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Biochar-mediated changes in
the microbial communities of
rhizosphere solil alter the
architecture of maize roots
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Xia Sun'?* and Hongtao Jia'?**

Xinjiang Agricultural University, College of Resources and Environment, Urumgji, China, ?Xinjiang
Key Laboratory of Soil and Plant Ecological Processes, Urumgi, China, ®Institute of Soil and Fertilizer
and Agricultural Sparing Water, Xinjiang Academy of Agricultural Science, Urumgi, China, “Key
Laboratory of Saline-Alkali Soil Improvement and Utilization (Saline-Alkali Land in Arid and
Semi-Arid Regions), Ministry of Agriculture and Rural Affairs, Urumqi, China

Aeolian sandy soil is a key resource for supporting food production on a global
scale; however, the growth of crops in Aeolian sandy soil is often impaired
due to its poor physical properties and lack of nutrients and organic matter.
Biochar can be used to enhance the properties of Aeolian sandy soil and
create an environment more suitable for crop growth, but the long-term
effects of biochar on Aeolian sandy soil and microbial communities need to
be clarified. Here, a field experiment was conducted in which biochar was
applied to a maize (Zea mays L.) field in a single application at different rates:
CK, OMgha; C1, 15.75Mgha™; C2, 31.50Mgha*; C3, 63.00Mgha*; and
C4, 126.00Mgha. After 7years of continuous maize cropping, verify the
relationship between root architecture and soil microbial communities under
biochar application using a root scanner and 16S/ITS rRNA gene sequencing.
The application of biochar promoted the growth of maize. Specifically, total
root length, total root surface area, total root volume, and root biomass were
13.99-17.85, 2.52-4.69, 23.61-44.41, and 50.61-77.80% higher in treatments
in which biochar was applied (C2, C3, and C4 treatments) compared with the
control treatment, respectively. Biochar application increased the diversity
of bacterial communities, the ACE index, and Chao 1 index of C1, C2, C3,
and C4 treatments increased by 5.83-8.96 and 5.52-8.53%, respectively,
compared with the control treatment, and significantly changed the structure
of the of bacterial communities in rhizosphere soil. However, there was no
significant change in the fungal community. The growth of maize roots was
more influenced by rhizosphere bacteria and less by fungal community.
A microbial co-occurrence network revealed strong associations among
rhizosphere microorganisms. The core taxa (Module hubs taxa) of the bulk soil
microbial co-occurrence network were closely related to the total length and
total surface area of maize roots, and the core taxa (Connectors taxa) of the
rhizosphere soil were closely related to total root length. Overall, our findings
indicate that the application of biochar promotes the growth of maize roots in
aeolian sandy soil through its effects on bacterial communities in rhizosphere
soil.
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Introduction

Aeolian sand soil is one of the important reserve resources
of cultivated in the world (Ge et al., 2015). This soil type is
mainly present in areas with low precipitation, large diurnal
temperature fluctuations, and sandstorms, such as deserts,
grasslands, and semi-desert grasslands (Driessen et al., 2001).
Approximately 18% of China’s land area (1.74 x 10°hm?) has
aeolian sandy soil, and the area with aeolian sandy soil
continues to grow (Kari et al., 2021). However, there are major
challenges to growing crops in aeolian sandy soil because of
its low content of organic matter and nutrients, as well as its
poor water and fertilizer retention properties (Han et al,
2021). There is thus a need for more studies to explore the
efficacy of using different approaches to enhance the
properties of aeolian sandy soil.

Biochar is one potentially effective approach for
enhancing the properties of aeolian sandy soil. Biochar is a
solid, carbon (C)-rich product that is highly stable in soil, and
it is produced via the high-temperature pyrolysis of biomass
materials, including crop straw, rice husk, and livestock
manure, under anoxic conditions (Sohi et al., 2010). The
amount of straw produced on a global scale is substantial;
straw is rich in nutrients, as it contains nearly half of the
nutrients absorbed by crops (Lal, 2005). However, straw is
often discarded and burned rather than used in crop
production, and this practice results in an unnecessary waste
of resources, as well as environmental pollution (Langmann
et al., 2009). The reuse of straw to make biochar can reduce
the environmental pollution associated with straw burning
and enhance the properties of soil when biochar is applied to
the soil (Zhang et al., 2021). Biochar has a loose and porous
structure, and the physical properties of soil change following
its application to soil (Soinne et al., 2014). For example,
biochar can enhance the aeration and water-holding
properties of soil (Glaser et al., 2002), increase the specific
surface area and porosity of soil, and reduce soil bulk density
(Novak et al., 2009; Busschei et al., 2010). Biochar is also rich
in C and nutrients; thus, the application of biochar to soil can
substantially increase the C content of soil and promote the
conversion of soil C, nitrogen (N), and phosphorus (P;
Lehmann et al.,, 2006). Biochar can also make the soil
environment more suitable for the growth of soil
microorganisms, promote the metabolic activities of soil
microbes (Zhu et al., 2017), and increase the abundance and
diversity of microbial communities (Siedt et al., 2021).

Several studies have shown that biochar application can
have a substantial effect on soil microbial communities
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(Anderson et al., 2011; Luo et al., 2017; Hu et al., 2020; Akhil
et al., 2021). Soil microbial populations were significantly
increased in the long-term effect of biochar (Wardle et al.,
2008; Kolb et al., 2009), but high application rates of biochar
reduced soil microbial populations (Dempster et al., 2011).
However, few studies have characterized the effects of biochar
application on the microbial communities in rhizosphere soil
(i.e., the root-soil interface). Biochar application can increase
the biomass of pine roots and maize roots by 300% (Wardle
et al,, 1998) and from 88 to 92% (Yamato et al., 2006),
respectively. Biochar can also have direct and indirect effects
on the structure and diversity of soil microbial communities
in the rhizosphere (Kolton et al., 2011; Yu et al., 2018). For
example, biochar application was shown to increase the
relative abundance of Pseudomonas, Bacillus, and Trichoderma
in rhizosphere soil in a 6-week pot experiment (Jaiswal et al.,
2018a). Biochar application was also shown to lead to
significant increases in the diversity and evenness of
rhizosphere bacterial communities in a 3-month experiment
(Graber et al., 2010). The application of biochar over 4
consecutive years had a substantial effect on the structure of
the soil fungal community; however, biochar application had
no noticeable effect on fungal diversity (Yin et al., 2021).
Overall, biochar application changes the soil physical (Lu
et al., 2014; Nelissen et al., 2015) and chemical properties
(Kimetu and Lehmann, 2010). The improvement of soil
nutrient content can directly promote plant root growth
(Abiven et al., 2015). In addition, biochar application can also
change the soil microbial community by altering soil
properties (Ding et al., 2016). In turn, soil microorganisms
can act on crop roots (Bourceret et al., 2022). However, few
studies have examined the long-term effects of biochar,
determined the most appropriate application rate of biochar,
as well as the relationship between root architecture and soil
microbial communities under biochar application.

Here, we aimed to (1) identify the most suitable biochar
application rate for fertilizing aeolian sandy soil; (2) characterize
the long-term effects of biochar addition on the properties of
aeolian sandy soil, the architecture of crop roots, and the
diversity and structure of microbial communities in bulk and
rhizosphere soil; and (3) clarify the relationships among soil,
crop root architecture, and microbial communities under
biochar addition. To address these aims, we conducted a field
experiment in which biochar was applied to a maize field with
aeolian sandy soil. We then characterized changes in the
properties of aeolian sandy soil, the architecture of maize roots,
and microbial communities following 7years of continuous
cropping and a single biochar application.
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Materials and methods
Overview of the study area

Our study was conducted at the Battery Soil Improvement
Experimental Station, 121 Regiment, Agricultural 8th
Shihezi
Autonomous Region,

Division, Reclamation Area, Xinjiang Uygur
China (43°26'-45°20'N, 84°58'-
86°24’E) (Figure 1). The study area features an arid semi-
desert climate with an average annual temperature of 7.5°C,
2,525h of annual sunshine, a frost-free period of 169 days,
225mm of annual rainfall, and 1,250 mm of annual
evaporation. The aeolian sandy soil comprised 53.2% sand,

27.2% powder, and 19.6% clay grains (Ma, 2021).

10.3389/fmicb.2022.1023444

Experimental design

Our experiment was conducted on a mobile dune that was
bulldozed in 2014. The experiment was conducted in a randomized
group design with five treatments varying in the rate of biochar
application: CK, 0Mgha™'; C1, 15.75Mgha™'; C2, 31.50 Mgha™'; C3,
63.00Mgha™; and C4, 126.00Mgha™'. There were three plots
(4.6mx7m) per treatment (Figure 1). Biochar was applied to each
plot in separate applications, and it was mixed well with the soil at a
depth of 0-30cm (only applied only one time in 2014 layout
experiment). Wheat straw was the source of the biochar used in the
experiment. The biochar was carbonized at 450°C for 5h, crushed,
and filtered through a 2-mm mesh sieve. The properties of the
biochar were as follows: pH, 8.21; organic C (OC), 1.38g/kg;
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FIGURE 1
Study area within China.
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available nitrogen (AN), 7.40mg/kg; available phosphorus (AP),
4.60mg/kg; and available potassium (AK), 97.00 mg/kg. Maize (Xin
Yu 53) was sown in May and harvested in September each year from
2014 and 2021. Only one crop was planted in our experimental plots
per year; plants were irrigated via under-membrane drip irrigation;
and fertilizer application and other management practices were
based on those used by local farmers. The total amount of irrigation
per year was 4800.0m® ha™', and the total amount of fertilizer applied
was 258kgha™ N, 123kgha™" P,Os, and 81kgha™ K,O.

Sample collection and processing

Many scholars found increased microbial diversity and a more
uniform distribution of bacterial communities at the rhizosphere
level during maturation (Schmidt and Eickhorst, 2014; Kwak et al.,
2018; Schmidt et al., 2018). Therefore, we chose to collect soil
samples from maize stage R6 (black layer) in 2021. Firstly, maize
roots were collected. To avoid interactions between plots, two
maize plants were randomly selected in the center of each plot
(3.6 m x 5.0 m; ensure that the sampling interval of each plot is two
meters apart), and then rectangular soil blocks (30cm x
30cmx30cm) were cut vertically downward around the maize
roots. After slapping away large chunks of soil, and carefully
separate the roots from the soil (Nazih et al., 2001). The collected
maize roots were brought back to the laboratory. Secondly, when
collecting maize roots, rhizosphere soil is collected by shaking it
off from the roots in the air (Wang et al., 2009). One of these
samples was placed in a self-sealing bag, all other plant residues in
the soil samples were removed, air dried, and sieved (1 and
0.25mm) for subsequent determination of basic rhizosphere soil
chemical properties. The other sample was immediately placed in
a sterile centrifuge tube (2 ml) and stored in a liquid nitrogen tank
at —80°C for subsequent characterization of the soil microbial
community. There were six replicates for each treatment.

Thirdly, bulk soil samples were collected. Also due to avoid
interactions between plots, we selected the center of each plot
(3.6mx5.0m) as the collection area and collected two mixed soil
samples using the five-point sampling method at a depth of 0-30cm.
One of the samples was placed in self-sealing bag, all other plant
residues in the soil samples were removed, air dried, and sieved (1 and
0.25mm) for subsequent determination of basic bulk soil chemical
properties. Another sample was placed in sterile centrifuge tube
(2ml) in liquid N tanks at —80°C for subsequent characterization of
soil microbial communities. Finally, we also collected two ring knife
samples from each plot to determine the physical properties of the
soil. Six replicate samples were taken for each treatment.

Basic physicochemical properties of soil
and maize root architecture

The collected plant roots were brought back to the laboratory,
and the soil particles on the root surface were carefully washed
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with water. Images of maize roots were digitized using an Epson
Perfection V850 Pro scanner, and WinRHIZO software was used
to measure total root length, total root surface area, and total root
volume. Root biomass is the weight recorded after drying at 105°C
until reaching constant weight. A pH meter (Mettler Toledo FE28-
Standard, Switzerland) was used to measure soil pH at water: soil
ratio of 2.5:1. The H,SO,-K,Cr,0; external heating method (Hu
et al, 2022), alkali diffusion method, spectrophotometry
(Shimadzu UV-1780, Japan; Shao et al., 2019), flame photometry
(Shanghaiyuefeng FP6400, China; Chen et al., 2021), the drying
method, H,SO,-HCIO, digestion—spectrophotometry (Shimadzu
UV-1780, Japan), H,SO,-HCIO, digestion—flame photometry
(Shanghaiyuefeng FP6400, China; Mei et al., 2021), and an
elemental analyzer (Euro EA3000, Italy) were used to measure the
content of SOC, AN, AP, AK, soil moisture content, total P (TP),
total K (TK), and total N (TN), respectively.

DNA extraction and sequencing

Total DNA was extracted using the Power Soil DNA
Isolation Kit Power DNA Extraction Kit, and DNA integrity
and purity were examined. The V3-V4 region of the bacterial
16S rRNA gene was amplified using the primers 338F
(5"-ACTCCTAGGGAGGAGCA-3") and 806R (5-GGACTCH
VGGGTWTTAT-3") and combined with adapter sequences
and barcode sequences (Quast et al., 2013). The fungal ITS1
gene was amplified using the primers ITS1 (5-CTGT
CATTAGGGAGAGAGA-3") and ITS2 (5-GCTGCGTTCTT
CA TCGATGA-3’) and combined with adapter and barcode
sequences (Koljalg et al., 2013). PCR reactions were conducted
in 50-pl systems with 100 ng of template DNA, 1.5 pl of primer
(10 pmol/L), 25 pl of 2x PCR buffer for KOD FX Neo (Toyobo,
Japan), 1.0 ul of KOD FX Neo DNA polymerase (1.0 U/pl;
Toyobo, Japan), and 10 pl of ANTP (2 mmol/L). The thermal
cycling conditions were as follows: pre-denaturation at 95°C
for 5min; 25 cycles of denaturation at 95°C for 40's, annealing
at 55°C for 40s, and extension at 72°C for 40s; and a final
extension at 72°C for 7 min. A 1.8% agarose gel electrophoresis
was used to detect the PCR products; an Illumina HiSeq 2500
platform was then wused to the

sequence quality-

checked libraries.

Bioinformatics analysis

The reads for each sample were spliced into tags according to
the overlap among reads using FLASH software (version 1.2.11,
http://ccb.jhu.edu/software/FLASH/); these raw tags were then
filtered using Trimmomatic software (version 0.33) to obtain high-
quality tags. The final data were obtained after chimeric sequences
were removed using UCHIME (version 8.1). USEARCH software
(version 10.0) was used to cluster the tags at the 97% similarity
level. Operational taxonomic units (OTUs) were annotated using
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the Silva taxonomic database (Release 132, http://www.arb-silva.
de) for bacterial OTUs and the Unite taxonomic database (Release
8.0, https://unite.ut.ce/) for fungal OTUs. Taxonomic ranks were
assigned using the RDP Classifier (version 2.2, http://sourceforge.
net/projects/rdpclassifier/) with a minimum confidence estimate
of 80%. Mothur (version v.1.30, http://www.mothur.org/) was
used to analyze the diversity of microbial communities. Linear
discriminant analysis (LDA) effect size (LefSe) analysis' was used
to determine the effect of biochar addition on the abundance of
each component of the microbial communities. The logarithmic
LDA score indicating significant differences was 3.0 (Zhou
etal., 2019).

Data analysis

R (version 4.0.2) was used to analyze the data, and the
significance of differences among treatments (p<0.05) was
determined using a least significant difference test in the Agricolae
package. The abundances of microbial communities were added
to the histograms using Origin software. Microbial taxa with
abundance greater than 0.1% were selected, and microbial
and Zi
connectivity)-Pi (inter-network module connectivity) plots were

co-occurrence networks (intra-network module
made using the igraph package in R. Here, Network hubs (Zi > 2.5;
Pi>0.62), Module hubs (Zi>2.5; Pi<0.62), connectors (Zi<2.5;
Pi>0.62), and peripherals (Zi<2.5; Pi<0.62) were defined
according to their Zi and Pi threshold value (Poudel et al., 2016).
Network hubs, Module hubs, and connectors mean the nodes
were highly connected within or between modules, and he can act
as a core taxa (Guimera and Amaral, 2005; Toju et al., 2018).
with
physicochemical properties and maize root architecture were

Correlations of soil microbial communities soil

determined using the corrplot software package.

Results

Soil properties and maize roots affected
by biochar application

The application of biochar had a significant effect on the soil
moisture content and soil bulk density (Supplementary Table S1).
The soil moisture content was 3.09% lower in the C4 treatment
than in the CK treatment. Soil bulk density was 0.34, 1.45, 2.04,
and 2.34% lower in the C1, C2, C3, and C4 treatments than in the
CK treatment, respectively.

In the bulk soil, biochar application altered the content of AN,
AP, total phosphorus (TP), AK, and total potassium (TK;
Supplementary Table S2). The soil AN content was 36.72, 65.91,
138.79, and 143.88% higher in the C1, C2, C3, and C4 treatments
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than in the CK treatment, respectively, and these differences were
significant. The content of AP was 12.60 and 42.00% higher in the
C3 and C4 treatments than in the CK treatment, respectively, and
these differences were significant. The content of TP was 7.14 and
14.29% higher in the C3 and C4 treatments than in the CK
treatment, respectively, and these differences were significant. The
AK content was 15.84, 17.83, and 28.96% higher in the C2, C3,
and C4 treatments than in the CK treatment, respectively. The TK
content was 20.88% higher in the C4 treatment than in the CK
treatment, and this difference was significant.

In the rhizosphere soil, the SOC content was 17.00 and 23.85%
higher in the C3 and C4 treatments than in the CK treatment,
respectively, and these differences were significant; however, there
were no significant differences in the pH and TN among
treatments (Supplementary Table S2). The AN, AP, AK, TP, and
TK content were higher in the C1, C2, C3, and C4 treatments than
in the CK treatment, and these differences were significant.
Specifically, AN was 10.53, 46.22, 55.92, and 106.58% higher; AP
was 8.10, 19.25, 27.34, and 35.94% higher, and AK was 13.14,
18.58, 18.24, and 53.31% higher in the C1, C2, C3, and C4
treatments than in the CK treatment, respectively.

The application of biochar had a significant effect on the
architecture of maize roots (Figure 2). The total root length and
total root surface area of maize were significantly higher in the C2,
C3, and C4 treatments than in the CK treatment. Specifically, the
total root length was 13.99, 17.85, and 15.78% higher and the total
root surface area was 2.52, 4.69, and 3.99% higher in the C2, C3,
and C4 treatments than in the CK treatment, respectively. The
total root volume was 11.21, 23.61, 36.92, and 44.41% higher in
the C1, C2, C3, and C4 treatments than in the CK treatment,
respectively, the root biomass was 50.61, 74.78, and 77.80% higher
in the C2, C3, and C4 treatments than in the CK treatment,
respectively, and these differences were significant.

Microbial community diversity affected
by biochar application

The addition of biochar had no significant effect on the
diversity of bacterial and fungal communities in bulk soil;
however, biochar addition had a significant effect on the diversity
of bacterial and fungal communities in rhizosphere soil (Figure 3).
The ACE index was 7.05, 5.83, 6.79, and 8.96% and the Chao 1
index was 6.98, 5.52, 6.44, and 8.53% higher in the C1, C2, C3, and
C4 treatments than in the CK treatment for bacterial communities
in rhizosphere soil, respectively (Figure 3B). No significant
differences in the ACE, Chao 1, Simpson, and Shannon indexes of
the fungal communities were observed among biochar treatments
and the CK treatment (Figure 3D). However, the Chao 1 index
was 24.14% lower in the C4 treatment than in the C1 treatment;
the Simpson index was 1.99% lower in the C2 treatment than in
the C1 treatment; and the Shannon index was 9.75 and 10.04%
lower in the C2 and C4 treatments than in the CI treatment,
respectively.
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FIGURE 2
Effect of biochar addition on the architecture of maize roots. Different lowercase letters indicate significant differences under different levels of
biochar application (p<0.05). (A) Effect of biochar addition on the total root length of maize. (B) Effect of biochar addition on the total root surface
area of maize. (C) Effect of biochar addition on the total root volume of maize. (D) Effect of biochar addition on the root biomass of maize.

Microbial community structure affected
by biochar application

Changes in the top 10 bacterial phyla in terms of relative
abundance (Figure 4) were characterized in the soil samples from
the different treatments. Variation in the structure of the bacterial
community was low in bulk soil (Figure 4A). Firmicutes was the
most abundant phylum (average abundance of 42.73%), followed
by Proteobacteria (average abundance of 25.07%). The structure
of the bacterial community was more variable in rhizosphere soil
(Figure 4B). The relative abundance of Firmicutes was 20.53,
31.16, 42.09, 37.17, and 33.51% in the CK, C1, C2, C3, and C4
treatments, respectively. The relative abundance of Proteobacteria
was 36.06, 30.41, 23.98, 28.71, and 29.86% in the CK, C1, C2, C3,
and C4 treatments, respectively. The structure of fungal
communities was less variable in bulk and rhizosphere soil
(Figures 4C,D). Ascomycota was the most abundant phylum
(average abundance of 70.70%), followed by Basidiomycota
(average abundance of 16.78%).

In this study, the top 50 genus in terms of relative abundance
were selected to demonstrate the changes in bacterial and
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fungal community composition in bulk and rhizosphere soil
(Supplementary Figures S1, S2). In bulk soil, Lactobacillus was
the most abundant bacterial genus (average abundance of
15.09%). C4 treatment significantly altered bulk soil bacterial
genus, such as Akkermansia, Mycoplasma, Ensifer, etc.
(Supplementary Figure SIA). The structure of the bacterial
community was more variable in rhizosphere soil. After biochar
application, Lactobacillus abundance was significantly increased
by 3.66,7.75, 6.72, and 5.21% in C1, C2, C3, and C4 treatments,
respectively. Sphingomonas abundance was significantly reduced
by 1.81,4.73,1.91, and 1.63% in C1, C2, C3, and C4 treatments,
respectively (Supplementary Figure S1B). An unclassified genus
was the most abundant fungal genus (average abundance of
37.60%) in bulk soil (Supplementary Figure S2A). In
rhizosphere soil, the average abundance of this genus was
32.55% (Supplementary Figure S2B).

Linear discriminant analysis (LDA) effect size analysis
revealed significant differences among treatments in 14 bacterial
taxa (Figure 5C; Supplementary Figure S1A) and 15 fungal taxa
(Figure 5A; Supplementary Figure S2A) in bulk soil. In the
rhizosphere soil, significant differences among treatments were
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14 5B,D and

Supplementary Figure S2B) and 114 bacterial taxa (Figure 5D and

observed in fungal taxa (Figures
Supplementary Figure S1B). The largest difference observed
between treatments was in Firmicutes, which was 21.56% more

abundant in the C2 treatment than in the CK treatment.

Correlation analysis of soil, microbial
communities, and root architecture

Soil physicochemical properties and maize root architecture
were highly correlated with microbial communities in rhizosphere
soil at the phylum level; by contrast, correlations of soil
physicochemical properties and maize root architecture with the
microbial communities in bulk soil microbes at the phylum level
were weak (Figure 6). In rhizosphere soil (Figure 6B), SOC, AN,
AP, AK, TP, TK, total root volume, and root biomass were highly
significantly and positively correlated with Fibrobacteres and
negatively correlated with Olpidiomycota; AN, AP, and total root
length were significantly and negatively correlated with
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Planctomycetes; and AN, AP, total root length, total surface area,
total volume, and root biomass were significantly and negatively
correlated with RsaHF231.

We constructed a microbial co-occurrence network
(Figure 7A) to clarify interrelationships among microorganisms.
Bulk soil microorganisms could be divided into three modules,
which were referred to as Module 1, Module 2, and Module 3.
Rhizosphere soil microorganisms could be divided into two
modules, which were referred to as Module 1 and Module 2
(Figure 7B). In the bulk soil group, the bacterial-fungal mutualistic
network contained 328 nodes and 10,036 edges, and the average
path length was 61.195; in the rhizosphere soil group, the
bacterial-fungal mutualistic network contained 328 nodes and
14,472 edges, and the average path length was 88.244 (Table 1).

Zi-Pi plots were constructed to identify the core OTUs in
the microbial networks (Figures 7C,D). We identified a total
of 189 connection points and three module centroids in bulk
soil microbial network (Figure 7C). There were 98 connection
points and four module centroids in the rhizosphere soil
microbial network (Figure 7D). Ascomycota was the most
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abundant phylum (average abundance of 69.10%) among
connector’s taxa in the bulk soil co-occurrence network,
followed by Basidiomycota (average abundance of 12.98%).
Ascomycota was the most abundant phylum among hubs taxa
in the bulk soil co-occurrence network, and there was
extensive variation in the abundance of Ascomycota among
treatments; the relative abundance of Ascomycota was 62.64,
96.31, 70.92, 87.76, and 64.62% in the CK, Cl1, C2, C3,
and C4 treatments, respectively. This was followed by
Chytridiomycota, and its relative abundance was 37.36, 3.69,
29.08, 12.24, and 35.38% in the CK, C1, C2, C3, and C4
treatments, respectively. Ascomycota was the most abundant
phylum (average abundance of 62.43%) among connectors
taxa in the rhizosphere soil co-occurrence network, followed
by Basidiomycota of 9.53%).
Basidiomycota was the most abundant phylum among hubs

(average abundance
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taxa in the rhizosphere soil co-occurrence network, and there
was extensive variation in the abundance of Basidiomycota
among treatments; the relative abundance of Basidiomycota
was 65.93, 50.60, 57.58, 45.97, and 4.82% in the CK, Cl1, C2,
C3, and C4 treatments, respectively. This was followed by
Mortierellomycota, which had relative abundances of 34.07,
49.40, 42.42, 54.03, and 95.18% in the CK, C1, C2, C3, and C4
treatments, respectively.

Connectors taxa were not significantly correlated (p>0.05)
with total root length, total root surface area, and total root
volume (Figure 8); hubs taxa were significantly correlated
(p<0.05) with total root length and total root surface area in bulk
soil (Figure 8A). In rhizosphere soil, connectors taxa were
significantly correlated with total root length (p <0.05); hubs taxa
were not significantly correlated with total root length, total root
surface area, and total root volume (p>0.05; Figure 8B).
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(D) Bacterial communities in rhizosphere soil.

Discussion

Soil microorganisms have a substantial effect on the flow of
energy and material cycling of ecosystems. Studies of soil microbes
have been a major focus in soil and environmental investigations (Yao
et al.,, 2006; Todd-Brown et al., 2012). The plant-root environment
has a major effect on microbial communities, and microbial
communities can affect the growth of plant roots (Vejan et al., 2016;
Trivedi et al., 2020). The application of biochar can make the soil
environment more suitable for soil microorganisms and thus affect
microbial activity (Li et al., 2020a). However, the relationship between
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crop root architecture and microbial communities under biochar

addition has not been extensively studied. Here, we analyzed the long-

term effects of biochar addition on the architecture of maize roots and

microbial communities using 165/ITS rRNA gene sequencing.

Effect of biochar application on the
architecture of maize roots

The results of our experiment showed that even a single

application of biochar can have a significant effect on the growth
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of maize roots after 7 years. This is consistent with the results of
several studies showing that the application of biochar enhances
soil properties, which promotes the growth and development of
roots (Abiven et al., 2015). However, the results of recent studies
examining the effects of biochar application on the growth and
development of plant roots are variable. In some studies, biochar
has been shown to have a positive effect on the root growth of
crops (Crane-Droesch et al., 2013). In other studies, biochar has
been shown to have a negative effect on root growth, including
toxic effects that force plants to grow more roots to meet their
water and nutrient needs (Hodge, 2004; Peng et al., 2010). Our
findings demonstrate that biochar has a positive effect on root
growth (Figure 2), and the enhancement of the physicochemical
properties of soil by biochar is one of the driving forces of this
positive effect (Olmo et al., 2016). Correlation analysis between
soil properties and root growth (Supplementary Figure S5)
revealed a positive correlation between AP and TP in the
rhizosphere soil and root growth. Previous studies have indicated
that P reacts with various chemical and biological components in
the soil and that increases in P alter maize root secretions and root
symbionts, which in turn increases the growth of the lateral roots
of maize (Lynch, 2011; Bourceret et al., 2022). This conclusion was
confirmed by the changes in soil chemistry, where the application
of biochar significantly increased the nutrient content, such as AP
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and TP in the rhizosphere soil (Supplementary Table S2), which
provided the plant with nutrients required for root growth (Ding
et al., 2016). However, soil bulk density was negatively correlated
with root growth (Supplementary Figure S5). It showed that the
total root length, total root surface area, and total root volume
tended to increase as the soil bulk density decreased. This is in
agreement with previous studies that a lower bulk density
increases soil porosity leading to increased aeration, which affects
root distribution and growth (Bengough and Young, 1993;
Goodman and Ennos, 1999). Notably, we found that the
application of biochar significantly reduced the soil moisture
content of C4 treatment (Supplementary Table S1), which is
inconsistent with previous studies, which found that the
application of biochar improved the water retention and effective
moisture of the soil (Baccile et al., 2009; Laird et al., 2010; Glab
etal., 2018). Our study found that opposite results in administering
doses of higher biochar (126.00 Mgha™). First of all, previous
studies found that charcoal applications greater than 80.00 Mgha™'
instead reduced soil water-holding properties, which may be due
to the increase of soil aeration pore space and the decrease of
capillary pore space, resulting in the decrease of soil water holding
capacity (Gao et al., 2011; Carvalho et al,, 2016). Secondly, maize
is a deep-rooted crop with a root system that can grow up to 1 m
deep. Excessive application of biochar in shallow Soils can affect
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Co-occurrence networks and analysis of soil microbial communities. (A) Co-occurrence network of bacteria and fungi with relative abundance
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TABLE 1 Co-occurrence network analysis coefficients.

Treatment The number of The number of Average degree Weighted average Mean clustering Mean path
nodes edges coefficient length

Bulk 328 10,036 61.195 87.762 0.466 2.023

Rhizosphere 328 14,472 88.244 155.682 0.568 1.912

the water holding capacity of the soil around the maize root application (Laird et al., 2010; Glab et al., 2018) and aging biochar

system (Feng et al, 2021). Thirdly, the previous study was may affect soil moisture content. Finally, we also found that the
conducted after the fourth month and after the 39th day of biochar biomass of maize roots was greatest when 126.00 Mgha™" biochar
application, while our study was conducted after 7 years of biochar was applied (Figure 2), maize roots may have absorbed more
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FIGURE 8
Effect of core microbial taxa on the architecture of maize roots. (A) Effect of microbial taxa in bulk soil on the architecture of maize roots.
(B) Effect of microbial taxa in rhizosphere soil on the architecture of maize roots.

water, resulting in the reduction of soil water content (Dardanelli metabolism and growth, which alters the relationship between
et al., 2004). rhizosphere microorganisms and plants (Ma et al., 2019). These

Changes in the roots of plants might also be affected by the findings are consistent with the results of our study; rhizosphere
interaction between biochar and rhizosphere soil microbial soil microorganisms had a closer relationship with maize root
communities (Glaser et al., 2002; Liang et al., 2006; Li et al,, growth than bulk soil microorganisms under biochar application
2020a). The application of biochar increases the production of (Figure 6). In addition, rhizosphere microorganisms accumulate
exudates by roots and provides nutrients and energy for microbial around the root system and enhance the bioavailability of
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insoluble minerals, which increases the uptake of minerals by the
roots and provides nutrients to the plant thus changing the maize
root structure (Trivedi et al., 2020).

Differences in rhizosphere soil and bulk
soil bacterial and fungal communities

We found that biochar application had a more pronounced
effect on rhizosphere soil bacterial communities than on fungal
communities. Previous studies have shown that environmental
factors have stronger effects on bacterial communities than on
fungal communities (de Vries et al., 2018; Yang and Wu, 2020).
This might stem from the fact that bacteria can be more readily
adsorbed by biomass charcoal than fungi (Pietikdinen et al., 2000);
bacteria can also more rapidly adapt to changes in soil nutrients
associated with biomass charcoal compared with fungi (Lehmann
et al,, 2011). Several non-mutually exclusive explanations might
explain these observations. Previous studies have suggested that
biochar has an indirect effect on the growth of bacteria and a direct
effect on the growth of fungi. Specifically, biochar species have
direct effects on the abundance of fungi, whereas bacteria are
primarily affected by changes in soil properties associated with
biochar application (Yang and Wu, 2020). This is consistent with
our finding that the application of biochar significantly enhanced
soil physicochemical properties (Supplementary Tables S1, 52). The
contents of SOC, AN, AP, and AK in rhizosphere soil increased
after biochar application. Researchers have found similar results
with Tobacco, biochar addition increased the richness and diversity
of the bacterial community in the tobacco rhizosphere, which was
related to the soil physical and chemical properties (Zhang et al.,
2017). In addition, fungi degrade the recalcitrant C in biochar
more readily than bacteria, can grow in the pores of biochar, and
use additional resources (Lehmann et al., 2011). In this study, the
length of time (7 years) since biochar application, the low content
of recalcitrant C in biochar, and the destruction of the pores over
time might explain the weak effect of biochar application on fungi
in our study. Therefore, bacterial communities were more affected
by biochar treatment than fungal communities.

We found that Firmicutes was the dominant bacterial phylum
in the soils at our study site, and members of this phylum are
known to be well adapted to survive extreme conditions (Hayward
etal, 2010). The soils at our study site are sandy, poor in nutrients,
and low in organic matter (Han et al., 2021). Our study site is
located in Central Asia, which experiences an arid, semi-desert
climate, and this type of climate is highly suitable for the growth
of thick-walled fungi. Soil potassium (K) is the main factor
affecting the distribution of Firmicutes (Voll et al., 2014). Our
correlation analysis confirmed this expectation, as K was
significantly correlated with the abundance of Firmicutes in
rhizosphere soil (Figure 6).

There were significant differences in the structure of the soil
bacteria communities between rhizosphere soil and bulk soil
under biochar application. Previous studies have shown that
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Firmicutes comprises a large portion of the bacterial community
in rhizosphere soil (Teixeira et al, 2010; Ramos et al., 2019).
However, we found that the abundance of Firmicutes was higher
in bulk soil (40.34-45.25%) than in rhizosphere soil (20.53-
42.09%; Figure 4). Firmicutes are known to generate desiccation-
resistant endospores (Heulin et al., 2012; Ramos et al., 2019).
Thus, we suspect that the high relative abundance of Firmicutes in
bulk soil might stem from the production of large amounts of
bacilli by members of the genus Bacillus, which have been shown
to comprise approximately 21.41% of all bulk soil bacteria under
unfavorable conditions (Song et al., 2013). Alternatively, the
difference in the structure of the bacterial communities between
rhizosphere soil and bulk soil might be explained by root exudates
(Harel et al., 2012; Kolton et al., 2016; Coskun et al., 2017; Jaiswal
et al., 2018b). Root exudates are a key source of nutrients for
rhizosphere bacteria and have a substantial effect on the structure
of soil microbial communities (Gu et al., 2020). We suggest that
the application of biochar might alter the structure of the
microbial communities of rhizosphere soil by increasing root-
produced secretions and providing nutrients and energy that aid
microbial metabolism and growth (Ma et al., 2019); the application
of biochar could also contribute to differences in the structure of
the bacteria communities in rhizosphere soil and bulk soil.

Effect of biochar application on soil
microbial communities

Our findings revealed that the application of biochar resulted
in a significant increase in the a-diversity of bacterial communities
in rhizosphere soil (Figure 3B). These findings are consistent with
the results of previous studies showing that the application of
biochar can lead to significant increases in the diversity of
rhizosphere soil bacteria (Graber et al., 2010). The application of
biochar has also been shown to significantly increase the a-diversity
of bacterial communities in the rhizosphere soil of apple trees (Cao
etal,, 2021). Increases in soil nutrients might alter the structure and
diversity of soil microbial communities (Hamer et al., 2004;
Lehmann et al,, 2011). We found that the application of biochar
significantly increased the content of nutrients in rhizosphere soil
(Supplementary Table S2), and this likely affects the diversity of the
bacterial communities in rhizosphere soil (Toyama et al., 2011).In
rhizosphere soil bacterial communities, the relative abundance of
Firmicutes was significantly increased, and the abundance of
Actinobacteria and Acidobacteria were decreased when biochar
was applied at rates of 15.75-126.00 Mgha™'. They were identified
as biochar decomposers (Khodadad et al., 2011; Pezzolla et al.,
2015). Firmicutes are fast-growing copiotrophs, and biochar
provides nutrients (Fierer et al., 2007) and growth sites (Li et al.,
2022), enhancing their competitiveness in the bacterial colonies.
The relative abundance of soil acidobacteria was negatively
correlated with soil pH, and the abundance of Acidobacteria
decreased with the increase of pH (Mao et al., 2012; Ménnisto
et al., 2007; Lauber et al., 2008; Chu et al., 2010; Griffiths et al,,
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2011). However, there was no significant correlation between the
relative abundance of Acidobacteria and soil pH values in this
study (Figure 6). This may be influenced by other environmental
factors in the soil (Navarrete et al., 2013). The abundance of
Acidobacteria decreased may be caused by different Acidobacteria
subgroups, or even different Acidobacteria bacteria in the same
subgroup, which have different responses to soil environmental
factors (Jones et al., 2009; Zhang et al., 2014). The application of
willow branch biochar (17.00-68.00 Mgha™') has been shown to
increase the relative abundance of Actinobacteria (Prayogo et al.,
2014); however, we found that biochar application resulted in a
decrease in the abundance of Actinobacteria. This might stem from
differences in the type of biochar applied (Wheat straw was the
source of the biochar used in this experiment). The application of
biochar does not appear to affect the growth of Actinobacteria in
soil over short periods; however, the abundance of Actinobacteria
tends to increase in the long term (Xu et al,, 2020). This finding
indicates that the effect of biochar application on microorganisms
varies depending on the length of time since biochar application.
In addition, the higher amount of available C in the biochar used
in the present study, may explain the decrease in Actinobacteria in
biochar, whose abundance was supposed to be associated with the
degradation of recalcitrant carbon compounds (Bai et al., 2020).

The structure of microbial communities has also been shown
to vary with habitat type and crop type (Kolton et al,, 2011),
suggesting that habitat type and crop type can have substantial
effects on microbial communities (Kolton et al., 2016). We found
that the application of biochar (15.75-31.50 Mgha™) resulted in
significant decreases in the abundance of Proteobacteria and
Alphaproteobacteria in the rhizosphere soil. As previous studies
have shown that the abundance of Proteobacteria is higher in soils
with high C availability (Fierer et al., 2007), it not consistent with
our results, we found that application of biochar reduced the
decline in relative abundance of proteobacteria. Firstly, our study
found that there was no significant correlation between the
abundance of Proteobacteria and SOC, but was positively
correlated with AN, AP, and AK in the rhizosphere soil (Figure 6),
it consistent with previous studies (Dai et al., 2018). It may be that
the changes in other soil nutrients mask the role of SOC. Secondly,
some scholars found that the abundance change of Firmicutes was
completely opposite to that of Proteobacteria (Li et al., 2020b).
Although biochar application improved soil nutrients to some
extent, other microorganisms showed more competitiveness in
this process (e.g., Firmicutes in this study; Gregory et al., 2015;
Herrmann et al., 2019). Finally, different from other studies, our
study was carried out in the seventh year after biochar application,
so it may have different effects on Proteobacteria.

The role of core soil microorganisms in
maize root growth

We identified the core microbial taxa in the soil by
constructing soil microbial co-occurrence networks (Figure 7).
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We found that there were stronger interactions among rhizosphere
soil microorganisms than among bulk soil microorganisms. This
might stem from the fact that rhizosphere soil is richer in nutrients
than bulk soil (Supplementary Table S2); consequently,
competitively superior taxa become dominant, and over time this
can lead to the establishment of an equilibrium among dominant
taxa (Nielsen et al., 2014; Li et al., 2021). We also found that core
microbes were closely related to the growth of maize roots
(Figure 8). This might stem from the role of core microbiota in
promoting nutrient uptake by maize. Given that the content of
nutrients accessible to maize in aeolian sandy soil is low, core
microorganisms facilitate the uptake of nutrients by maize roots,
which promote root growth (Yeoh et al., 2016). Analysis of the
composition of core microorganisms revealed that the fungal
phyla Basidiomycota and Ascomycota and the bacterial phylum
Firmicutes play key roles in the growth of maize roots
(Supplementary Figure S3). Previous studies have shown that the
abundance of Ascomycota is affected by soil properties, as
ascomycete fungi decompose organic matter around plant roots
and promote their growth (Bastida et al., 2013). Basidiomycete
fungi can decompose complex organic compounds in the soil;
they thus play a key role in the formation of humus in the soil, and
their activity promotes the growth of plant roots (Kjoller and
Rosendahl, 2014). Previous studies of lemon rhizosphere soil have
shown that Bacillus cereus, Bacillus simplex, and Bacillus sp. (all of
which are thick-walled bacteria) promote the growth of primary
roots and lateral roots, and this effect was achieved through the
release of volatile organic compounds that altered the architecture
of the root system (Egidi et al., 2019). These findings are consistent
with the results of our study.

In summary, analyzed in relation to root growth and soil
physicochemical properties, the application of 126.00 Mg hm™
biochar had the best promotion effect on maize root growth after
7years of biochar application. Biochar application changed maize
root architecture by affecting soil physical properties, chemical
properties, and soil microbial communities. Biochar application
significantly altered soil moisture content, bulk density, and nutrient
content, and can directly promote plant root growth (Abiven et al,,
2015). Application of biochar affected the growth, development, and
metabolism of soil bacteria by altering soil physicochemical
properties (Zhu et al.,, 2017; Siedt et al., 2021). It increases the
diversity of the rhizosphere soil bacterial community and changes
the microbial structure (Ding et al., 2016), which in turn can
maintain plant root growth (Bourceret et al., 2022). At the same
time, core microorganisms play a key role in promoting nutrient
uptake and root growth in the maize root system (Yeoh et al., 2016).
Therefore, future research needs to pay more attention to the long-
term effects of multiple factors on the architecture of maize roots.

Conclusion

Our study showed that 7years after application of biochar
significantly promoted the growth of maize roots, with the best
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effect when biochar was applied at 126.00 Mgha™' and biochar
application had a major effect on the bacterial communities in
rhizosphere soil. The microbial communities of rhizosphere soil
and bulk soil significantly differed. The bacterial communities in
rhizosphere soil and core microorganisms play key roles in
shaping the architecture of the maize root system. These findings
enhance our understanding of the relationships between the
architecture of maize roots and microorganisms in aeolian sandy
soils. Additional studies are needed to characterize changes in root
architecture and the soil microbial community during the entire
growth period of maize through long-term field experiments.
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