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and organic fertilizer: key role of
rhizosphere microbial diversity
Jianwei Hou1,2, CunFang Xing1*, Jun Zhang1, Zuhua Wang2,
Min Liu2, Yu Duan1 and Hui Zhao2

1Institute of Resources, Environment and Sustainable Development, Inner Mongolia Academy of
Agricultural and Animal Husbandry Sciences, Hohhot, Inner Mongolia, China, 2School of Agroforestry
Engineering and Planning, Tongren University, Tongren, Guizhou, China
Purpose: The large-scale planting of potatoes leads to soil degradation, thus

limiting the potato yield. An effective method of improving soil quality involves

the combined application of biochar and organic fertilizer. However, the

proportion of biochar and organic fertilizer at which potato yield can be

improved, as well as the improvement mechanism, remain unclear.

Methods: A combined application experiment involving biochar (B) and organic

fertilizer (O) with four concentration gradients was conducted using the equal

carbon ratio method. On this basis, rhizosphere soil fertility, bacterial community

composition, and bacterial diversity in potato crops, as well as the potato yield

difference under different combined application ratios, were investigated. Then,

the direct and indirect effects of these factors on potato yield were analyzed.

Results: The results suggest that soil fertility was improved by the combined

application of biochar and organic fertilizer, with the best effect being achieved at

a ratio of B:O=1:2. The dominant bacterial communities in the potato

rhizosphere included Proteobacteria, Actinobacteria, Gemmatimonadetes,

Chloroflexi, and Bacteroidetes. When compared to the control, the relative

abundance and diversity index of soil bacteria were significantly improved by

the treatment at B:O=1:2, which exerted a stronger effect on improving the

relative abundance of beneficial bacteria. Soil available phosphorus (AP), soil pH

(SpH), and soil organic carbon (SOC) explained 47.52% of the variation in bacterial

composition. Among them, the main factor was the content of soil available

nutrients, while SpH generated the weakest effect. The bacterial diversity index

showed a significant positive correlation with soil AP, SOC, available potassium

(AK), total nitrogen (TN), and C/N ratio, and a significant negative correlation with

SpH. Bacterial diversity directly affected the potato yield, while soil fertility

indirectly affected potato yield by influencing the soil bacterial diversity.
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Conclusion: The combined application of biochar and organic fertilizer elevates

potato yield mainly by improving the diversity of bacterial communities in potato

rhizosphere soil, especially the combined application of biochar and organic

fertilizer at a 1:2 ratio (biochar 0.66 t ha-1+organic fertilizer 4.46 t ha-1), which

made the largest contribution to increasing potato yield.
KEYWORDS

biochar, organic fertilizer, equal carbon ratio, chemical properties, rhizosphere
microorganism, potato yield
GRAPHICAL ABSTRACT
1 Introduction

As one of the main agricultural crops in China, potato serves key

roles in maintaining national life and economic development.

However, with the continuous expansion of the potato planting

area in recent years, soil problems have become increasingly

prominent in potato planting areas, reducing the potato yield (Fidel

et al., 2017)and thus making the alleviation or elimination of soil

depletion in potato producing areas an urgent issue (Wang et al.,

2016; Zhang et al., 2017). An important measure that can be used to

rapidly cultivate hungry soil is the application of organic fertilizer

(Chen et al., 2015). In particular, soil carbon pool reserves and

nutrient content can be comprehensively improved by the

combined application of biochar and organic fertilizer to further

improve the nutrient absorption efficiency of crops and increase their
02
yield (Li et al., 2015). However, the soil improvement effect of the

combined application of organic fertilizer and biochar can be

restricted by many factors, such as the type of organic fertilizer

used (Zhao et al., 2015), the preparation materials and processes of

biochar (Zhang et al., 2015), and the soil type (Zhang et al., 2013),

thus making the popularization and application of this improvement

measure in production practice challenging. Therefore, it is vitally

important to seek a combined application method of biochar and

organic fertilizer that can be easily promoted for crop production.

Biochar is a type of highly aromatic carbon-rich product formed

by the pyrolysis of biomass materials such as crops under limited

oxygen or anoxic conditions (Novak et al., 2019), whereas organic

fertilizer is a type of carbon-containing material that is rich in plant

nutrients, with most nutrients in the two types of fertilizers binding

to organic carbon (Pyakurel et al., 2019). Therefore, based on the
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carbon content in organic materials, fertilizers such as biochar and

organic fertilizers can be applied at a specific mix proportion

according to the carbon input, which can be easily popularized

and applied given different sources of biochar and organic

fertilizers, as well as the varying basic fertility levels of farmlands.

Specifically, the assumed equal carbon input involves calculating the

total carbon input (t·ha-1) in the study area according to the

recommended dosage (t·ha-1) of biochar and the organic carbon

content (%) of potatoes, thus setting a proportional gradient (i.e.,

the mass ratio of organic carbon) with the total carbon input as a

fixed value and finally converting it into a field dosage of biochar

and organic fertilizer. Therefore, this method will help popularize

the combined application of biochar and organic fertilizer.

However, the influence of biochar and organic fertilizer with

equal carbon inputs on soil fertility has been scarcely investigated,

and the most suitable mix proportion for soil cultivation

remains unclear.

In addition to abiotic factors such as soil fertility, soil

microorganisms also serve as influencing factors for crop yield.

For instance, Wang et al. (1991) found that soybean yield can be

increased by maintaining the diversity and activity of soil

microorganisms. Additionally, Wu et al (Wu and Wang, 2006).

highlighted that soils subjected to continuous cropping will exhibit

a decline in the diversity index, abundance, and evenness of

microbial communities, resulting in a significant reduction in

cucumber yield. Moreover, a study conducted by Zhang et al.

(2012) proved that corn yield and biological yield per plant

presented significant or extremely significant positive correlations

with soil microbial quantity, noting that reasonable fertilization can

increase the microbial quantity and enzymatic activity in the soil,

thus effectively improving soil fertility and crop growth and

nutrition while achieving the purpose of increasing crop yield.

Therefore, soil microbial diversity is of immense importance to

the functions of soil ecosystems and the crop field, with high

microbial diversity having the ability to enhance the stability of

microbial functions and promote increased crop yield (Deng et al.,

2016). However, the proportion of biochar and organic fertilizer

with equal carbon inputs at which the soil microbial diversity, soil

fertility, and potato yield can be optimally improved remains

unclear, as does the influencing mechanism of this fertilization

mode on potato yield.

Guizhou is a major potato-producing province and one of the

earliest potato cultivation areas in China, with both the potato

planting area and yield ranking second at the national level.

However, the average yield per unit area in Guizhou is not high,

ranking approximately 16th in the country. In Guizhou, low soil

fertility is an existing problem that limits potato yield (Liu, 2005).

Therefore, quantitatively investigating specific fertilization modes

and proposing the application of biochar and organic fertilizer

strategies that can contribute to high potato yield represents an

urgent need. In response to this need, a gradient experiment

involving four mix proportions of biochar and organic fertilizer

was performed in the yellow soil of a dry land plot to assess potato

yield, soil fertility, and soil microbial characteristics, with the

primary aim of solving the following issues: 1) determining the

influence of various mix proportions of biochar and organic
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fertilizer with equal carbon inputs on soil fertility; 2) determining

the influence of the various mix proportions of biochar and organic

fertilizer on bacterial community diversity in the potato

rhizosphere; 3) determining the influencing mechanism of the

combined application of biochar and organic fertilizer on potato

yield. By solving the aforementioned issues, potato yield could be

increased and key technologies could be promoted.
2 Materials and methods

2.1 Overview of the experimental area

The experimental area was set in Tangjiazhai, Chuandong

Street, Bijiang District, Tongren City, Guizhou Province (27°47′
32″ N,109°13′8″ E). The experimental area is located in the

northeast of Guizhou Province and to the east of Tongren City.

The area has a humid subtropical monsoon climate, with an average

annual temperature of 16.9°C, a frost-free period of 291 days,

annual rainfall of 1,265.4 mm, an annual sunshine duration of

1,171 h, and an elevation of 434 m. The soil is mountainous yellow

soil with a silty loam texture.
2.2 Experimental design

In this experiment, a combined application experiment involving

biochar (B) and organic fertilizer (O) with four concentration

gradients was conducted using the equal carbon ratio (i.e., mass

ratios of organic carbon) method, namely B:O=1:0, B:O=1:1, B:

O=1:2, and B:O=1:3. Additionally, a blank control treatment (CK)

without the application of biochar or organic fertilizer was also

included, thus totaling five treatments (Table 1). A randomized

experimental design was adopted, and the experiment was repeated

three times, with a plot area of 30 m2. The tested potato variety was

“Nongyin No. 2”. The tested biochar was corn straw biochar whose

pH, w(C), w(N), w(P), w(K), specific surface area, total pore volume,

and average pore size were 10.16, 52%, 11.2 g·kg-1, 4.03 g·kg-1,

14.6 g·kg-1, 158.7 m2·g-1, 0.33 mL·g-1, and 2.42 nm, respectively.

The organic fertilizer was sheep manure (w(C) =15.7%, w(N)=0.75%,
w(P)=0.51%, and w(K)= 0.42 g·kg-1, respectively).

Seeds were sown by hand on 25 February 2023 in furrows about

15 cm deep, the plant spacing was 30 × 50 cm, seeding approximately

75000 plants·ha−2. Biochar and organic fertilizers were applied to the

ridge at one time when the potato was sown. In which all P and K

fertilizers were used as the basal fertilizer, 50% N fertilizer as the basal

fertilizer, and 50% N fertilizer as the topdressing. The remaining 50

per cent of the nitrogen fertilizer is spread in four equal portions

around the roots of potato plants on 15 March, 15 April, 15 May, and

15 June each year, after which the soil was turned over and covered.

The proposed dosage of biochar and chemical fertilizer was 2 t·ha-1

(Luo, 2021), N 150 kg·ha-1, P2O5 135 kg·ha-1, and K2O 135 kg·ha-1

(Zhang et al., 2017), respectively. The nitrogen fertilizer used in the

experiment was urea (N 460 g·kg-1). The phosphate fertilizer was

superphosphate (P2O5 460 g·kg-1). The potassium fertilizer was

potassium chloride (K2O 600 g·kg-1).
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2.3 Sample collection

At the full flowering stage of potatoes (April 15th), the side rows

in each plot were removed. Then, five potato plants with the same

growth vigor were determined by an “S”-shaped point arrangement.

Firstly, we cleaned up the weeds and dead leaves around the

potatoes; then, we uprooted the potato plants, and after shaking

off the larger pieces of soil from the root system, we collected small

pieces of soil or soil particles attached to the root surface (about 2-3

mm) as rhizosphere soil samples (Lu et al., 2015), soil samples in the

same plot were evenly mixed as a mixed sample, and a total of 15

rhizosphere samples were collected. Some of the mixed soil samples

were air-dried and stored to determine soil physiochemical

properties, while others were stored in a refrigerator at -80°C to

extract the total deoxyribonucleic acid (DNA) of microorganisms

for high-throughput sequencing.

In addition, five whole plants collected in each plot were tested

on 30 June for seeds, and potato tubers were weighed. The number

of missing plants and variant plants in the plot were investigated.

The actual final harvest plants in the plot were determined; the

entire harvest was taken as the yield.
2.4 High-throughput sequencing of
soil bacteria

The high-throughput sequencing of soil bacteria was conducted

by Shanghai Personal Biotechnology Co., Ltd., which included

genomic DNA extraction, polymerase chain reaction (PCR)

amplification, sequencing, sequence processing, and analysis,

as follows:
Fron
(1) DNA extraction: Soil DNA was extracted using a DNA

extraction kit (OMEGA M5635-02, USA). Then, the DNA

concentration was detected via agarose gel electrophoresis

and NanoDrop2000.

(2) PCR amplification: With genomic DNA as a template, the

V3-V4 region of bacterial 16S ribosomal ribonucleic acid
tiers in Plant Science 04
(rRNA) genes were amplified using the primers 343F (5’-

TACGGRAGGCAGCAG - 3 ’ ) a n d 7 9 8 R ( 5 ’ -

AGGGTATCTAATCCT-3 ’ ) ( T k s Gfl e x DNA

Polymerase, Takara).

(3) Sequencing: The PCR products were purified, quantified,

and homogenized based on the 16S rDNA sequence to

construct libraries whose quality levels were inspected on

LabChip. Then, the qualified library was subjected to high-

throughput sequencing using Illumina MiSed.

(4) Sequence processing and analysis: The original sequence

was subjected to primer removal, quality filtering,

denoising, splicing, and chimera removal using the

DADA2 method to construct a table of amplicon

sequence variants (ASVs). Firstly, DADA2 was deduplicated

toobtain the representative sequencesofASVs.Then,different

types of sequences were identified by using the Silva database

(Release 132, http://www.Arb-silva.De) as a template

sequence for the identification of ASV taxonomic status.
2.5 Soil physiochemical properties

Soil pH (SpH) was determined at a 1:5 (w/v) soil/distilled water

ratio using a pH meter (Mettler Toledo Delta 320 (Zhai et al.,

2015)). Soil organic carbon (SOC) was determined using the

potassium dichromate oxidation method (Partey et al., 2014). Soil

available N (AN) was measured using the alkaline hydrolysis

diffusion method (Wang et al., 2018). Soil available P (AP) and

total P (TP) were detected by Mo–Sb colorimetry using an

EdgeLight UV754 spectrophotometer (Shanghai, China (Zhai

et al., 2015)). Soil available K (AK) and total K (TK) were

analyzed by ICP–OES (PerkinElmer, Waltham, USA (Yu et al.,

2016)). Soil total N (TN) was determined by a Kjeldahl nitrogen

analyzer (KDN-812, Shanghai, China) after digestion with

concentrated sulphuric acid (Zhai et al., 2015). Soil C/N is the

ratio of SOC to TN.
TABLE 1 Equal carbon input design of biochar and organic fertilizer.

Treatment

Amount of organic material application (t·ha-1)
Total carbon input

(t·ha-1)Biochar
Organic

carbon input
Sheep

manure (dry)
Organic

carbon input

CK 0 – 0 – –

B:O=1:0 2.00 1.04 0 0

1.04
B:O=1:1 1.00 0.52 3.31 0.52

B:O=1:2 0.66 0.35 4.46 0.70

B:O=1:3 0.50 0.26 4.97 0.78
CK: no application of biochar or organic fertilizer; B:O=1:0: application of biochar without organic fertilizer; B:O=1:1: combined application of biochar and organic fertilizer at a 1:1 ratio; B:
O=1:2: combined application of biochar and organic fertilizer at a 1:2 ratio; B:O=1:3: combined application of biochar and organic fertilizer at a 1:3 ratio; “-”: not measured.
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2.6 Statistical analysis of data

First, the soil integrated fertility index (IFI) was calculated using

the Nemerow integrated index method (Yang et al., 2015), and the

soil microbial diversity index was determined. These measures, as

well as the influences of fertilization at different mix proportions on

soil IFI, soil physiochemical properties, soil microbial diversity, and

potato yield, were analyzed via one-way analysis of variance

(ANOVA) using SPSS 27.0, Tukey HSD post hoc multiple

comparisons when ANOVA results showed differences.

MetagenomeSeq analysis was performed using the R (V.4.2.1)

software package vegan to discriminate the significantly up-

regulated phylum and genus. Moreover, the bacterial Bray-Curtis

dissimilarity index between different mix proportions of fertilizers

was distinguished using Kruskal-Wallis tests and Wilcoxon signed-

rank tests.

The indirect and direct influencing paths of fertilization on

potato yield were analyzed using a structural equation. Since the soil

fertility, microbial yield, and potato yield were increased by all

combined fertilizer application schemes, a structural equation was

constructed using all processing data. As revealed by the results of

previous studies, soil physiochemical properties, fertility, and soil

microorganisms have direct effects on potato yield, while soil

fertility and physiochemical properties can affect potato yield by

acting on the soil microbial diversity. Therefore, a structural

equation regarding the influence of biodiversity on potato yield

was established according to this conceptual model. The model

fitting effect was discriminated by using Fisher’s C and p>0.05. At

the beginning of the model, unimportant variables with calculated

correlation coefficients greater than 0.7 were excluded. Finally, TP,

TK, SpH, IFI, and soil microbial Shannon index were included in

the model. The structural equation was established using the

piecewiseSEM package in R (V.4.2.1).
Frontiers in Plant Science 05
In addition, indices of alpha diversity were calculated using the

vegan package in the R language software, community richness was

estimated using the Pielou index and Richness index to estimate the

number of ASVs in the soil bacterial community, and community

evenness was calculated using the Shannon and Simpson indices to

calculate the diversity of the soil bacterial community.
3 Results

3.1 Effect of the proportion of biochar and
organic fertilizer on potato yield and
soil IFI

Potato yield was significantly increased by the combined

application of biochar and organic fertilizer (p<0.05), and the

largest potato yield was achieved in the B:O=1:2 treatment, which

was 1.48 times higher than that obtained in the CK treatment. The

potato yields obtained in the B:O=1:3, B:O=1:1, and B:O=1:0

treatments followed successively, being 1.39 times, 1.28 times, and

1.16 times higher than that obtained in the CK treatment,

respectively (Table 2).

The mix proportion of biochar and organic fertilizer

significantly affected the basic chemical properties of soil

(Table 2). Compared to the CK treatment, the combined

application of biochar and organic fertilizer reduced SpH by an

average of 0.4 pH units (p<0.05), among which the B:O=1:0

treatment reached the lowest SpH but was accompanied by the

highest TK and C/N. The highest AK, TP, and SOC were achieved

in the B:O=1:1 treatment. The highest AP was obtained in the B:

O=1:2 treatment. The highest TN was achieved in the B:O=1:3

treatment, with an increase of 64.0% when compared with that in

the CK treatment, and it increased with increasing proportions of
TABLE 2 Rhizosphere soil properties at different mix proportions of biochar and organic fertilizer.

Index CK B:O=1:0 B:O=1:1 B:O=1:2 B:O=1:3

Potato Yield
(t·ha-1)

12.70 ± 0.50d 14.77 ± 0.10c 16.31 ± 0.97bc 18.79 ± 0.39a 17.61 ± 0.42ab

pH 7.35 ± 0.06a 6.88 ± 0.10c 7.00 ± 0.02bc 7.07 ± 0.02b 7.00 ± 002bc

AN(mg·kg-1) 10.50 ± 0.11a 10.50 ± 0.21a 10.50 ± 0.00a 10.50 ± 0.25a 10.50 ± 0.86a

AP(mg·kg-1) 7.53 ± 0.28c 19.02 ± 0.10c 49.15 ± 4.75b 72.34 ± 6.48a 64.04 ± 2.83a

AK(mg·kg-1) 42 ± 4c 453 ± 31b 692 ± 74a 686 ± 71a 724 ± 71a

TK(g·kg-1) 10.32 ± 1.88a 13.43 ± 0.77a 12.51 ± 0.67a 12.43 ± 0.61a 11.21 ± 0.02a

TP(g·kg-1) 0.08 ± 0.03a 0.11 ± 0.02a 0.12 ± 0.01a 0.10 ± 0.02a 0.09 ± 0.02a

SOC(g·kg-1) 4.41 ± 1.05b 24.8 ± 0.85a 27.04 ± 2.56a 25.5 ± 0.94a 25.7 ± 1.56a

TN(g·kg-1) 0.67 ± 0.22e 1.18 ± 0.15d 1.45 ± 0.04c 1.70 ± 0.08b 1.86 ± 0.01a

C/N 6.20 ± 8.01d 21.09 ± 1.54a 18.67 ± 1.94ab 14.98 ± 1.25bb 13.84 ± 0.48c

IFI 0.65 ± 0.04b 1.21 ± 0.02a 1.24 ± 0.01a 1.26 ± 0.01a 1.25 ± 0.01a
The numerical value (mean ± standard deviation) indicates the absolute quantity of each type of soil property. B, biochar; O, organic fertilizer; AN, available N; AP, available P; AK, available K;
TN, total N; TP, total P; TK, total K; SOC, soil organic carbon; C/N, the ratio of SOC to TN; IFI, integrated fertility index. Different lowercase letters in the same row indicate significant differences
between treatments (p<0.05).
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organic fertilizer (p<0.05). AN, TK, and TP were non-significantly

influenced by the mix proportion of biochar and organic fertilizer

(Table 2). According to the soil fertility classification based on IFI,

the IFI of the CK treatment was 0.65<0.90, which falls under fertility

level IV (a barren fertility level). The IFI of other treatments varied

within the range of 1.21–1.26, corresponding to fertility level III (a

general fertility level).
3.2 Effects of the mix proportion of biochar
and organic fertilizer on soil microbial
composition and diversity

A total of 11,488 ASVs were detected in all soil samples,

belonging to 24 phyla, 75 classes, 207 orders, 352 families, and 632

genera (excluding unidentified fungi). Proteobacteria, Actinobacteria,

Gemmatimonadetes, Chloroflexi, and Bacteroidetes were the

dominant bacteria in the soil, and the sum of their average relative

abundance was greater than 91% (Supplementary Figures S1A, B).

With the CK treatment as the control group and the B:O=1:0, B:

O=1:1, B:O=1:2, and B:O=1:3 treatments as upregulation groups, the

MetagenomeSeq analysis results suggest that the relative abundance

of core bacteria was significantly elevated by the combined

application of biochar and organic fertilizer (Supplementary Figures

S2A–D). The effect of the B:O=1:2 treatment (Supplementary Figure

S2B) was more apparent, with the significantly upregulated genera

of Subgroup_6, Glycomyces, Promicromonospora, Streptomyces,

Gemmatimonas, S0134_terrestrial_group, Dongia, Mesorhizobium,

Steroidobacter, and Lysobacte, which mainly belonged to three

dominant bacterial phyla (Actinobacteria, Gemmatimonadetes,

and Proteobacteria).

The diversity analysis results revealed that the combined

application of biochar and organic fertilizer could significantly

affect the Shannon index, Simpson index, Pielou’s index, and

richness index of bacteria, all of which reached their highest

values in the B:O=1:2 treatment and their lowest values in the CK

treatment (Figures 1A–D). According to the backtesting analysis of

Kdunn’s test, significant differences were observed in the Shannon

index and richness index among four groups—CK, B:O=1:0, B:

O=1:1, and B:O=1:2 (p<0.05) (Figures 1A, D)—however, no

significant differences were observed in the Simpson index or

Pielou’s index (Figures 1B, C). According to the hierarchical

clustering analysis, all samples could be divided into three classes:

(I) B:O=1:1, B:O=1:2, and B:O=1:3 were clustered into one class; (II)

B:O=1:0 formed an independent class; (III) CK was an independent

class (Supplementary Figure S3A). This was determined based on

the intergroup difference analysis using the Bray-Curtis algorithm,

and significant differences were observed among the three classes in

the Bray-Curtis dissimilarity index (p<0.05). The dissimilarity index

of Class (I) was the highest, followed by those of Classes (II) and

(III), successively (Supplementary Figure S3B), thus indicating that

the bacterial community composition exhibits the highest similarity

among samples in the B:O=1:1, B:O=1:2, and B:O=1:3 treatments,

followed by those in the B:O=1:0 treatment and in CK successively.
Frontiers in Plant Science 06
This result was also proven by the hierarchical clustering analysis

(Supplementary Figure S3A).

Figure 1. Rhizosphere bacterial a diversity index at different mix

proportions of biochar and organic fertilizer. The number below the

diversity index label is the p-value of Kdunn’s backtesting, *p<0.05.
3.3 Soil environmental factors affecting
bacterial community composition
and diversity

After the nine explanatory variables—including SpH and C/N

—were forwardly selected, the remaining six variables were SpH,

AP, TN, AK, SOC, and TP. Then, a redundancy analysis (RDA)

model (Supplementary Figure S4A) was constructed with the

bacterial communities. The results revealed that SpH, AP, and

SOC were significant factors influencing bacterial communities

(p<0.05). The influences of SpH, soil total nutrient content (TN,

SOC, and TP), and soil available nutrient content (AP and AK) on

bacterial communities were further analyzed by a variance

decomposition analysis (Supplementary Figure S4B). It was

uncovered that soil available nutrient content (50.5%) was the

primary factor affecting bacterial communities, followed by soil

total nutrient content (46.9%), and SpH (12.4%), which exerted the

minimum effect.

The correlation analysis results showed that soil bacterial

diversity was significantly influenced by changes in soil

physiochemical factors (Supplementary Figure S5). In addition

to soil AN, TK, and TP, other soil environmental factors

significantly influenced bacterial diversity. Among them, soil

AP, AK, SOC, and TN exerted the greatest influence, showing

significantly or extremely significantly positive correlations with

bacterial diversity, followed by C/N and pH, which presented

significantly positive and negative correlations with bacterial

diversity, respectively.
3.4 Potential effects of soil fertility and
bacterial diversity on potato yield

The structural equation model reflected that soil microbial

diversity directly affected potato yield, while soil characteristics

only indirectly influenced potato yield (Figure 2). Moreover, TK

could increase potato yield through two indirect paths (path

coefficient: 0.79). The first path involves TK increasing microbial

diversity by lowering the SpH and improving soil fertility, thereby

elevating potato yield (path coefficient: 0.56). The second path

involves TK increasing microbial diversity by lowering the SpH,

thereby elevating potato yield (path coefficient: 0.23). Overall, 89%

of the potato yield could be explained by soil characteristics and soil

microorganisms, 44% of SpH changes could be attributed to soil

TK, 72% of soil fertility changes could be explained by SpH, and

89% of soil microbial diversity could be explained by soil fertility.
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4 Discussion

Ameloot et al. (2013) found that biochar can stimulate changes

in soil bacterial community diversity, which was also verified by the

sole application of biochar (B:O=1:0) in this study (Figures 1A–D).

Notably, the combined application of biochar and organic fertilizer

was better at improving rhizosphere bacterial diversity and

abundance than the sole application of biochar, especially the B:

O=1:2 treatment (Figures 1A–D). Despite its ability to provide a

good habitat for microorganisms (Lehmann et al., 2011), biochar is

mostly inert coal instead of a microbial active carbon source;

however, this deficiency can be rightly compensated by organic

fertilizer. If applied in a combined fashion, the two can facilitate the

proliferation of certain specific bacterial communities and enhance

their abundance (Taschen et al., 2017). Additionally, a biochar and

organic fertilizer mix proportion of 1:2 may be the most suitable for
Frontiers in Plant Science 07
this purpose. Some studies have noted that the combined

application of biochar and organic fertilizers affects soil microbial

community structure because it can change the physiochemical

properties of microbial colonization habitat (Prayogo et al., 2014).

As such, particular emphasis should be placed on the correlations of

the change in soil microbial communities with the changes in soil

nutrient turnover and utilization in follow-up studies. Even so, this

study supports the notion that the combined application of biochar

and organic fertilizer can significantly change the bacterial

community composition (Supplementary Figure S1) and enhance

bacterial diversity (Figure 1), which is strongly correlated with a

neutral pH value and high nutrient content in fertilized soil samples

(Supplementary Figures S4A, B; S5). Interestingly, both the soil

bacterial abundance and diversity were highest in the B:O=1:2

treatment; however, the soil nutrient content was not the

maximum. This result seemed to support the hypothesis of
FIGURE 1

Shannon index (A), Simpson index (B), Pieiou index (C), and richness index (D) of potato rhizosphere bacteria under different proportions of biochar
and organic fertilizer. The number below the diversity index label is the p-value of Kdunn’s backtesting, *p<0.05.
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Nannipieri et al. (1983), which noted that each type of soil has a

specific biological content under equilibrium conditions. In other

words, no obvious microbial changes will occur when soil

conditions are continuously optimized on the precondition that

relatively suitable conditions are provided for the growth of soil

microbial communities by the soil microenvironment.

Importantly, the application of organic fertilizer improves the

utilization efficiency of agricultural wastes, which can popularize the

combined application technology of organic and inorganic

fertilizers (Zhang et al., 2017). Within the study area, the basic

soil fertility level was improved after the combined application of

biochar and organic fertilizer (Table 2). In particular, soil AK, SOC,

and TN were elevated from the original Level 5 to Levels 1, 1, and 2–

3, respectively (Table 2). To reflect the fact that the higher crop

requirements for soil properties might not always lead to better

results, the soil fertility level was comprehensively evaluated using

the Nemerow integrated index method (Yang et al., 2015), and the

IFI of CK was found to be 0.65<0.90, belonging to the barren

fertility level. The B:O=1:0, B:O=1:1, B:O=1:2, and B:O=1:3

treatments reached an IFI value of 1.21–1.26 (reaching a general

fertility level), among which the IFI value was greatest in the B:

O=1:2 treatment (Table 2). This suggests that the combined

application of biochar and organic fertilizer mainly increases soil

AK, SOC, and TN, thus enhancing the soil IFI. Nevertheless, the

study area had an extreme shortage of soil AN, TP, and AP, and

attention should be paid to the timely supplementary application of

nitrogen and phosphorus fertilizers in production, which is mainly

related to the input of organic fertilizers in fore crops, frequent

rainfall, serious nitrogen leaching loss, and AP fixation by yellow

soil in the study area (Chen et al., 2006).

Previous studies have revealed that the combined application of

biochar and organic fertilizers can improve soil carbon pool
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reserves and nutrient content more comprehensively while also

increasing crop yield (Doan et al., 2015), especially in low-fertility

soil and degraded land (Minhas et al., 2020). For example, the

combined application of biochar and organic fertilizers improves

the yield and quality of Hylocereus polyrhizus by improving soil

properties, with 3% biochar+45 t ha-1 organic fertilizer being the

recommended combination leading to the best synergistic effect

(Chen et al., 2022). Other studies have shown that the combined

application of biochar and organic fertilizers can enhance the

productivity of plants by improving SpH and fertility (Ye et al.,

2019; Ye et al., 2020). In this study, it was also proven that soil

fertility and crop yield could be improved by the combined

application of biochar and organic fertilizer (Table 2). Moreover,

a structural equation model was established in this study to reveal

the direct and indirect effects of soil fertility and microbial diversity

on potato yield. The model results indicate that the potato yield was

directly and positively affected by bacterial diversity, while soil

fertility indirectly affected potato yield by influencing soil bacterial

diversity (Figure 2), which is inconsistent with the research of Sun

(2022) and Xiao et al. (2021). They believed that soil TN and

organic matter (carbon) have a direct positive impact on potato

(rice) yield, while bacterial diversity has no significant impact on the

yields of these crops. This inconsistency could be attributed to the

characteristics of biochar and organic fertilizers. Firstly, biochar

primarily contains inert carbon, which does not easily react with the

soil; however, its porous structure can provide a suitable habitat for

soil microorganism growth (Mishra et al., 2021) and the nutrient

cycles of microbial communities (Gao and DeLuca, 2018). Secondly,

although organic fertilizers cannot be used as long-term and

sufficient nutrient sources for plants, their rich activated carbon

content can provide sufficient energy for soil microorganisms (Shi

et al., 2020), which can enhance soil microbial reproduction, soil

properties, and bioactivity (Uzoma et al., 2011). Therefore, the

combined application of biochar and organic fertilizer can

overcome their respective disadvantages, more comprehensively

improve soil carbon pool reserves and nutrient content, and thus

improve rhizosphere microbial reproduction and diversity.

Additionally, the transformation of community functions may be

facilitated by changes in the bacterial community composition

induced by the combined application of biochar and organic

fertilizers. In this study, the relative abundance of such

beneficial bacteria as Streptomyces, Gemmatimonas, Lysobacter,

Mesorhizobium, and Steroidobacter was significantly upregulated

by the combined application of biochar and organic fertilizer at 1:2

(Supplementary Figure S2B). Based on the physiological functions

of beneficial bacteria, Streptomyces can produce antibiotics and

plant growth hormone substances, promote plant growth, and

improve plant resistance to biotic and abiotic stresses (Kim et al.,

2011). Gemmatimonas can relieve the harmful effects of nitrites and

inhibit pathogenic bacteria (Zhang et al., 2017). Lysobacter, a new-

type biocontrol bacterium with biocontrol potential, exerts a strong

bacteriolytic and antibacterial effect accompanied by strong

antagonistic activity against a variety of plant pathogenic fungi,

bacteria, and nematodes (Liu, 2016). Mesorhizobium can effectively

control soil-borne plant and fungal diseases, with a field preventive
FIGURE 2

Structural equation model for the influence of soil fertility and soil
microbial diversity on potato yield. Red and black lines represent
positive and negative influences, respectively. Solid and dotted lines
represent significant and insignificant levels, respectively. Line
thickness represents the size of the path coefficient (Fisher’s
C=0.144; p=0.998; df=4). .
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effect on the bacterial wilts (ginger blast) of potato, tomato,

eggplant, and pepper reaching over 70%, indicating a highly

significant yield-increasing effect (Marta et al., 2014). It can be

seen that increases in beneficial bacterial communities such as

Actinobacteria, Gemmatimonadetes, Chloroflexi, and Bacteroidetes

can not only promote plant growth and resist diseases but also

promote higher crop yields, which corroborates the highest

rhizosphere biodiversity (Figures 1A–D) and potato yield

(Table 1) achieved in the B:O=1:2 treatment.

Notably, since Gemmatimonas is an autotrophic denitrifying

microorganism (Zhang et al., 2020), an increase in its abundance

will likely increase the probability of nitrogen anti-digestion and

trigger nitrogen loss in addition to relieving the harm of nitrites

and inhibiting pathogenic bacteria. On this basis, the elevated

abundance of Gemmatimonas in the potato rhizosphere due to the

combined application of biochar and organic fertilizer at 1:2

(Supplementary Figure S2B) might be detrimental to nitrogen

fixation in soil. However, according to some studies, biochar and

organic fertilizers, which show very strong absorption capacity,

can retain soil nutrients (Wang, 2022). For instance, the combined

application of biochar and organic fertilizers significantly

enhances the adsorption and immobilization effect of NH4
+-N

and NO3
–N in the soil of paddy fields and reduces the nitrogen

loss, thus increasing the nitrogen use efficiency (Warnock et al.,

2007). As the coating material of urea, biochar can reduce

ammonia volatilization loss by 16.7–31.8% when compared to

ordinary urea (Ji et al., 2008). Therefore, the retention effect of

biochar combined with an organic fertilizer at a 1:2 ratio on

nutrients may be greater than the negative impact caused by the

increase of Gemmatimonas abundance, which should be

studied further.
5 Conclusion

Biochar with organic manure is an effective fertilisation strategy

to enhance the fertility level of lean yellow soil, especially the B:

O=1:2 treatment has the best soil fertilization effect, but soil AN, TP,

and AP remained extremely low in the study area under this

fertilisation strategy.

Soil AP, SpH, and SOC significantly influenced bacterial

communities, while soil AP, AK, SOC, TN, C/N, and pH were

significantly correlated with bacterial community diversity, Biochar

with organic fertiliser especially B:O=1:2 treatment significantly

increased the level of bacterial diversity.

Bacterial diversity has a direct effect on potato yield, and it plays

a key role in enhancing potato yield with biochar and organic

fertiliser. Soil fertility index, on the other hand, can indirectly affect

potato yield by influencing bacterial diversity and is another

important factor affecting potato yield in the study area.

Considering the soil cultivation effect, rhizosphere bacterial

community diversity, and potato yield, B:O=1:2 is the recommended

combination for obtaining the optimal synergistic effect (i.e., biochar

0.66 t ha-1 + organic fertilizer 4.46 t ha-1). Meanwhile, nitrogen and

phosphorus fertilizers should be appropriately applied as a supplement

to meet the needs of potato growth.
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