adverse pH, or toxic substances in soil. It has been reported
that the combined application of microbial inoculants and bio-
char could increase the total K concentrations in tomato plants
and fruits, increase yields and Vc concentrations of tomato,
and reduce nitrate concentrations (Wang et al. 2016b). These
results indicated that combined application of biochar with
the microbial inoculants could enhance the growth-promoting
effects of microbial inoculants.

Furthermore, the results showed that combined applica-
tion of biochar with the microbial inoculants could signifi-
cantly increase the soil available P and K concentrations,
as well as the P and K nutrient absorption of tomato plants,
and thus promote tomato growth. Biochar is characterized
by high porosity on the surface area which may provide

additional pore space for water and microbes for prolifera-
tion (Glodowska et al. 2017). Microbes living inside pores
may get better protected from external factors such as desic-
cation, adverse pH, or toxic substances in soil (Chen et al.
2013). It was found that Paenibacillus mucilaginosus could
decompose silicate minerals, releasing P and K (Lv et al.
2020). The exopolysaccharide produced by Paenibacillus
mucilaginosus could also enhance the nonspecific immu-
nity of plants (Chang et al. 2014). Potassium dissolution
of Paenibacillus mucilaginosus is related to its secretion
of polysaccharides, amino acid, and organic acid (Xi et al.
2009). When Bacillus megaterium was inoculated on egg
yolk culture medium, it was found that its phosphorus dis-
solving circle was obvious, indicating that it had the function
of dissolving organophosphorus (Korir et al. 2017; Zhou
et al. 2016). Bacillus megaterium also has strong ability to
degrade organophosphorus and inorganic phosphorus; the
mechanism of phosphorus dissolution is determined by the
metabolites during the growth of the strain. Metabolites
include organic acids, protons, and polysaccharides, where
organic acids can chelate insoluble phosphates to dissolve
them; protons can dissolve insoluble phosphates by lowering
the pH value of the surrounding environment; and polysac-
charides can accelerate the dissolution of insoluble phos-
phates through the synergy of hydroxyl and carboxyl groups
with organic acids (Munjal et al. 2016; Rocha et al. 2017,
Wau et al. 2012). In general, the biochar can be considered a
suitable carrier or formulation of microbial inoculants.

The diversity and composition of bacterial community
in soil are an important index reflecting biological fertility
of soil. Through high-throughput sequencing, it was found
that Proteobacteria, Acidobacteria, Bacteroidetes, Actino-
bacteria, Gemmatimonadetes, Chloroflexi, and Firmicutes
were the predominant bacterial phyla in all of the soil sam-
ples. Proteobacteria are eutrophic bacteria, which usually
appear in soil with rich nutrition and high carbon content
(Zhang et al. 2019). The combined application of the micro-
bial inoculants with biochar did not affect the diversity of
soil bacterial community but significantly increased the
relative abundance of beneficial bacteria genus Bacillus,
Paenibacillus, and Flavobacterium (Fig. 3). It was dem-
onstrated that Bacillus, Paenibacillus, and Flavobacterium
can not only solubilize the P and K for plant absorption
but also produce auxin which can stimulate plant growth
developmental (Rocha et al. 2017; Tsukanova et al. 2017,
Wang et al. 2016a). These indicated that the improvement
of tomato growth by co-application of biochar and microbial
inoculants was probably due to the stimulated growth of
autochthonous beneficial bacteria in the soil. Furthermore,
co-application of biochar and microbial inoculants may pro-
mote the healthy development of soil through solubilizing
the soil P and K and promoting the growth of beneficial
microbial taxa.
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5 Conclusions

The application of microbial inoculants at 75 L/ha promoted
the growth of tomato plants and increased bioavailability of
soil phosphorus and potassium and thus increased the yields
of tomato, and the application of the microbial inoculants
combined with 2 t/ha biochar further enhanced the growth-
promoting effects of the microbial inoculants, creating a
synergetic effect. The application of microbial inoculants
did not affect the diversity of soil bacterial community but
increased the relative abundance of bacterial genera Bacil-
lus, Paenibacillus, and Flavobacterium and decreased the
relative abundance of Acidobacterium. The combined appli-
cation of the microbial inoculants together with biochar has
the potential to be an effective management tool to enhance
soil fertility and health and sustain longer-term production
of tomatoes in greenhouse conditions.
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