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Microbial communities play crucial roles in sustaining agricultural ecosystems, influ-
encing both crop health and productivity [1] (Figure 1). To foster sustainable agricultural
practices and food production, it is vital to grasp and utilize the capabilities of the agricul-
tural microbiome. Microorganisms, particularly bacteria and fungi in the soil, are pivotal in
the cycling of essential nutrients like nitrogen, phosphorus, and potassium. They convert
these elements into forms that plants can readily absorb, thereby directly impacting soil
fertility and plant nutrition [2,3]. Soil microorganisms are also known to produce hormones
and other biochemicals that promote plant growth. For example, specific taxa of rhizobac-
teria have been found to enhance root growth, thereby increasing a plant’s ability to absorb
nutrients and water [4,5]. Beyond growth, the microbiome serves as a protective agent
against pathogens through various mechanisms including the production of antimicrobial
compounds, competing for resources, and triggering plant immune response [6,7]. This
biological control is instrumental in managing crop diseases and reducing dependency
on chemical pesticides [8,9]. Moreover, microorganisms play a critical role in helping
plants cope with abiotic stresses, such as drought, salinity, and extreme temperatures [10].
Diversity within microbial communities also contributes to the resilience of agricultural
ecosystems, enabling them to maintain function under changing environmental condi-
tions [11]. Such biodiversity is essential for robust agricultural systems that need to adapt
to and mitigate the impacts of climate change.

Grasping the complex interactions and functionalities of microbial communities in
agricultural environments is pivotal for advancing sustainable farming practices. Metage-
nomics, a cutting-edge technology that delves into the structure and composition of these
communities, is radically enhancing our comprehension of the agricultural microbiome [12].
This approach facilitates a detailed characterization of microbial diversity and functionality,
setting the stage for precise interventions aimed at maximizing the benefits of microbes in
agriculture. This Special Issue, titled “Metagenomic Analysis for Unveiling Agricultural
Microbiome”, encompasses a series of 17 papers that explore the profound impact of mi-
croorganisms on various agricultural ecosystems. The research presented here highlights
the essential role of the agricultural microbiome in several key areas:

Crop Management Innovations: The study by Wen et al. [13] showcases how paddy–
Lilium crop rotation enhances beneficial fungal communities and alleviates soil acidification,
demonstrating a sustainable practice to mitigate the adverse effects of continuous crop-
ping on soil health. Li and colleagues [14] illustrate how co-ensiling cassava with corn
stalk optimizes silage quality by modifying microbial community functions, which could
significantly impact livestock feed efficiency.

Disease Dynamics and Plant Health: In the research by Muñoz-Ramírez et al. [15], the
dynamics of microbial communities in the rhizosphere of both symptomatic and asymp-
tomatic apple trees are explored, highlighting how shifts in microbial populations can
influence plant health and disease outcomes. The interplay between fungal communities
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and pathogen suppression is presented in the study on soybean and maize intercropping
by Cheng et al. [16], where increased nitrogen-fixing bacterial diversity correlates with
improved plant health. Luo et al. [17] demonstrate that dodder parasitism leads to the
enrichment of pathogen Alternaria and flavonoid metabolites in soybean root.

Figure 1. Relationships between plants and their surrounding microbial communities are pivotal in
sustaining agricultural ecosystems. Microorganisms occupy various niches in relation to the plant,
such as epiphytic microbes on leaf surfaces, endophytic microbes within plant tissues, and microbes
in the rhizosphere, contributing to plant health and growth. These microbes facilitate nutrient
absorption and utilization, and disease and pest resistance, thereby enhancing crop yield. The
diversity of these microbial communities is crucial for supporting the overall health and productivity
of crops. Created with BioRender.com.

Nutrient Cycling and Soil Health: Microorganisms are instrumental in transforming es-
sential nutrients such as nitrogen, phosphorus, and potassium into bioavailable forms. This
process is crucial for enhancing soil fertility and plant nutrition. A study by Ji et al. [18] on
different fertilizer sources in maize cultivation shows how organic and inorganic fertilizers
distinctly influence soil microbial communities, affecting nutrient cycling and availability.
Zhou et al. [19] provide insights into how microbial community diversity under different
manure treatments influences methane emissions in paddy fields, suggesting strategies to
manage greenhouse gas emissions while maintaining soil fertility.

In conclusion, the contributions in this Special Issue underscore the transformative
potential of metagenomic technologies in understanding and leveraging the agricultural
microbiome for sustainable practices. These insights not only advance our scientific knowl-
edge but also pave the way for practical applications that enhance crop production, protect
plant health, and promote ecological sustainability. It is our hope that this issue inspires con-
tinued research and innovation, driving forward the integration of metagenomic insights
into effective, sustainable agricultural practices. This Special Issue (https://www.mdpi.
com/journal/agronomy/special_issues/S70BHD8E5H) (accessed on 1 December 2022)
was closed on 31 December 2023, having been viewed 24,413 times. Due to the sustained
interest from numerous authors in this topic and the continuous evolution of research, we
have since launched “Metagenomic Analysis for Unveiling Agricultural Microbiome—2nd
Edition” (https://www.mdpi.com/journal/agronomy/special_issues/YOQL5J6Y9F) on 1
April 2024. Contributions that advance the development of the field are warmly welcomed.
We invite not only the submission of research on agricultural animals and plants [20] but
also relevant systematic reviews [21] and analytical methods [22].
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Maize Rotation Combined with Streptomyces rochei D74 to
Eliminate Orobanche cumana Seed Bank in the Farmland
Jiao Xi 1 , Zanbo Ding 1, Tengqi Xu 1, Wenxing Qu 1, Yanzhi Xu 1, Yongqing Ma 2 , Quanhong Xue 3,
Yongxin Liu 4,* and Yanbing Lin 1,*

1 College of Life Sciences, Northwest A&F University, Yangling 712100, China
2 State Key Laboratory of Soil Erosion and Dry Land Farming, Institute of Soil and Water Conservation,

Chinese Academy of Sciences and Ministry of Water Resources, Yangling 712100, China
3 College of Natural Resources and Environment, Northwest A&F University, Yangling 712100, China
4 Shenzhen Branch, Guangdong Laboratory of Lingnan Modern Agriculture, Genome Analysis Laboratory of

the Ministry of Agriculture and Rural Affairs, Agricultural Genomics Institute at Shenzhen, Chinese Academy
of Agricultural Sciences, Shenzhen 518120, China

* Correspondence: liuyongxin@caas.cn (Y.L.); linyb2004@nwsuaf.edu.cn (Y.L.)

Abstract: Orobanche cumama wallr. is the sunflower root parasitic weed with special life stage in
which seed germination and parasitism take place in the soil. In practice, applying microbial agents
and trapping crop rotation are utilized separately, or just one of them is selected to control O. cumana.
The development of the sunflower industry is severely constrained on the farmland, where there
is high density of O. cumana’s seed banks. In this study, two biological control methods were
combined to solve the problem of O. cumana parasitism. The bioassay experiment showed that
the high concentration fermentation filtrates of Streptomyces rochei D74 could effectively inhibit the
germination and growth of the germ tube of O. cumana seeds. As the concentration was increased to
3.1 mg/mL, O. cumana was almost unable to sprout. A two-year pot experiment revealed that the
use of D74 agents and sunflower–maize–sunflower rotation together promoted sunflower growth, as
shown by the biomass accumulation, plant height, and denser root systems. The combined method
resulted in a significant decrease in the number of O. cumana parasitism, compared to one method
alone. Additionally, it affected the bacterial community composition of sunflower rhizosphere,
mostly leading to an increase in Streptomyces and Brevibacterium and a decrease in Arthrobacter. This
experiment, combined with multiple biological control, means significantly reducing the parasitism
of O. cumana, which provides an effective foundation for practical application.

Keywords: Orobanche cumama; Streptomyces rochei; maize rotation; sunflower; rhizosphere microbial

1. Introduction

Orobanche cumana Wallr is a fully parasitic weed that lacks chlorophyll and has no
photosynthetic capacity [1]. Its seeds can detect strigolactone (SLs), a germination signal
substance secreted by the root of the host plant, and initiate the germinating process [2,3].
The end of the germ tube of the germinating seeds can form haustorium, a special nodular
protruding tissue that can be adsorbed on the host root surface, penetrate the root epidermis,
grow to the xylem and phloem, and form a continuous xylem between the host and the
Orobanche [4]. Orobanche feeds itself by absorbing carbohydrates, water, and mineral
elements from the host [5], and then grows to the surface, blooms, and produces tons
of tiny seeds eventually [6,7]. O. cumana has specific host requirements and can only
parasitize sunflowers. Orobanche has affected many countries. In China, the area affected
by Orobanche reached 20,000 hectares, with yield losses ranging from 20% to 50% [8]. In
France, the economic losses caused by Orobanche are incalculable, and the Ministry of
Agriculture claimed that, if no effective measures are taken, yield loss could reach 90%
(https://doi.org/10.1079/pwkb.species.37741 (accessed on 1 November 2022)). The serious
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parasitism of O. cumana reduces sunflower yield and quality, affecting farmers’ income and
stifling agricultural development. Manual uprooting, herbicide spraying, soil fumigation,
irrigation, trapping crop rotation, and allelopathy are currently the most commonly used
methods [9–12].

Maize was used as a trap crop in this study because its root exudates can stimulate the
germination of Orobanche seeds in the surrounding soil, but cannot establish an effective
connection with the crop, and it will eventually die due to nutrient deficiency [13]. Planting
trap crops repeatedly, making the active parasitic weed seeds germinate in vain without
producing new seed replenishment. Additionally, this has been shown to effectively reduce
soil seed bank content [14]. In recent years, more and more studies have been conducted on
the influence of microorganisms on Orobanche parasitism [15,16]. Pseudomonas fluorescens
and Myrothecium verrucaria isolated from rhizosphere soils reduced the germination rate
of O. foetida and O. ramosa, respectively [17,18]. Studies have shown that Streptomyces
enissocaesilis can inhibit the germination of Orobanche seeds by 47% [19]. Streptomyces rochei
D74, an actinomycete with germination inhibitory potential discovered by Chen in the
early stages [19], was used in this experiment. S. rochei D74 has been shown in studies
to promote the growth of a variety of crops, including Amorphophallus konjac, Aconitum
carmichaelii, tomato, pepper, sunflower, and jujube [20–22].

Because of the nature of Orobanche seed germination and parasitism occurring under
the ground, it has already caused crop damage and displayed infection symptoms before
reaching the surface. More studies have used one method alone to prevent the parasitism
of Orobanche in the past, and there was a lack of research on combining multiple methods
to reduce parasitism. Therefore, in order to achieve the purpose of long-term and effective
control of parasitism, this study combined biological control and crop rotation, for the first
time, to study the effects of Streptomyces and maize rotation on parasitism.

2. Materials and Methods
2.1. Preparation of S. rochei D74 Fermentation Filtrates

S. roche D74 was incubated into Gauze’s synthetic medium [23] and was shaken at
28 ◦C and 100 rpm for 14 days. Afterwards, the fermentation filtrates of D74 above were
centrifuged at 4 ◦C and 10,000 rpm to separate supernatant and precipitate. Filter the super-
natant with a 0.45 µm microporous membrane to remove excess impurities. The collected
precipitate was dried in a drying oven at 35 ◦C and weighed afterwards. The concentration
of D74 fermentation filtrates was 3.1 mg/mL, which was calculated from the volume of the
supernatant and the mass of the dried precipitate. The obtained D74 fermentation filtrates
was diluted in a gradient of 10–105 times of the original filtrates. The diluted fermentation
filtrates concentration was in the range of 3.1 × 10−1 mg/mL–3.1 × 10−5 mg/mL. Finally,
we dispensed the diluted solution and kept it in −80 ◦C refrigerator.

2.2. Petri Dish Bioassay Experiments

The pretreatment of the O. cumana’s seed: sterilize the seeds’ surfaces by dipping them
in 75% ethanol for 3 min, cleaning them from impurities, and then drying them naturally.
Lay a round layer of plain filter paper with a diameter of about 9 cm flat on the bottom of
the Petri dish. Place the 5 mm diameter round glass fiber filter paper neatly on the round
plain filter paper in order. Then, soak the filter paper sheet with sterilized water and then
spread the seeds evenly on it (about 40–60 O. cumana’s seeds on each piece of filter paper).
Put the Petri dishes into the artificial climate incubator at 28 ◦C for 5 days.

Prepare some new Petri dishes. Place the sterilized glass fiber filter paper with a
diameter of 5 mm to the bottom of the Petri dish in an arc shape. Pipette 25 µL of the
prepared D74 fermentation filtrates at different concentrations into Petri dishes, while the
blank control group was added with an equal amount of sterilized water. Each treatment
was replicated 5 times. A pre-cultured seed piece of O. cumana was placed on the top layer
of each filter paper sheet, and 25 µL of the artificial hormone GR24 at 1 ppm was added in
turn. For the control group, sterile water was used instead of GR24 to verify whether the
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seeds could germinate in the absence of hormonal stimulation. Place a moistened triangular
filter paper sheet in the center of each Petri dish to avoid the death of seeds due to water
loss. The dishes were then sealed with Parafilm and incubated at 28 ◦C for 7–10 days in
the dark. After the culture was completed, the seeds were examined microscopically, and
the number of germinations and the number of seeds of which the lengths of germ tubes
were between 0–1 mm (short) and 1–3 mm (long) were counted [19]. The germination rate
of sunflower seeds and the percentage of seeds of which the lengths of germ tubes were
between different ranges were calculated according to the following formula (1):

Percentage of 0–1 mm =
(Number of 0–1 mm seeds)

(Total number of germinated)× 100%
(1)

2.3. Co-Culture Experiments

Pretreatment of sunflower seeds: prepare 100-hole cavity trays. Then, mix them
according to the ratio of substrate:vermiculite = 2:1 and put them into the cavity trays.
Sterilize the seeds in 75% ethanol for 3 min, and then wash off impurities on the surface
with sterilized water and press them into the cavity tray (2 seeds in each hole). Water with
20 mL water and incubate in an artificial climate chamber (28 ◦C; light incubation: dark
incubation = 12 h: 12 h) for 5–8 days. When sunflower plants grow to about 5 cm in height,
take them out with roots. Rinse off excess soil and impurities from the roots with sterile
water, and the seedlings for testing are ready. The pretreatment method of seed is the same
as in Section 2.2. Simply sprinkle the seeds of O. cumana on a 9 cm glass fiber filter paper,
incubate under the same conditions for 5 days, and they are ready for use.

A 9 cm diameter piece of sterilized glass fiber filter paper was laid flat on the bottom
of the Petri dish in a clean bench. Then, we added 2 mL of D74 fermentation filtrates
at a concentration of 3.1 mg/mL, while the blank control group (CK) was added with
an equal amount of sterilized water. After soaking for 1.5 h, the filter paper sheets were
removed to dry in Petri dishes. We placed the dried filter paper sheet in the middle of
the PE bag with tweezers, and then overlaid a glass fiber filter paper sheet that has been
evenly sprinkled with pre-cultivated O. cumana seeds. We inserted the cleaned sunflower
seedling plants through the gap above the cut PE bag to make the roots of the sunflower
plants lay evenly and flatly on the filter paper sheet and make full and close contact with
the O. cumana seeds. The prepared Hoagland nutrient solution [24] was then added in
the amount of 15 mL/bag and incubated in an artificial climate chamber (28 ◦C; light
incubation: dark incubation = 12 h: 12 h) for 30 days [16]. During this period, the PE bags
were supplemented with 5 mL of Hoagland nutrient solution daily, and we examined the
germination and parasitism of O. cumana seeds by microscopy after 30 days.

2.4. Design of Pot Experiments

The design of experimental treatment group: the experimental sample site of this study
is located at the Institute of Soil and Water Conservation, Northwest A&F University. The
maize variety used was Zheng Dan 958, and the sunflower variety was 363. To investigate
the effects of maize rotation and addition of D74 agents on the growth of sunflower and the
emergence of O. cumana, we set up a crossover test with three groups of factors. With (L)
and without (N) the addition of O. cumana seeds; with (J) and without (N) the addition of
D74 agents; with (Y) and without (N) the rotation of maize. A total of 10 treatment groups
were set up in this study, with 7 pot replicates for each treatment. Added O. cumana groups:
CKL (blank control soil); LXJY (crop rotation + D74); LXJN (addition of D74); LXNY (maize
rotation); LXNN (sunflower planting only). Non-addition of O. cumana group: CKN (blank
control soil); NXJY (rotation + D74); NXJN (addition of D74); NXNY (rotation of maize);
NXNN (sunflower planting only). With three sowings, the pot planting trial was divided
into three crop rotation stages, namely sunflower–maize–sunflower. To ensure consistent
planting conditions, the work was performed in the same pot (20 cm in diameter, 25 cm
in height) for each crop rotation stage. Stage 1, plant sunflower with 4 seeds per pot in
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April 2019, according to treatment group. When the sunflower seedlings had grown for
about 15 days, we kept two plants in each pot with the least difference in growth. The
planters in different treatment groups were moved every two weeks to ensure that the
environmental conditions, such as light and water, were consistent between treatments,
and they were watered as needed throughout the period. After 2 months of plant growth,
we harvested the aboveground and underground parts of the sunflower and measured
their physiological parameters. We harvested and recorded the number of O. cumana above
the ground, as well as the total number of parasites. Collect the rhizosphere soil for future
research. Stage 2, following sunflower harvest, fertilizer, and D74 were reapplied to the
original soil in June 2019, in accordance with the treatment group settings. After 1 week
of resting, the maize hybrid Zhengdan 958 was planted according to the treatment group
setting for crop rotation. Each pot was planted with 10 maize seeds and picked to two
plants per pot according to growth after the maize seeds sprouted out of the soil. The
aboveground portion of maize was harvested in August 2019 after 45 days of planting
to evaluate its physiological parameters, while the underground root portion was left in
the soil to facilitate its continued production of root secretions for subsequent research
on the effect of maize root secretions on O. cumana’s seeds. Stage 3, in April 2020, we
opened the pots, removed the underground portion of the maize root system, and re-mixed
the soil with fertilizer and D74. We resowed sunflower seeds in the original soil in May
2020, 10 seeds per pot. According to the growth situation, we kept 2 plants in each pot
to continue to grow. We harvested the sunflower when it was fully parasitized. In June
2020, fresh samples of above- and underground sunflower plants were harvested, and their
physiological parameters were measured, as well as the number of unearthed O. cumana and
total parasites. Fresh samples of rhizosphere soils were collected and promptly transported
back to the laboratory at low temperatures before being divided into two parts. One part of
the rhizosphere soil was stored at 4 ◦C and isolated culturable microorganisms by serial
dilution plating. We compared the number and species of culturable microorganisms in the
soil of different treatments by counting. We screened and identified the dominant strains.
Another part of sunflower rhizosphere soil was stored at −80 ◦C for extracting total soil
DNA extraction. Using 16S rRNA gene amplicon sequencing, we analyzed the structure of
the soil microorganism community.

Treatment of sunflower seeds: the full-grained sunflower seeds were selected and
divided into two parts based on the needs of the treatment groups. We took out a part of
sunflower seeds, weighed D74 at 4% of the total mass, and mixed them with D74 using
sodium carboxymethyl cellulose (CMC-Na) at a concentration of 0.6% as a binder, so that
the D74 was fully coated with the shell of sunflower seeds. Another portion of sunflower
seeds were coated with only an equivalent concentration of 0.6% CMC-Na as a control
treatment. Maize seeds were soaked in D74 fermentation filtrates for 10 h and then coated
with 0.6% CMC-Na at 15% of their total weight.

Treatment of soil: the test soil was a small mound collected from the cultivated land
around Yangling. The soil was obtained from farmland and passed through 5 mm sieve
to remove debris, and each pot was filled with 8 kg of soil mixture. In each pot, 25 g of
organic fertilizer, 3.44 g of urea, and 1.2 g of calcium superphosphate were included. In the
treatment group, D74 and O. cumana seeds were evenly mixed with the above soil at 1.5
g/kg and 3.4 mg/kg, respectively. The packed soil was left to stand for 1 week, and then
the plants were planted.

2.5. Measurement of Plant Physiological Parameters

We measured the plant height, stem diameter, and root length and weighed the dry
stem and root of sunflowers at maturity. O. cumana was collected and counted at the same
time and then divided into the part aboveground and the part underground.
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2.6. Sunflower Rhizosphere Soil Collection, Isolation and Identification of Bacteria

Silwet L-77 was added at 0.02% of the volume of phosphate buffer (pH 7.0), and it was
mixed as the rhizosphere soil eluted. In the laboratory, we kneaded the fresh sunflower
root samples with sterile gloves at low temperature to allow the soil in the root zone to
fall naturally. We put the plant roots in a 100 mL sterile centrifuge tube and added an
appropriate amount of phosphate buffer. We vortexed for 15 s at the maximum speed
to disperse the rhizosphere soil. We removed impurities such as plant debris and large
sediments with forceps, then transferred the roots to a new 100 mL sterile centrifuge tube,
added appropriate amount of phosphate buffer, centrifuged at 3200 rpm for 15 min, and
collected the sediment in a 10 mL centrifuged tube, then centrifuged at 8000 rpm for 10 min
and removed the supernatant. One part of the precipitate was stored at 4 ◦C for isolation
and identification of soil rhizosphere bacteria, and one part of the precipitate was stored
in a refrigerator at −80 ◦C for extraction of total DNA [25]. Isolation and identification
of sunflower rhizosphere bacteria were carried out on TSB and R2A media to analyze the
differences in the composition, and the detailed methods are described in [16].

2.7. Extraction and Sequencing of Total DNA from Rhizosphere Soil

Microbial DNA from soil was extracted using FastDNA® SPIN Kit for Soil (MP Biomed-
icals, Solon, OH, USA), and the extraction procedure was based on the operation manual.
Sequencing libraries were constructed by TruSeq® DNA PCR-Free Sample Preparation
Kit (Illumina, Inc., San Diego, CA), and the libraries were quality assessed by Qubit 2.0
fluorometer. Finally, libraries were sequenced on the NovaSeq PE250 platform (Thermo
Fisher Scientific, Waltham, MA, USA) to generate 250 bp sequences of paired-end reads.
Sequences with ≥97% similarity in clean reads were clustered into identical OTUs (opera-
tional taxonomic units) for species annotation.

2.8. Statistical Analyses

SPSS IBM Statistics software (Version 21) [26] was used for two-way ANOVA test at
0.05 level. The plotting was performed using Origin software (Version 2018) [27]. Amplicon
analysis was performed through the Novomagic Cloud Platform (https://magic.novogene.
com). PCoA plots were obtained using the ImageGP web server (http://www.ehbio.
com) [28,29].

3. Results
3.1. Effects of D74 Fermentation Filtrates on the Germination of O. cumana Seeds

The results of the effect of D74 fermentation filtrates on the germination of O. cumana
seeds are shown in Figure 1a. The germination rate of O. cumana seeds in the control group
(GR24) without the addition of D74 fermentation filtrates was 83.31%, and the germination
rate of O. cumana seeds in the treated group with the addition of D74 fermentation filtrates
was lower than control group (p < 0.05). The germination rate of O. cumana seeds was 0%
when D74 fermentation filtrates on concentration of 3.1 mg/mL was added, indicating that
D74 fermentation filtrates had a significant inhibition effect on the germination of O. cumana
seeds (p < 0.05), and the inhibition rate could reach 100%. When D74 fermentation filtrates
was diluted 10–105 times, the germination rate of O. cumana seeds was reduced by 19.82%,
17.31%, 17.51%, 12.26%, and 8.00%, respectively, compared with the control. The results
indicated that the high concentration of D74 fermentation filtrates had a better effect on the
germination inhibition of O. cumana seeds.
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(a,c), germ tube length (b), and parasitism (d) of O. cumana seeds. Different letters indicate signifi-
cant differences between the groups (Tukey’s test, p < 0.05), bar: 1000 µm. * Critical level of signifi-
cance of constructs at 10%. 

The germination rate of O. cumana seeds increased with increasing dilution of D74 
fermentation filtrates. Additionally, more typical haustorial papillae, probably due to the 
presence of haustorial-inducing substances in the D74 fermentation filtrates, which in-
duced haustorial formation on O. cumana tubes. Tubes of germinating seeds were 

Figure 1. Effects of different concentrations of D74 fermentation filtrates on the germination rate
(a,c), germ tube length (b), and parasitism (d) of O. cumana seeds. Different letters indicate significant
differences between the groups (Tukey’s test, p < 0.05), bar: 1000 µm. * Critical level of significance of
constructs at 5%.

The germination rate of O. cumana seeds increased with increasing dilution of D74
fermentation filtrates. Additionally, more typical haustorial papillae, probably due to the
presence of haustorial-inducing substances in the D74 fermentation filtrates, which induced
haustorial formation on O. cumana tubes. Tubes of germinating seeds were measured
(Figure 1b), and 59.33%·of which in the control group ranging from 1–3 mm. It was
significantly higher than the 23.98% with 0–1 mm of tubes length. After the fermentation
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filtrates was diluted 10 times, the seeds of O. cumana started to germinate, and the length of
the shoot tubes were all concentrated in the 0–1 mm range (63.49%), which was significantly
higher than the control group (p < 0.05). When the fermentation filtrate was diluted
102–105 times, the percentages of O. cumana with shoot tube lengths in the 1–3 mm range
were 16.9%, 16.78%, 46.29%, and 47.25%, respectively. As observed from the germination
phenotype of O. cumana, the seeds of O. cumana treated with D74 fermentation filtrates
were brown, expanded, and spherical at the end of shoot tube, showing a non-healthy state
(Figure 1c).

The results of the sunflower–O. cumana co-culture experiment (Figure 1d) were con-
sistent with the results of the germination experiment, and high concentrations of D74
fermentation filtrates had a significant inhibitory effect on the germination of O. cumana
seeds. With the increase of the dilution of D74 fermentation filtrates, the inhibitory effect
on the germination of O. cumana seeds gradually diminished and began to parasitize.

3.2. Effects of Maize Rotation and S. rochei D74 Agents on Sunflower Growth

We harvested sunflowers at maturity and observed their growth. The sunflowers
in the group with O. cumana seeds (L) had weaker growth, while the sunflowers in the
group without O. cumana seeds (N) had normal growth. The short plant, thinner stalks,
and shriveled leaves indicated that O. cumana can severely restrict the growth of the host
sunflower (Figure S1). In the first year, we took samples primarily to study the effect of D74
alone on sunflower growth. After adding O. cumana, the dry matter accumulation, plant
height, and root length of the sunflower above and below the ground were significantly
lower than those without O. cumana. (Figure 2a, Table 1). The dry weights of plants
(LXJY, LXJN, NXJY, NXJY) after the addition of D74 were higher than those in the control
groups (LXNY, LXNN, NXNY, NXNN), regardless of the presence or absence of O. cumana,
indicating that D74 can promote sunflower biomass accumulation to varying degrees.

Table 1. The growth index of sunflower in two consecutive years under different treatments.

Sampling Time Group Plant Height/cm Stalk Diameter /mm Root Length/cm

First year

LXJY 62.00 ± 1.59 b 9.13 ± 0.17 bc 13.71 ± 0.32 bc
LXJN 60.50 ± 1.4 b 9.28 ± 0.19 bc 10.64 ± 0.92 c
LXNY 60.75 ± 1.28 b 8.99 ± 0.21 d 12.29 ± 0.21 c
LXNN 61.00 ± 2.25 b 8.75 ± 0.12 d 11.06 ± 1.05 c
NXJY 126.76 ± 5.65 a 9.63 ± 0.36 bc 17.38 ± 2.38 b
NXJN 140.81 ± 5.23 a 10.57 ± 0.64 a 22.31 ± 2.68 a
NXNY 135.34 ± 7.65 a 9.58 ± 0.21 bc 23.24 ± 1.97 a
NXNN 137.10 ± 7.91 a 10.05 ± 0.21 ab 24.50 ± 1.93 a

Second year

LXJY 103.06 ± 0.10 c 8.23 ± 0.22 ab 14.70 ± 0.51 c
LXJN 79.84 ± 0.60 e 7.85 ± 0.18 b 10.27 ± 0.36 e
LXNY 92.67 ± 2.38 d 8.28 ± 0.19 ab 13.14 ± 0.56 cd
LXNN 87.26 ± 1.53 d 7.05 ± 0.17 c 10.87 ± 0.68 de
NXJY 116.29 ± 2.14 a 7.81 ± 0.08 b 28.90 ± 1.09 a
NXJN 108.94 ± 1.58 b 7.79 ± 0.24 b 21.71 ± 1.33 b
NXNY 114.16 ± 2.55 ab 8.42 ± 0.18 a 23.79 ± 1.01 b
NXNN 117.97 ± 2.86 a 8.03 ± 0.08 ab 22.36 ± 1.11 b

Different letters indicate significant differences at p < 0.05, as determined by ANOVA, followed by Tukey’s test.
Groups with O. cumana added: LXJY (maize rotation + D74); LXJN (D74 only); LXNY (maize rotation only); LXNN
(sunflower planting only). Groups without O. cumana added: CKN (blank control); NXJY (maize rotation + D74);
NXJN (D74 only); NXNY (maize rotation only); NXNN (sunflower planting only).
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higher in the maize rotation group (LXJY, LXNY) than in the non-maize rotation group 
(LXJN, LXNN), and it was highest in the group that had both maize rotation and the ad-
dition of D74 (LXJY) (Figure 2b). The sunflower biomass (including plant height, stem 
diameter, and root length) was highest in the LXJY group, with plant height increasing by 
29.08%, 11.21%, and 18.11% (p < 0.05), when compared to the other three groups (LXJN, 
LXNY, and LXNN). Additionally, the root length increased by 43.14%, 11.87%, and 
35.23%, respectively (Figure 2c, Table 1, p < 0.05), while the difference between stem di-
ameter and other treatment groups was minor. When only the effect of maize rotation was 
considered, the plant height, stem diameter, and root length of LXJN and LXNN increased 
by 29.08% and 6.2%, 4.84% and 17.45%, and 43.14% and 20.88%, respectively, compared 

Figure 2. The D74 agent and maize rotation promote sunflower growth. Aboveground and un-
derground dry weights of sunflowers at maturity in the first (a) and second (b) year. Scanning
image (c) of sunflower roots at mature stage in second year. Different letters indicate significant
differences between the groups (Tukey’s test, p < 0.05). Groups with O. cumana added: LXJY (maize
rotation + D74); LXJN (D74 only); LXNY (maize rotation only); LXNN (sunflower planting only).
Groups without O. cumana added: CKN (blank control); NXJY (maize rotation + D74); NXJN (D74
only); NXNY (maize rotation only); NXNN (sunflower planting only).

The second year, we took samples to study the effects of D74 and maize rotation on
the growth of sunflowers. When O. cumana was present, dry matter accumulation was
higher in the maize rotation group (LXJY, LXNY) than in the non-maize rotation group
(LXJN, LXNN), and it was highest in the group that had both maize rotation and the
addition of D74 (LXJY) (Figure 2b). The sunflower biomass (including plant height, stem
diameter, and root length) was highest in the LXJY group, with plant height increasing by
29.08%, 11.21%, and 18.11% (p < 0.05), when compared to the other three groups (LXJN,
LXNY, and LXNN). Additionally, the root length increased by 43.14%, 11.87%, and 35.23%,
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respectively (Figure 2c, Table 1, p < 0.05), while the difference between stem diameter and
other treatment groups was minor. When only the effect of maize rotation was considered,
the plant height, stem diameter, and root length of LXJN and LXNN increased by 29.08%
and 6.2%, 4.84% and 17.45%, and 43.14% and 20.88%, respectively, compared to the non-
maize rotation groups (LXJY and LXNY, Table 1). In the absence of O. cumana, the root
length of sunflower in the maize rotation and D74 treatment group (NXJY) increased by
33.12%, 21.48%, and 29.25% (p < 0.05), compared to the other treatment groups (NXJN,
NXNY, NXNN). The length of the main root and the number of fibrous roots and lateral
roots increased significantly with the addition of D74 groups (NXJY and NXJN), compared
to the control group (NXNY and NXNN). The roots, particularly in the NXJY group, were
well-developed and formed a root network. This aids in the absorption of nutrients and
moisture from the soil.

Based on the results of two years, the plant height, stem diameter, dry weight of above-
ground and underground parts, and root length of sunflower added O. cumana seeds were
significantly lower than those without O. cumana seeds (p < 0.05), indicating that O. cumana
can cause a severe depletion of sunflower plant biomass. However, under the parasitic
conditions of O. cumana, the combination of maize rotation and D74 has a significant effect
on sunflower growth, which is higher than that of D74 or maize rotation alone.

3.3. Effect of Maize Rotation and S. rochei D74 Agents on O. cumana Parasitism

In the first year, sunflowers were planted to study the effect of D74 alone on their
growth (Figure 3a). The emergence rate of O. cumana in the group with the addition of D74
(LXJY) was lower than that of LXNY and LXNN in the group without the addition of D74.
However, using D74 alone reduced the O. cumana unearthed, as well as parasitism, but
the effect was not statistically significant. The next year, sunflowers were planted to study
the effects of D74 and maize rotation alone or in combination on its growth (Figure 3b).
The number of O. cumana unearthed and parasites in the maize rotation group (LXNY)
were significantly inhibited. Compared with the control group, LXNN was significantly
reduced by 65.22% and 64.36% (p < 0.05). In comparison to LXJN, the group of maize
rotation combined with D74 application (LXJY) had the best inhibition effect, with the
78.26% inhibition rate on the unearthed number of O. cumana, and the inhibition rate
against the total number of parasites was 48.51%.
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In conclusion, the unearthed number and total amount of parasitism of O. cumana
in the different treatment groups at harvest in the second year were significantly lower
than in the first year. This indicates that the continuous planting of crops for induction can
effectively reduce the number of O. cumana seed banks in the soil. O. cumana parasitism can
be reduced by either maize rotation alone or D74 application alone. When the two measures
were used in combination, the inhibitory effect on O. cumana was the best (p < 0.05).

3.4. Effect of Maize Rotation and S. rochei D74 Agents on Rhizosphere Microbiota
3.4.1. Comparison between Culturable Microbial Dominant Strains in Sunflower
Rhizosphere Soil

We obtained similar results of culturable bacterial species and relative abundance in
sunflower rhizosphere soil from different treatment groups by using TSB and R2A media.
The culturable bacteria we obtained were all distributed in three phyla: Actinobacteria,
Firmicutes, and Proteobacteria. On TSB medium, 14 genera of culturable dominant bacteria
were isolated. Streptomyces, Paenibacillus, Microbacterium, Brevibacterium, and Ensifer were
the top 5 genera, accounting for 44.46%, 14.01%, 12.65%, 7.03%, and 4.35%, respectively
(Figure 4a, Table S1 and Figure S2). On R2A medium, 21 genera of culturable dominant
bacteria were isolated. Streptomyces, Microbacterium, Ensifer, Cellulosimicrobium, and Bre-
vibacterium were the top 5 genera, accounting for 48.51%, 10.64%, 8.77%, 4.23%, and 3.26%,
respectively (Figure 4b and Figure S3 and Table S2).
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Figure 4. Relative abundance of bacterial genus levels in TSB (a) and R2A (b) media. CKL (blank
control with O. cumana added), CKN (blank control without O. cumana added).

The number of culturable microorganisms in sunflower rhizosphere soil can be affected
by the addition of D74 and maize rotation. When O. cumana present, the highest number
of bacteria was isolated from the treatment group that was applied with D74 and maize
rotation (LXJY) by TSB and R2A medium (TSB: 1.46 × 107 CFU/g; R2A: 2.05 × 107 CFU/g),
while 1.28 × 107 CFU/g and 9.71 × 106 CFU/g were obtained from LXNY (O. cumana
with maize rotation). Regardless of the presence or absence of O. cumana, the number
of bacteria isolated after D74 application, maize rotation, or co-treatment with both was
higher than the corresponding control group. Streptomyces numbers increased significantly
in the sunflower rhizosphere soil in the D74 application group, possibly due to the D74
multiplied on the sunflower roots (Tables S1 and S2). In the unplanted control group (CKL),
Solibacillus (TSB) and Pseudomonas (R2A) were isolated from the two media, respectively.
In conclusion, different treatments have different effects on the types and numbers of
culturable microorganisms in the sunflower rhizosphere soil. The isolation results in the
R2A medium were similar to those in the TSB medium, and the results showed that the
total number and proportion of Streptomyces were the largest in the culturable bacteria in
the rhizosphere of sunflowers after D74 treatment.
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3.4.2. Effects of S. rochei D74 Agents and Maize Rotation on Sunflower Rhizosphere
Bacterial Community

The top five phyla of sunflower rhizosphere bacterial community in different treat-
ment groups were Proteobacteria, Acidobacteria, Actinobacteria, Gemmatimonadetes, and
Bacteroidetes, with relative abundance of 27.71%, 18.77%, 12.78%, 9.38%, and 8.12%, respec-
tively (Figure 5a,b and Figure S4). Compared with the CKL group, the relative abundance
of Bacteroidetes increased by 7.59%, 12.51%, 11.37%, and 7.77%; Actinobacteria increased
by 6.48%, 6.32%, 5.98%, and 6.83%; Acidobacteria decreased by 3.84%, 2.69%, 4.69%, and
3.11%; and Gemmatimonadetes decreased by 3.13%, 5.66%, 3.49%, and 3.62%, respectively,
in the treatment groups (LXJY, LXJN, LXNY, and LXNN groups) that added O. cumana.
Compared with the CKN group, the relative abundance of Bacteroidetes increased by
6.54%, 13.82%, 5.6%, and 29.39%; Actinobacteria increased by 10%, 6.72%, 6.08%, and 2.77%;
Acidobacteria decreased by 5.47%, 5.75%, 2.43%, and 5.81%; Gemmatimonadetes decreased
by 1.57%, 5.45%, 0.85%, and 5.84% in the no O. cumana treatment group (NXJY, NXJN,
NXNY, and NXNN), respectively. The results showed that, regardless of the presence
or absence of O. cumana, compared with the control group (CKL and CKN), the maize
rotation or the addition of D74 agent significantly increased the relative abundance of
Bacteroidetes and Actinobacteria and decreased the relative abundance of Acidobacteria
and Gemmatimonadetes.

Agronomy 2022, 12, x FOR PEER REVIEW 11 of 16 
 

 

3.4.2. Effects of S. rochei D74 Agents and Maize Rotation on Sunflower Rhizosphere  
Bacterial Community  

The top five phyla of sunflower rhizosphere bacterial community in different treat-
ment groups were Proteobacteria, Acidobacteria, Actinobacteria, Gemmatimonadetes, 
and Bacteroidetes, with relative abundance of 27.71%, 18.77%, 12.78%, 9.38%, and 8.12%, 
respectively (Figure 5b). Compared with the CKL group, the relative abundance of Bac-
teroidetes increased by 7.59%, 12.51%, 11.37%, and 7.77%; Actinobacteria increased by 
6.48%, 6.32%, 5.98%, and 6.83%; Acidobacteria decreased by 3.84%, 2.69%, 4.69%, and 
3.11%; and Gemmatimonadetes decreased by 3.13%, 5.66%, 3.49%, and 3.62%, respec-
tively, in the treatment groups (LXJY, LXJN, LXNY, and LXNN groups) that added O. 

cumana. Compared with the CKN group, the relative abundance of Bacteroidetes in-
creased by 6.54%, 13.82%, 5.6%, and 29.39%; Actinobacteria increased by 10%, 6.72%, 
6.08%, and 2.77%; Acidobacteria decreased by 5.47%, 5.75%, 2.43%, and 5.81%; Gemmati-
monadetes decreased by 1.57%, 5.45%, 0.85%, and 5.84% in the no O. cumana treatment 
group (NXJY, NXJN, NXNY, and NXNN), respectively. The results showed that, regard-
less of the presence or absence of O. cumana, compared with the control group (CKL and 
CKN), the maize rotation or the addition of D74 agent significantly increased the relative 
abundance of Bacteroidetes and Actinobacteria and decreased the relative abundance of 
Acidobacteria and Gemmatimonadetes. 

 

Figure 5. Effects of D74 agents and maize rotation on the α-diversity of sunflower rhizosphere bac-
terial community. Include OTUs petal map (a), relative abundance of Top 10 in phylum level (b), 
AS: added O. cumana, NS: unadded O. cumana), chao1 index (c), and shannon index (d). 

For the α-diversity of the sunflower rhizosphere bacterial community, the chao1 in-
dex and shannon index of the no-plant control group (CKN) were the highest among all 
treatments, followed by CKL, while the α-diversity index of the sunflower-only group 

Figure 5. Effects of D74 agents and maize rotation on the α-diversity of sunflower rhizosphere
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For the α-diversity of the sunflower rhizosphere bacterial community, the chao1
index and shannon index of the no-plant control group (CKN) were the highest among
all treatments, followed by CKL, while the α-diversity index of the sunflower-only group
(NXNN) was the lowest (Figure 5c,d and Table S3). The difference of α-diversity index
among the groups was small after adding O. cumana weeds to the soil, and the chao1 index
and Shannon index of the D74 agents added groups (LXJY and LXJN) were higher than
those of the corresponding control groups LXNY and LXNN. When no O. cumana was
present in the soil, the chao1 index and Shannon index of the rotated maize groups (NXJY
and NXNY) were higher than those of the non-rotated maize groups (NXJN and NXNN).
The α-diversity of soil microbes in either the D74 alone (NXJN) or rotation maize alone
(NXNY) groups were significantly higher than that in the control group (NXNN). This
indicated that the addition of D74 or maize rotation increased the bacterial community
diversity in the rhizosphere of sunflower, and the effect of rotated maize was greater than
that of D74. The effect of O. cumana seeds on the α-diversity index of microorganisms was
small. The results of PCoA for treatment groups (Figure 6a,b) showed that the composition
of rhizosphere bacterial community was significantly different (p < 0.05), regardless of
whether the O. cumana was added or not. Based on Bray–Curtis distance, the first two axes
explained 20.00% and 26.30% of the total variance. In the O. cumana-free soil, the microbial
communities were mainly separated along the PCoA1 axis, and the D74 agent and maize
rotation had the greatest effect on the community difference, followed by the application of
D74 agents alone, and the rotation of maize had the least effect. T-test analysis indicated that
maize rotation significantly increased (p < 0.05) the relative abundances of Sphingomonas,
Altererythrobacter, Lechevalieria, Aeromicrobium, and Acidibacter in bacterial communities. The
D74-added group (LXJY) significantly increased the abundance of Aquicella and unidentified
Alphaproteobacteria, compared to the LXNY group (Figure 6c,d).
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Figure 6. Effects of D74 agents and maize rotation on bacterial community structure. The PCoA based
on Bray–Curtis distance with Adonis test ((a) added O. cumana, (b) unadded O. cumana, p < 0.05).
Analysis of species with significant difference in genus level ((c) maize rotation, (d) added D74 agents,
T-test, p < 0.05). Critical level of significance of constructs at * 5%, ** 1%.

16



Agronomy 2022, 12, 3129

4. Discussion
4.1. Effects of D74 Fermentation Filtrates on the Germination of O. cumana Seeds

The early growth stages of parasitic plants, such as seed germination, attachment
host, and nodule development, are critical and ideal periods for controlling O. cumana
parasitism. Therefore, the use of soil microorganisms to interfere with the development of
parasitic weeds during the above period is an effective management strategy. Many fungi
and bacteria can infect Orobanche and prevent its infestation to improve crop growth. In
2007, Zermane discovered natural soils that inhibited Orobanche parasitism [17]. Studies
have shown that in the rhizosphere of plants, intensive and important interactions occur
between parasitic plants, hosts, and microorganisms, such as biochemical reactions and the
exchange of signaling molecules [30–32]. The use of microorganisms to control parasites
is an environmentally friendly and easy to implement measure. Existing studies have
shown that microorganisms not only reduce the number of parasites, but also significantly
promote hosts growth. For example, Fusarium oxysporum f. sp. orthoceras (FOO) inhibited
the germination of O. cumana and increased sunflower yield [33]. The use of F. camptoceras
and F. chlamydosporum significantly reduced the biomass of O. cumana [34,35]. Bacillus
atrophaeus inhibited O. aegyptiaca seeds germination and germ tubes growth, resulting
in reduced parasitism number [36]. The S. rochei D74 used in this study not only has a
good inhibitory effect on a variety of soil-borne diseases of crops, but also has a significant
promotion effect on crop growth [20]. The D74 fermentation filtrates significantly inhibited
the parasitism (p < 0.05), the effect was the best at high concentration, and the length of the
seed germ tube was in the range of 0–1mm. In this case, the seeds show enlarged tops and
darker colors, resulting in poor growth and reduced germination vigor.

4.2. Effects of Maize Rotation and S. rochei D74 Agents on Sunflower Growth and
O. cumana Parasitism

The addition of D74 alone can promote the growth and development of sunflower
roots, mainly in promoting the growth of main roots, increasing the number of lateral
roots and fibrous roots, and providing more nutrients for the growth of the aerial parts.
Additionally, the sunflower stem diameter, stem dry weight, and root dry weight increased
after using D74 agents, which promoted the accumulation of sunflower dry matter. Both
D74 inoculum or maize rotation could reduce the number of parasites, but the synergistic
use of the two (LXJY) had the best inhibitory effect on O. cumana. Studies have shown that
maize, as a trap crop, and its root exudates can induce O. cumana “suicide germination”.
However, after germination, O. cumana died quickly because there was no host to supply
nutrients, thus reducing the number of O. cumana seed banks in the soil significantly [14,37].
At the same time, D74 inhibited the germination of O. cumana, and the parasitic number
of O. cumana was significantly reduced in the second year. Additionally, after those two
are used together, the sunflower biomass is increased due to the reduction of nutrient loss,
which is of great significance for improving economic benefits.

4.3. Effects of Maize Rotation and S. rochei D74 Agents on Rhizosphere Microbial Community

The interaction between the root exudates and rhizosphere microorganisms is a very
important process. Plant roots affect the species, quantity, and distribution of rhizosphere
microorganisms through the secretion of various secondary metabolites and have a selective
effect on the rhizosphere microbial community structure [38,39]. Research shows that
changes in plant–microbe interactions mediated by root exudates are extremely important
for soil fertility, health, and plant growth and development [40–42]. This study investigated
the effects of D74 agents and maize rotation on the number and diversity of culturable and
non-culturable bacterial communities in the rhizosphere of sunflower. Through the isolation
and identification of rhizosphere microorganisms in two mediums, the bacteria isolated
on both TSB and R2A media were distributed in three phyla, which were Actinobacteria,
Firmicutes, and Proteobacteria. A total of 14 genera and 21 genera were isolated on TSB
and R2A medium, respectively. The common genera were Streptomyces, Microbacterium,
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Ensifer, and Brevibacterium. The addition of D74 agent significantly increased the number
of Streptomyces and Bacillus. The S. rochei has been isolated from tomato, pepper, and
other plant tissues. This strain suppressed the growth of the Chinese cabbage seedlings’
pathogen Pythium aphanidermatum and Sclerotium rolfsii [43,44]. In summary, the addition
of D74 agents increased the number of beneficial bacteria in the plant rhizosphere soil,
thereby increasing soil fertility and promoting plant growth [45,46]. Both addition of
D74 and maize rotation can reduce the total number of soil OTUs and the number of
unique OTUs, compared with control soil. After analyzing the α-diversity of sunflower
rhizosphere bacterial community, the results revealed that the richness and diversity of
bacterial community in the addition of D74 increased, to a certain extent, compared with
the control group. The bacterial community diversity in only the rotation maize treatment
group decreased. In the absence of O. cumana, the D74 and maize rotation significantly
increased the richness and diversity of bacterial communities, either alone or in combination.
The results showed that the addition of D74 and the rotation of maize increased the types
of soil microorganisms. The combined approach increased the abundance of Proteobacteria
and Actinomycetes and decreased the abundance of Bacteroidetes, compared to the no-
plant control (NXNN).

5. Conclusions

In order to reduce the parasitism of O. cumana in sunflower, we used a combination of
S. rochei D74 and maize rotation for control. The combined prevention has proved to be
quite effective. It reduced the parasitism of O. cumana well, with a reduction rate of 48.51%,
and at the same time, could increase the accumulation of sunflower material and promote
the growth of sunflowers. This method breaks the traditional idea of using a single method
to control O. cumana. For practical purposes, we used microbial agents, instead of chemical
control, which improves soil microbial diversity, has low environmental impact, adheres to
the concept of green environment, and is conducive to the promotion of agriculture.
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Abstract: Dodders (Cuscuta chinensis) are rootless and holoparasitic herbs that can infect a variety
of host plants, including the vitally important economic and bioenergy crop soybean (Glycine max).
Although dodder parasitism severely affects the physiology of host plants, little is known about
its effects on fungal communities and root secondary metabolites in hosts. In this study, variations
in root-associated fungal communities and root metabolites of soybean under different parasitism
conditions were investigated using ITS rRNA gene sequencing and UPLC–MS/MS metabolome
detection technologies. The results showed that dodder parasitism significantly altered the com-
position and diversity of the fungal communities in the rhizosphere and endosphere of soybean.
The relative abundance of the potential pathogenic fungus Alternaria significantly increased in the
root endosphere of dodder-parasitized soybean. Furthermore, correlation analysis indicated that
the fungal community in the root endosphere was susceptible to soil factors under dodder para-
sitism. Meanwhile, the content of soil total nitrogen was significantly and positively correlated with
the relative abundance of Alternaria in the rhizosphere and endosphere of soybean. Metabolomic
analysis indicated that dodder parasitism altered the accumulation of flavonoids in soybean roots,
with significant upregulation of the contents of kaempferol and its downstream derivatives under
different parasitism conditions. Taken together, this study highlighted the important role of dodder
parasitism in shaping the fungal communities and secondary metabolites associated with soybean
roots, providing new insights into the mechanisms of multiple interactions among dodder, soybean,
microbial communities and the soil environment.

Keywords: Cuscuta; flavonoid metabolite; legume plant; parasitism status; rhizosphere; root-associated
microbiome

1. Introduction

Parasitic plants are heterotrophs that obtain resources for growth and reproduction
from host plants [1]. They attach to the host root system or stem through a specialized organ
called the haustorium. The life history of parasitic plants severely affects the growth of host
plants [2]. In particular, the holoparasitic dodder is completely dependent on the host plant
to complete its life history [3] and is considered a common noxious weed that can reduce
crop and forage production in agroecosystems [4]. In contrast to parasitic plants, beneficial
root-associated microbes have significantly positive effects on their host plants. Numerous
studies demonstrated the important role of beneficial microbes in promoting plant growth
or stress resistance [5–7] and even in alleviating the damage caused by parasitism [8].
Therefore, exploring the host microbial community under plant parasitism is essential to
the management of parasitic plants and their hosts.
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The rhizosphere is a critical link in soil nutrient cycling and crop nutrient acquisition
in agricultural fields [9]. In the narrow rhizosphere environment, close interactions between
roots and microbes can strongly promote the nutrient acquisition processes of plants [10,11].
In particular, the rhizosphere harbors various functional guilds of fungi with varying
trophic patterns, such as endophytes, saprophytes or pathogens [12]. Environmental factors,
soil characteristics and cultivation practices can affect the diversity and composition of
the rhizosphere fungal community [13–15]. Consequently, these factors also alter plant
growth, thereby jointly regulating the rhizosphere microbial community [9]. These studies
also demonstrate that the growth status of plants plays an important role in influencing
rhizosphere microbial communities [14,16]. Dodder parasitism, as an important biotic stress,
has serious negative impacts on host growth by also acquiring fixed carbon, water and
mineral resources [17]. To tolerate detrimental parasitism, host plants need to modify their
physiological or metabolic activities and attract beneficial microbes from their surrounding
environment into the rhizosphere and even the root endosphere [18–20]. Some studies
investigated the effects of parasitic plants on root-associated bacterial communities in host
plants [21–23]. However, little is known about the effect of parasitic plant, such as dodder,
on host root-associated fungal communities.

Root metabolites of plants have essential associations with the surrounding fungal
communities. Metabolomic analyses indicate that plant root tissues and exudates contain
hundreds of secondary metabolites [24]. Some of these secondary metabolites can act
as signaling molecules, nutrient sources or toxins toward the fungal community in the
rhizosphere and root endosphere [25]. For example, studies demonstrated that flavonoids
produced by plant roots can enhance mycorrhizal symbioses by promoting the germina-
tion of fungal spores, increasing fungal colonization of the roots and stimulating hyphal
growth [26,27]. Benzoxazinoids and herbicolin A have a significant effect on pathogenic
fungal taxa in the maize [28] and wheat [29]. Biotic stress imposed by parasitic plants
may change the metabonomic characteristics of the host. Mistletoe (Phoradendron perrot-
tetii) infection had negative effects on the soluble carbohydrates in branches of Tapirira
guianensis [30]. Parasitism by dodder increased the levels of phenolic acids and flavonols
in the leaves of cranberry cultivars [31]. Biotic stress not only induces defense response
metabolites in aboveground plant parts but also may influence chemical substances in
the roots [32]. Nonetheless, there is limited knowledge on how the accumulation of these
secondary metabolites within host roots is affected by dodder parasitism.

Soybean (Glycine max) is an important crop for addressing global food insecurity,
providing a valuable source of plant protein, oil and biofuel [33]. However, increasing chal-
lenges, including rapid human population growth, soil degradation and climate change,
threaten global food production [34]. The holoparasitic plant dodder (Cuscuta chinensis),
a parasitic plant that usually infests soybean crops, can severely disrupt soybean growth
and yield [35,36]. Dodder and soybean are regarded as an excellent model system for
studying the interactions between parasitic plants and hosts [37,38]. We conducted this
research in a major soybean-growing region in northwestern China, which is persistently
infected with dodder. This research could be beneficial for understanding the impact of
the interaction between dodder and soybean on the composition of root-associated fungal
communities and the root metabolite profiling in soybean. We identified the composition
of the root-associated fungal communities and root metabolites from dodder-parasitized
and nonparasitized soybeans. There were three objectives: (1) to investigate the impact of
dodder parasitism on the composition and recruitment of root-associated fungal communi-
ties in soybean, (2) to assess how key soil factors influence the composition and specific
taxa of root-associated fungal communities in soybean under dodder parasitism and (3) to
determine the effect of dodder parasitism on the metabolite profiles and the accumulation
of specific metabolites in soybean roots.
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2. Materials and Methods
2.1. Sample Collection

The study area was located in Yinchuan, Ningxia Hui Autonomous Region, China.
The dominant soil type was Anthrosol. The area was in an semi-arid region, which belongs
to the temperate continental climate. Soybean (Glycine max) was one of the major economic
crops in the region, and suffered heavy infestation by the holoparasitic plant dodder
(Cuscuta chinensis). Soybeans were parasitized by dodder for more than 10 years in some
localized areas, as dodder is also considered an economically important herbal medicine.
Samples were collected from three different sites, including S1 (38◦6′55′′ N, 106◦10′45′′ E),
S2 (38◦12′56′′ N, 106◦11′54′′ E) and S3 (38◦9′44′′ N, 106◦12′25′′ E) [39]. Based on the growth
status (Figure S1), two types of soybeans with dodder parasitism were selected: soybeans
with slightly inhibited growth (P1) and soybeans with significantly inhibited growth (P2).
Soybeans that were not subjected to dodder parasitism were used as controls. At each
sampling site, five random plots (3 × 3 m) were utilized as replicates. Fifteen plants of
each soybean type were randomly collected and mixed as a replicate sample in each plot.
Bulk soil (BS) samples were collected from 0 to 20 cm depth and 20 cm away from the main
stems of the plants. The root compartment samples were collected according to a previous
method [40]: the entire soybean plant was carefully removed from the soil, and its root
system was gently shaken to collect loose soil adhering to the roots. The loose soil was
used as the root zone soil (ZS) sample. Then, the tightly adhered soil (<1 mm) was washed
from the roots with 1 M phosphate-buffered solution and used as the rhizosphere soil (RS)
sample. Finally, ultrasonic treatment was performed on the roots two or more times to
remove root surface microbes, and the remaining roots were preserved as root endosphere
(RE) samples. The BS and ZS samples were separated into two subsamples. One subsample
was kept for the subsequent analysis of soil physicochemical properties, while the other
subsample and the RS and RE samples were stored at −80 ◦C for microbial analysis.

2.2. DNA Extraction, Sequencing and Bioinformatics Analysis

According to the manufacturers’ instructions, the genomic DNA was extracted from
soil and plant samples using the FastDNA SPIN Kit for Soil (MP, Santa Ana, CA, USA) and
the Power Plant Pro DNA kit (MB, Santa Ana, CA, USA). The primers 1737F
(5′-GGAAGTAAAAGTCGTAACAAGG-3′) and 2043R (5′-GCTGCGTTCTTCATCGATGC-3′)
were used to amplify the sequence of the fungal ITS1 region [41]. The polymerase chain
reaction (PCR) amplifications were performed in triplicate for each sample, and the PCR
products were mixed in equidensity ratios. The obtained PCR products were checked on a
2.0% agarose gel and purified using the GeneJET Gel Recovery Kit from Thermo Scientific.
DNA libraries were constructed using the Ion Plus Fragment Library Kit from Thermo
Fisher Scientific. The DNA library quality was assessed using the Qubit@ 2.0 Fluorometer
(Thermo Fisher Scientific, Waltham, MA, USA). Finally, the library was sequenced on Illu-
mina MiSeq platform (Illumina Inc., San Diego, CA, USA) for high-throughput double-end
sequencing at Novogene Bioinformatics Technology Co., Ltd. (Beijing, China).

Raw sequences were analyzed using DADA2 (version 1.8.0) [42], and unique microbial
taxa were inferred based on amplicon sequence variants (ASVs). The DADA2 pipeline
mainly included: sequence trimming and filtering, removal of redundant sequences, re-
moval of chimeric sequences, generation of ASV abundance tables and fungal taxonomic
annotation (UNITE database) [43]. To minimize the effect of sequencing artifacts, singletons
were removed. Considering the differences in sequencing depth per sample, the data were
normalized with the minimal sequence method and were then subjected to downstream
analysis. Fungal functional annotation library FUNGuild was used to predict the potential
environmental functions of fungal communities [12].

2.3. Determination of Physical and Chemical Properties of Soils

Sixteen soil factors were measured using standard testing methods [44,45], including
soil pH, soil organic matter (SOM), total nitrogen (TN), ammonium nitrogen (NH4

+-N),
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nitrate nitrogen (NO3
−-N), total phosphorus (TP), available phosphorus (AP), total potas-

sium (TK), available potassium (AK), soluble sodium (Na), soluble potassium (K), soluble
calcium (Ca), soluble magnesium (Mg), percentage of clay, sand and silt.

2.4. Widely-Targeted Metabolomic Analysis

For the widely-targeted metabolomic analysis, a set of three biological samples were
randomly chosen as replicates. The sample preparation and extraction process was carried
out as described below: (1) plant root samples were freeze-dried using a vacuum freeze-
dryer (Scientz-100F, Scientz, Ningbo, China); (2) the freeze-dried samples were ground
into a fine powder using a mixer mill (MM 400, Retsch, Haan, Germany) at 30 Hz for
1.5 min; (3) 100 mg of the powder was weighed and dissolved in 1.2 mL of a 70% methanol
solution; (4) the sample was vortexed for 30 s every 30 min, for a total of 6 times, and then
stored in a refrigerator at 4 ◦C overnight; (5) the sample was subjected to centrifugation at
12,000 rpm for 10 min and then filtered through a microporous membrane (0.22 µm) before
being stored for UPLC–MS/MS analysis.

UPLC–MS/MS (UPLC, SHIM-PACK UFLC Shimadzu CBM30A system; MS, Applied
Biosystems 4500 QTRAP) was used to perform extensive targeted metabolomics on the
prepared samples (Metware, Wuhan, China). The operation procedure was as follows: a
Waters ACQUITY UPLC HSS T3 C18 column (1.8 µm, 2.1 mm × 100 mm) was used, and
the mobile phase consisted of solvent A (water containing 0.04% acetic acid) and solvent
B (acetonitrile containing 0.04% acetic acid). The linear gradient elution program was as
follows: phase B increased from 5% to 95% during the first 9.0 min and was maintained at
95% for another 1.0 min, followed by 2.9 min of re-equilibrium (phase A/phase B: 95%/5%).
The column temperature was set at 40 ◦C, and the injection volume was 4 µL.

In the present study, an electrospray ionization (ESI)-triple quadrupole-linear ion trap
(QTRAP)-mass spectrometer (AB 4500 Q TRAP UPLC/MS/MS System) was utilized to
perform linear ion trap (LIT) and triple quadrupole (QQQ) scans. An ESI turbo ion–spray
interface was equipped and executed in the positive/negative ion mode. The scans were
controlled by Analyst 1.6.3 software (AB Sciex). The ESI source operating parameters were
as follows: ion source, turbo spray, source temperature 550 ◦C; ion spray voltage (IS): 5500 V
(positive ion mode)/−4500 V (negative ion mode); ion source gas I (GSI), 50 psi; ion source
gas II (GSII), 60 psi; curtain gas (CUR), 25 psi; the collision-induced ionization parameter,
high. The QQQ scan was obtained by multiple reaction monitoring (MRM) experiments
with the collision gas (nitrogen) set to medium. After further optimization of the collision
energy (CE) and declustering potential (DP), a specific set of MRM pairs was monitored for
each period according to the metabolites eluted within the period. Data acquisition and
processing were performed as described previously [46]. Metabolites were annotated using
the Metware in-house MS2 spectral tag (MS2T) library (Wuhan Metware Biotechnology
Co., Ltd.; http://www.metware.cn, accessed on 8 May 2022, Wuhan, China).

2.5. Statistical Analysis

All statistical analyses were performed with R software (3.5.0, http://www.r-project.org,
accessed on 1 April 2023). Unless stated, visualization of data relied on the ggplot2
package [47]. The significance was tested by one-way analysis of variance (ANOVA) and
Tukey’s HSD post hoc test in the stats and multcomp packages. Constrained principal
coordinates analysis (CAP) based on Bray–Curtis distance was performed to visualize
the relationships among samples using the vegan package [48]. Multivariate permutation
analysis of variance (PERMANOVA/Adonis) was employed to determine differences in
microbial communities between treatments by the vegan package. The correlations between
the matrices of the microbial communities and soil properties were examined using the
Mantel test in the ggClusterNet package [49]. Spearman correlation and ordinary least
squares linear regression were used to analyze the relationship between dominant taxa and
specific soil nutrients.
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The metabolomic data were processed by several multivariate statistical analysis meth-
ods. Unsupervised principal component analysis (PCA) and hierarchical clustering analysis
(HCA) were applied to determine the overall metabolite differences among different groups
by the vegan package and ComplexHeatmap package [50], respectively. Supervised mul-
tiple regression orthogonal partial least squares discriminant analysis (OPLS-DA) was
conducted to discriminate the differentially expressed metabolites based on the variable
importance in projection (VIP) value in the test model by the MetaboAnalystR package [51].
The threshold VIP value ≥ 1 and fold change ≥2 (upregulated) or ≤0.5 (downregulated)
were used for screening the differential metabolites. Differential metabolites identified in
the OPLS-DA were used for further k-means clustering analysis to investigate variations in
different clusters of the metabolites. Metabolites were mapped to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway database (http://www.kegg.jp/kegg/pathway.html,
accessed on 8 May 2022) to determine pathway associations. Pathway enrichment analysis
was performed using Metabolite Sets Enrichment Analysis (MSEA; http://www.msea.ca,
accessed on 8 May 2022). The significance was determined by Bonferroni-corrected
p values.

3. Results
3.1. Alpha and Beta Diversity of the Fungal Community

PERMANOVA analysis revealed that the root-associated fungal community of soy-
bean was significantly affected by sampling site (R2 = 0.16, p = 0.001), root compartment
(R2 = 0.12, p = 0.001) and parasitism condition (R2 = 0.02, p = 0.032) (Figures 1A and S2A).
Additionally, both the sampling site and parasitism condition had a greater influence on
the community in RS than in ZS and RE of soybean (Figure 1B). To elucidate the effect of
parasitism on the root-associated fungal communities, further analysis was conducted to
determine the variations in the fungal communities among different parasitism conditions
at each sampling site. Parasitism significantly affected the alpha diversity in different root
compartments (p < 0.05) and increased the richness index of the RE community at sam-
pling site S3 (Figure S2B). Furthermore, paired PERMANOVA tests showed that different
parasitism effects (P1 vs. control, P2 vs. control and P1 vs. P2) significantly affected the
fungal community structure at each sampling site. Although different parasitism effects on
fungal community composition varied with sampling site, the RE community composition
was significantly affected by parasitism across all sampling sites (p < 0.05) (Figure S2C).
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Figure 1. General response patterns of root-associated fungal community diversities in soybeans to
parasitism. (A) Constrained analysis of principal coordinates (CAP) based on Bray–Curtis distances,
showing the compositional variation explained by compartment and parasitism. (B) Bar chart show-
ing the compositional variation of the root-associated fungal communities explained by parasitism
condition and sampling site (PERMANOVA test, * p < 0.05, ** p < 0.01, and *** p < 0.001). BS, Bulk
soil; ZS, root zone soil; RS, rhizosphere soil; RE, root endosphere.
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3.2. Fungal Community Composition and the Enrichment of Dominant Taxa

According to the community abundance analysis, the dominant phyla in different root
compartments were Ascomycota (BS: 57.25%, RZ: 60.33%, RS: 70.22%, RE: 63.60%) and
Basidiomycota (BS: 10.81%, RZ: 8.19%, RS: 1.44%, RE: 8.09%), and their relative abundances
varied with parasitism condition (Figure 2A). Specifically, the relative abundance of As-
comycota was higher under P1 and P2 conditions than under control condition in ZS and
RE. The relative abundance of Ascomycota under P2 condition was higher than that under
P1 condition in all root compartments. At the genus level, Fusarium (RZ, 15.83%; RS, 21.82%,
RE, 22.29%) and Alternaria (RZ, 5.41%; RS, 17.05%, RE, 26.10%) were the dominant taxa in
all root compartments. Compared with under the control condition, the relative abundance
of Alternaria was significantly higher under P1 condition in RE (p < 0.05) and under P2
condition in RS (p < 0.05) (Figure 2B). Furthermore, functional prediction analysis of the
fungal community showed that the relative abundance of plant pathogens and parasites
significantly increased under P1 condition in RE (p < 0.05) and under P2 condition in RS
(p < 0.05) compared to under control condition. These results suggest that dodder parasitism
led to the enrichment of potentially pathogenic fungi in the host root system.
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Figure 2. Composition and potential functions of fungal communities under different para-
sitism conditions. (A) The distribution of the fungal communities in different root compartments.
(B) Variation in dominant taxa and their potential functions among different soybeans. (* p < 0.05).
BS, bulk soil; ZS, root zone soil; RS, rhizosphere soil; RE, root endosphere.

3.3. Relationship between Fungal Communities and Soil Factors

Community dissimilarity analysis was used to investigate the effect of parasitism on
the variation in the fungal community among different sampling sites. The results showed
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that fungal community dissimilarity in ZS and RS significantly increased under P1 and
P2 conditions (p < 0.05) compared with under control condition (Figure S3). However, the
RE community under the P1 and P2 conditions showed the opposite trend. The Mantel
test further showed the correlations between fungal communities and different soil factors.
More soil factors were significantly associated with the RE fungal community by para-
sitism (control: 6; P1: 10, P2: 13). In addition, the effect of important soil factors on the
fungal communities was different among parasitism conditions (Figure 3A). Under control
condition, fungal communities in ZS, RS and RE were mainly affected by silt (r = 0.47,
p = 0.001), silt (r = 0.65, p = 0.001) and soluble K (r = 0.46, p = 0.001), respectively. Under
P1 condition, these fungal communities were mainly influenced by soluble K (r = 0.60,
p = 0.001), soluble Ca (r = 0.51, p = 0.001) and TN (r = 0.67, p = 0.001). Under P2 condition,
these fungal communities were mainly affected by soluble Na (r = 0.60, p = 0.001), AP
(r = 0.60, p = 0.001) and NH4+-N (r = 0.74, p = 0.001). In general, the RE fungal commu-
nity under P1 and P2 conditions exhibited strong environmental sensitivity, especially to
soil nitrogen.
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fungal communities (Bray–Curtis distances) based on the Mantel test. The color of the line represents
the significance of the differences (p values). The thickness of the line represents correlation coefficients
(Mantel’s r). The number of significant soil factors and the strongest soil factors are displayed under
each compartment. (B,D) Spearman correlation analysis between soil factors and dominant taxa.
(* p < 0.05, ** p < 0.01, and *** p < 0.001). (C,E) The relationship between soil TN content and the
relative abundance of Alternaria. The line represents the linear regression of the ordinary least squares
model. BS, bulk soil; ZS, root zone soil; RS, rhizosphere soil; RE, root endosphere.

Spearman correlation analysis was performed to examine the relationship between
soil factors and dominant fungal taxa. The results showed that dodder parasitism altered
the correlations between soil factors and the top five fungal taxa in each root compart-
ment. Notably, more soil nutrients were significantly correlated (p < 0.05) with the relative
abundance of Alternaria in RS and RE under P1 and P2 conditions (Figure 3B). In the
RS, the soil NH4

+-N content was positively correlated with the relative abundance of
Alternaria under the two parasitism conditions. In RE, the contents of TC, TN, TP, TK and
soluble Na were positively correlated with the relative abundance of Alternaria under the
two parasitism conditions. These results indicated close relationships between soil nitrogen
(TN and NH4

+-N) and Alternaria under dodder parasitism. The ordinary least square
regression analysis further confirmed the strong and positive correlation between soil
TN content and the relative abundance of Alternaria in RS and RE under P2 condition
(Figures 3C,E and S4).

3.4. Accumulation of Metabolites in Soybean Roots

The microbial analysis showed that dodder parasitism had a significant effect on
the fungal communities in both the rhizosphere and root endosphere at sampling site S1
(Figure S2C). Consequently, soybean root samples from this site were chosen for metabolomic
analysis to gain a better understanding of how parasitism affects the metabolites. A total of
956 metabolites were detected in soybean roots, with flavonoids being the most abundant
class (18.9%), followed by lipids (14.4%), phenolic acids (3.9%) and terpenoids (10.2%)
(Figure 4A). Additionally, PCA showed that the metabolites exhibited a clear separation
between different parasitism conditions based on the first principal component (PC1,
explained 54.92% of the total variance) and the second principal component (PC2, explained
16.79% of the total variance) (Figure 4B). This result indicated that the total metabolites
were greatly changed by dodder parasitism. HCA analysis classified the metabolites with
the same characteristics into a group to identify the variation in the content of metabolites
among different parasitism conditions. The heatmap showed that the metabolites were
clearly divided into three distinct profiles by parasitism, further confirming the strong
effect of dodder parasitism on the metabolites (Figure 4C). Differential metabolite analysis
showed that a total of 474 metabolites significantly varied among different parasitism
conditions, with flavonoids being the most abundant class (21.3%), followed by lipids
(15.4%), phenolic acids (13.5%), and amino acids and their derivatives (9.7%) (Figure 4D).
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Figure 4. Qualitative and quantitative analysis of the metabolomics data of soybean roots under
different parasitism conditions. (A) Bar chart showing the categories of identified metabolites.
(B) PCA of metabolites identified from soybean roots. (C) HCA of the metabolites identified from
soybean roots. (D) Bar chart showing the categories of the metabolites that significantly changed
under different parasitism conditions.

OPLS-DA was used to compare the metabolic characteristics of soybeans under differ-
ent parasitism conditions. The results showed a total of 150 metabolites that significantly
differed between control condition and P1 condition, of which 120 metabolites were up-
regulated under P1 condition (Figure 5A). In contrast, a total of 411 metabolites were
significantly different between the control condition and P2 condition, of which 201 were
upregulated under the P2 condition (Figure 5B). To study the change trends of differential
metabolites among different sample groups, k-means cluster analysis was then performed.
These differential metabolites were divided into five subclasses (Figure 5C). Notably, the
standardized relative content of 63 metabolites in subclass 3 was elevated in soybean roots
under P1 and P2 conditions, with the highest levels under P2 condition. In contrast, the
standardized relative content of 92 metabolites in subclass 5 sharply varied in the opposite
way, showing a decreasing trend under both P1 and P2 conditions, with the lowest level
under P2 condition.
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conditions. Volcano plots showing the expression levels of different metabolites in soybean roots
under P1 (A) and P2 (B) conditions. (C) K-means clustering analysis of differential metabolites based
on the fuzzy C-means algorithm (Mfuzz).

The differential enrichment analysis yielded 82 core metabolites coenriched in soybean
roots under both P1 and P2 conditions, mainly composed of flavonoids (35.4%), followed
by phenolic acids (12.2%), alkaloids (9.8%) and lipids (9.8%) (Figure 6A). Similarly, the
metabolites in subclass 3 were mainly composed of flavonoids (41.3%) (Figure 6B). To
identify core metabolites that are sensitive to parasitism, the coenriched metabolites and
subclass 3 metabolites were compared. Twenty-nine core flavonoids were further identified
and were mainly kaempferol, luteolin, quercetin and their derivatives (Table S1). Specifi-
cally, the contents of kaempferol (3,5,7,4′-tetrahydroxyflavone), hesperetin-5-O-glucoside,
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isorhamnetin-7-O-glucoside and neptin-7-O-alloside exhibited greater changes than other
metabolites (Figure 6C).
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3.5. Flavonoid Metabolic Reprogramming Induced by Dodder in Soybean

To deeply investigate the impact of dodder parasitism on the accumulation of flavonoid
metabolites in soybean roots, the metabolic dataset was analyzed using the KEGG database
in a point-by-point manner. The flavonoid metabolites that were significantly altered due
to parasitism were assigned to a common metabolic pathway and subsequently interpreted
in a flavonoid biosynthesis metabolite network (Figure 7). The results showed that many
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downstream metabolites of naringenin (a key intermediate and precursor in the flavonoid
biosynthesis pathway) were significantly activated by dodder parasitism (p < 0.05), such
as kaempferol, luteolin, quercetin and their metabolite derivatives. Under P1 and P2 con-
ditions, neohesperidin, sakuranetin, scolymoside, kaempferol and astragalin metabolites
were upregulated in soybean roots, while dihydrokaempferol was the opposite. Meanwhile,
upstream (dihydrokaempferol) and downstream (quercetin) metabolites of kaempferol
were downregulated, while its own and derived metabolites (astragalin) were upregulated
under two parasitism conditions. Moreover, more metabolites, such as luteolin, isovitexin,
isoquercitrin and rutin, were upregulated in soybean roots under P2 condition than under
P1 condition.
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4. Discussion
4.1. Dodder Parasitism Led to the Enrichment of Potential Pathogenic Fungus Alternaria in
Soybean Root

Our results indicated that although the effects of soil factors, plant site and para-
sitism on the fungal communities of soybean were low (R2 < 0.4), the effects were signifi-
cant. The results were similar to some studies on plant root-associated microbial commu-
nities [21,52,53]. Thus, such findings can not be ignored. The possible reason might be
that plants have a strong selective effect on root-associated microbes through metabolites
such as root secretions [7] and plants can supply a stable environment to maintain the
ecological niche of microbes [54]. Therefore, different factors may be difficult to strongly
affect plant-associated microbes. Dodder parasitism had the least significant impact on
the root-associated fungal community. This might be related to indirect regulation by
dodder through the host plant. Previous studies demonstrated that the influence of the
host plant genotype on plant-associated microbial communities was weaker than that of
soil sources [53,55]. Compared with the rhizosphere and root zones, the fungal commu-
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nity in the root endosphere was more susceptible to different parasitism effects of dodder
across different soil environments, indicating a close relationship between the cascading
effect induced by parasitism and the root fungal community in the host. However, this
potential cascading effect on the root fungal community might be negative for plants.
Differential abundance analysis indicated that dodder parasitism resulted in the significant
enrichment of potential pathogenic fungi of the genus Alternaria in soybean roots. There
could be two potential explanations for this observation: on the one hand, it is possible
that parasitic stress by dodder leads to disruption of the physiological metabolism and
immune system of the host plant [4,56]; on the other hand, dodder parasitism may lead to
the accumulation of nutrient resources (e.g., metabolites) in soybean roots, reducing the
competition between microbes and favoring the persistence of a larger number of microbes.
Interestingly, previous studies suggested the isolation of Alternaria from dodder for use
as a dodder-resistant herbicide [57]. Whether the invasion of Alternaria in host plants is
associated with dodder-resistance needs to be further investigated in future work.

4.2. Dodder Parasitism Strengthened the Relationship between Soil Nitrogen and the Genus
Alternaria in Soybean Root

The distribution of fungal communities associated with plant roots is known to be
closely linked to soil environmental factors [58]. The present study demonstrated that
parasitism by dodder further strengthened this association in the host soybean. This is
similar to previous research, indicating that external stress can alter the response of plant
microbial communities to environmental changes [59]. External stress can stimulate the
systemic immune response of the host, leading to the accumulation of metabolites in the
host roots that can impact the recruitment and colonization of host root microbes [60].
In the case of soybean parasitized by dodder, this effect may be amplified, making the
host root-associated microenvironment more unstable and vulnerable to environmental
disturbances. Our results revealed that the fungal communities within the roots of soybean
parasitized by dodder were affected by a greater number of soil factors, particularly total
nitrogen. Nitrogen is known to have an inhibitory effect on the formation of soybean root
nodules [61], which could significantly impact soybean growth. Moreover, we observed a
positive correlation between total soil nitrogen content and the abundance of Alternaria in
soybean, indicating that while biological nitrogen fixation in soybean may be compromised,
pathogenic fungi may take advantage of the opportunity to invade. This raises serious
concerns for the healthy growth of soybean and coping with dodder parasitism, under-
scoring the need for additional trade-offs in future management of soybean and dodder in
agricultural systems.

4.3. Dodder Parasitism Promote the Accumulation of Flavonoid Metabolites in Soybean Root

Phenylpropanoids are known to play a crucial role in plant defense against biotic and
abiotic stresses, including pathogen and pest attacks [62]. Flavonoids are a key product of
the phenylpropanoid pathway. Our metabolomic analysis revealed that flavonoids were
induced in soybean roots under dodder parasitism. The flavonoid synthesis pathway
plays multiple roles in plant roots, including as a signaling molecule for symbiotic microor-
ganisms and resistance to pathogenic microorganisms. Flavonoids can act as signaling
molecules in the root zone to recruit rhizobia and promote the development of nodules,
which help the host plant to grow [63]. It is noteworthy that the secondary metabolite
kaempferol and its derivatives in the roots of soybean were highly sensitive to dodder
parasitism, and their contents accumulate actively in response. A previous study indicated
that the flavonol kaempferol acted as an auxin transport regulator and was critical to
the nodulation of Medicago truncatula [64]. Furthermore, flavonoids are known to have
fungicidal activity against potential pathogenic fungi [65,66]; for example, the parasitism-
induced flavonoid rutin exhibited a potent inhibitory effect on the growth of Alternaria [67].
Hence, the accumulation of flavonoids in soybean roots under dodder parasitism could be
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beneficial in establishing systemic defense in soybean, potentially inhibiting pathogenic
fungi and enhancing soybean resistance to the parasitic plant.

5. Conclusions

In this study, we investigated the impact of dodder parasitism on the root-associated
fungal communities and root secondary metabolites in soybean, as well as the correlation
between the microbial communities and soil properties. Our results demonstrated a signifi-
cant effect of dodder parasitism on the fungal community in the soybean root endosphere
across different soil environments. Additionally, the genus Alternaria was found to be
enriched in soybean roots and was closely associated with soil nitrogen under dodder
parasitism. These findings suggest that dodder parasitism increased the risk of potential
pathogen invasion into soybean roots while also enhancing the environmental sensitivity of
the root fungal community. Furthermore, our metabolomic analysis indicated that dodder
parasitism significantly induced the accumulation of flavonoid metabolites in soybean
roots. Overall, our study revealed the collaborative response of the root-associated fungal
communities and root secondary metabolites in soybeans to dodder, potentially providing
a new perspective for the management of dodder and soybean.
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Abstract: The objective of this study was to explore excellent silage production through co-ensiling
whole-plant cassava and corn stalk, and different ratios of whole-plant cassava (0%, 10%, 20%,
30%, 40%, and 50%, fresh-matter basis) co-ensiled with corn stalk were analyzed based on the
silage bacterial community, function profile, and microbial ecological network features. The results
demonstrated that co-ensiling 30% whole-plant cassava with 70% corn stalk could be considered an
efficient mode of production. The mixed silage showed great quality, as reflected by the reduced pH
value and concentrations of acetic acid, butyric acid, and ammonia nitrogen and the enhanced lactic
acid concentration, V-score, and nutritional value compared with corn stalk ensiled alone. Meanwhile,
co-ensiling restricted the undesirable bacterial Acetobacter fabarum of corn stalk and Pseudomonas
aeruginosa of whole-plant cassava and raised the abundance of lactic acid bacteria (LAB) such as
Levilactobacillus brevis, Lactiplantibacillus plantarum, Lactobacillus harbinensis, etc. Besides that, the
predicted functions of the bacterial community showed large differences in mixed silage compared
with whole-plant cassava or corn stalk ensiled alone. Moreover, the analysis of co-occurrence
networks showed that mixed silage affected microbial network features, module numbers, and
bacterial relative abundances and weakened the complexity and stability of the networks compared
with whole-plant cassava single silage. Furthermore, silage microbial community composition had a
huge impact on the network properties, and undesirable Pseudomonas aeruginosa played a crucial role
in the complexity and stability. Overall, this study revealed the characteristics of whole-plant cassava
with corn stalk mixed-silage microbial communities and co-occurrence network modules, complexity,
and stability and partly clarified the microbial mechanism of co-ensiling for producing high-quality
silage. The findings of this study have important implications for deeply understanding the ensiling
process and precisely regulating silage fermentation quality.

Keywords: co-ensiling; whole-plant cassava; corn stalk; fermentation quality; bacterial community;
co-occurrence networks

1. Introduction

The dietary structure of Chinese residents has undergone significant changes in recent
years, with a considerable increase in the consumption of animal-based foods such as beef,
mutton, and milk. This rising demand has led to the rapid development of “Grass-based
Livestock Husbandry”, which has greatly increased the total amount of ruminant livestock
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being raised. However, the shortage of high-quality forage has been accentuated due to
the limited production of existing grasslands [1]. Consequently, large amounts of forage
must be imported each year, and the import of feed has become a key constraint in the
development of domestic animal husbandry [2,3]. The tropical regions of southern China
are important areas for ruminant livestock production, but they lack large-scale natural
grasslands. This mismatch causes a serious deficit in forage [4], necessitating the effective
use of local plant resources to meet farming needs.

Cassava (Manihot esculenta Crantz) is an important crop in subtropical and tropical
areas globally, and it is also widely planted in southern China to produce starch, biofuels,
and feed [4,5]. The whole cassava plant includes the tubers and roots underground and
the stems and leaves aboveground. It has high biomass and is rich in essential nutrients
(including protein, fiber, vitamins, and minerals) for animal growth [6] and can be harvested
conveniently. The cassava tuber is a vital source of calories for both humans and animals in
tropical areas as it contains abundant carbohydrates [7–10]. Cassava leaves are suitable feed
with good digestibility for ruminants, pigs, and poultry, as they are rich in biomass and
protein with low fiber content [4,11,12]. The cassava stem is also a high-quality feed that has
about 30% starch and only a moderate cellulose content [6,13–15]. Cassava leaves, stems,
and tubers each have been used as feed resources [4,11,16,17], and whole-plant cassava
represents an ideal feed source with the potential to aid the sustainable development of
local animal husbandry in tropical regions. Due to the seasonal limitations of cassava
cultivation, it is necessary to preserve whole-plant cassava through silage processing, but
the fermentation characteristics of the silage and the techniques of silage manipulation
remain to be further examined.

Corn (Zea mays L.) stalk is the most widely used forage in the world and is used in
ruminant livestock production from cold to tropical regions [18,19]. Naturally fermented
corn stalk can typically be well preserved due to its high content of water-soluble sugar [20],
but Bernardes et al. [21] indicated that in tropical regions, due to the impact of high
temperatures and the presence of undesirable bacteria, the corn stalk silage may have too
much butyric acid or experience alcoholic fermentation and undergo aerobic deterioration.
Furthermore, the single silage of corn stalk generally does not have sufficient protein, which
is not helpful in balancing the carbon and nitrogen contents in the diet of ruminants [22].
Some modulation methods improve the storage of the corn stalk by enhancing silage quality
and preserving nutrition [18].

Silage fermentation can be regarded as a dynamic microbial ecology process, and
microbial co-occurrence networks, network modules, and network stability are the three
most important characteristics of microbial ecological systems [18,23,24]. Due to the lack of
epiphytic lactic acid bacteria (LAB), low sugar content, or high buffer capacity, additives
are needed to produce silage from most forage [4,12]. Treating a single raw material with
additives can significantly enhance the silage quality but typically does not improve the
nutritional profile. The nutritional value of the silage is decreased when some nutrients
are consumed during the anaerobic fermentation [21]. In addition, previous studies have
shown that the silage quality and the microbial co-occurrence network interact with each
other. The raw material epiphytic microbiota, LAB inoculants, and storage temperatures can
affect the microbial co-occurrence networks and modules in the silage, thereby enhancing
fermentation quality [3,18,25,26].

The co-ensiling of two or more raw materials to create mixed silage improves the
fermentation quality by changing the physical and chemical properties of the materials
and the composition of epiphytic microorganisms. Many studies have shown that the
co-ensiling of lower-nutrition forage with rich-nutrition forage readily improves the fer-
mentation quality and the nutritional value of the silage. We previously reported that the
1:1 co-ensiling of cassava leaves with king grass strongly improved the quality and the
feeding value of the silage [12]. Numerous studies have demonstrated that co-ensiling corn
stalk with high-protein-content forage (e.g., soybean, alfalfa, Neolamarckia cadamba) was
beneficial to silage fermentation and nutrient preservation [22,27–29]. Since whole-plant
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cassava is rich in nutrients, we speculated that co-ensiling it with corn stalk may contribute
to the fermentation. However, the underlying microbial principles, e.g., the correlation
between the mixed silage and the complexity and stability of the bacterial networks, for the
success of the co-ensiling practice is largely unknown. Analyzing the microbial ecological
network in the mixed silage will help to understand the ensiling process and regulate the
fermentation quality.

As stated in the above analyses, we speculate that the co-ensiling of whole-plant
cassava and corn stalk may help to produce high-quality feed with good fermentation
quality and excellent nutritional value. However, as far as we know, existing research
has not explored the bacterial community, function, and microbial ecological network of
the mixed silage of whole-plant cassava and corn stalk. The objective of this study is to
optimize the production of animal feed by co-ensiling whole-plant cassava and corn stalk
at different ratios, with a particular focus on silage bacterial community structure, function
profile, microbial ecological network characteristics, and network complexity and stability.

2. Materials and Methods
2.1. Silage Preparation

The present study was conducted at the Chinese Academy of Tropical Agricultural
Sciences (CATAS) in Danzhou, Hainan, China (109◦30′ E, 19◦30′ N, 149 m ASL). Two
cultivars of materials were used. The whole-plant cassava (SC7) and corn (Huamei) were
planted on 15 March 2021 and harvested on 15 September 2021 from 3 randomly selected
plots. The corn was harvested at half milk-line.

The fresh raw materials were shredded to about 2 cm in size using a 9Z-2.5 grass
chopper (Zhengzhou Jinhongxing Jixie Co. Ltd., Zhengzhou, China) and then mixed evenly
according to the formulations given in Table 1 (fresh-matter basis). For each formulation,
three vacuum-sealed plastic bags (30 cm × 10 cm × 4 cm) of the blended materials (500 g)
were prepared, and the incubation was carried out at room temperature. The samples
were analyzed on day 60 to determine the chemical composition, fermentation quality, and
microbial community.

Table 1. Co-ensiling formulation settings.

Group Corn Stalk (CS) Whole-Plant Cassava (CF)

CS 100% 0%
CS10CF 90% 10%
CS20CF 80% 20%
CS30CF 70% 30%
CS40CF 60% 40%
CS50CF 50% 50%

CF 0% 100%

2.2. Chemical Composition and Fermentation Index

The weight of the dry matter (DM) was measured after heating the silage samples at
65 °C for 72 h. The dried materials were then ground and passed through a sieve (1 mm),
and the water-soluble carbohydrates (WSC), crude protein (CP), neutral detergent fiber
(NDF), and acid detergent fiber (ADF) were measured according to the protocols given by
the Association of Official Analytical Chemists (AOAC, 1990), and NDF was assayed with a
heat-stable amylase. The starch content was determined using a total starch determination
kit based on the procedures described by Bai et al. [20]. The number of lactic acid bacteria,
molds, and coliform bacteria was determined with MRS agar, potato dextrose agar, and
violet red bile agar, respectively [29].

In addition, a mixture of the silage sample (50 g) in distilled water (200 mL) was
incubated at 4 ◦C for 24 h and then filtered. Half of the filtrate was used for the analysis of
the fermentation quality as follows [30]. First, the pH was measured with a glass electrode
pH meter. The concentrations of lactic acid, acetic acid, propionic acid, and butyric acid were
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determined by high-performance liquid chromatography (HPLC, SHIMADZU-10A, Kyoto,
Japan). The ammonia nitrogen (NH3–N) was assayed by the phenol-sodium hypochlorite
method according to the protocol described by Liu et al. [31]. The V-Score was calculated
as the index of fermentation quality based on the ratio of NH3–N to total N, the content of
acetic acid and propionic acid, and the amount of higher volatile fatty acids [32]. All of the
above indexes had three replicates. The other half of the filtrate was stored at −80 ◦C until
use in the analysis of the microbial communities.

2.3. Microbial Communities and Functional Profile

The total bacteria DNA of the silage was extracted from the saved filtrate using the
TGuide S96 Magnetic Soil /Stool DNA Kit from Tiangen Biotech (Beijing, China) Co., Ltd.
The DNA concentration was determined using the Qubit dsDNA HS Assay Kit and a Qubit
4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). The universal
primer set (27F: AGRGTTTGATYNTGGCTCAG, 1492R: TASGGHTACCTTGTTASGACTT)
was used to amplify the full-length 16S rRNA gene from the total genomic DNA extracted
from each sample. The PCR protocols (amplification, purification, quantification) followed
the work of Bai et al. [18]. The high-quality PCR products were sequenced on a PacBio
Sequel platform (Pacific Biosciences, Menlo Park, CA, USA) according to the standard
protocols of Biomarker Technologies (Beijing, China).

The bioinformatics analysis was performed at the BMK Cloud (Biomarker Technologies
Co., Ltd., Beijing, China). The raw reads generated from sequencing were filtered and
demultiplexed using the SMRT Link software (version 8.0) to obtain the circular consensus
sequencing (CCS) reads, with the minPasses set at ≥5 and minPredictedAccuracy at ≥0.9.
The CCS reads were assigned to the corresponding samples based on their barcodes using
lima (version 1.7.0). The CCS reads containing no primers or outside the length range
(1200–1650 bp) were discarded using Cutadapt (version 2.7). Chimera sequences were
detected and removed using UCHIME (version 8.1) to obtain the clean reads. Sequences
with ≥97% similarity were clustered into the same operational taxonomic unit (OTU)
using USEARCH (version 10.0), and the OTUs were filtered if their redundancy was less
than 0.005%.

The taxonomy annotation of the OTUs was performed based on the Naive Bayes
classifier in QIIME2 using the SILVA database (release 138) with a similarity cut-off of
70% [33]. The alpha diversity indices (Shannon index and Simpson’s index) were calculated
using QIIME2 and visualized using the R software v4.2.3. The beta diversity (as determined
by the principal coordinate analysis, PCoA) was determined using QIIME to evaluate
the degree of similarity between microbial communities from different samples. The
Linear Discriminant Analysis (LDA) effect size (LEfSe) was used to test the significant
taxonomic difference among groups [34]. The bacterial functions were predicted using
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database and by applying the
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2
(PICRUSt2) [35]. The analyses of the silage microbial network (co-occurrence network,
network modules, complexity, and stability) were performed using ggClusterNet (https:
//github.com/taowenmicro/ggClusterNet/, accessed on 15th May 2023) [24]. Network
features include nodes, edges, network density, average degree, negative/positive edge
ratios, etc. The basic elements in a network are nodes and edges, and the connections
between nodes are called edges. Network density is the ratio of the actual number of edges
present in a network to the upper limit of the number of edges it can accommodate. The
average degree refers to the average number of edges connected to each node in a network
graph. The correlation heatmaps were drawn and the canonical correlation analysis (CCA)
between the network properties and microbial community was carried out to investigate
the impact of the silage microbial communities on the microbial networks. Data were
analyzed using the free online BMKCloud Platform (https://www.biocloud.net/). The
sequencing data were deposited in the Sequence Read Archive (SRA, accession number
PRJNA1011842).
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2.4. Statistical Analysis

All statistical analyses were performed using SPSS 20 and GraphPad Prism 8.0. The
results are reported as the mean of three replicates. For each treatment, the fermentation
quality and the chemical composition were analyzed by one-way analysis of variance
(ANOVA). The orthogonal polynomial contrasts (linear correlation) were used to evaluate
the effects of the mixing ratio. The differences between the mean values were considered
significant if Duncan’s multiple-range test gave p < 0.05.

3. Results
3.1. Raw Material

Table 2 lists the chemical composition and epiphytic microbial number of the fresh
whole-plant cassava and the corn stalk. For the whole-plant cassava, the DM content was
242.5 g/kg fresh matter (FM), and the CP, ADF, NDF, WSC, and starch contents were 158.6,
116.8, 158.9, 177.2, and 215.9 g/kg DM, respectively. For the corn stalk, the DM content was
305.1 g/kg FM, and the CP, ADF, NDF, WSC, and starch contents were 96.4, 226.3, 407.5,
128.4, and 104.6 g/kg DM, respectively. Both the whole-plant cassava and the corn stalk
had a similar number of epiphytic lactic acid bacteria, but the whole-plant cassava had less
mold and Enterobacter.

Table 2. Chemical composition of raw materials.

Items Abbreviation Whole-Plant Cassava Corn Stalk

Dry matter (g/kg FM) DM 242.5 305.1
Crude protein (g/kg DM) CP 158.6 96.4

Acid detergent fiber (g/kg DM) ADF 116.8 226.3
Neutral detergent fiber (g/kg DM) NDF 158.9 407.5

Water-soluble carbohydrates (g/kg DM) WSC 177.2 128.4
Starch (g/kg DM) 215.9 104.6

Lactic acid bacteria (Log cfu/g FM) LAB 5.76 5.88
Mold (Log cfu/g FM) 2.43 4.52

Enterobacter (Log cfu/g FM) 2.68 4.73
Note: FM, fresh matter; DM, dry matter; CP, crude protein; ADF, acid detergent fiber; NDF, neutral detergent
fiber; WSC, water-soluble carbohydrates; LAB, lactic acid bacteria.

3.2. Fermentation Quality

The mixed silage clearly had higher fermentation quality than the single silage (Table 3).
Co-ensiling effectively reduced pH, acetic acid, propionic acid, butyric acid, and ammonia
nitrogen content and significantly increased lactate content and improved the V-score.
Among all treatment groups, CS30CF had the best fermentation quality, with the lowest pH
value and acetic acid, propionic acid, butyric acid, and NH3–N concentrations (p < 0.05), as
well as the highest lactic acid content and V-score (p < 0.05).

Table 3. Fermentation quality of mixed silage.

Items
Treatments

SEM
p-Value

CS CS10CF CS20CF CS30CF CS40CF CS50CF CF T L

pH 4.95 a 4.56 b 4.23 c 3.97 d 4.18 c 4.23 c 4.27 c 0.12 <0.001 >0.05
Lactic acid
(g/kg DM) 42.10 d 51.19 b 53.77 b 62.39 a 54.00 b 48.25 c 46.93 c 2.43 <0.001 >0.05

Acetic acid
(g/kg DM) 25.73 a 17.92 b 14.87 b 9.29 c 13.96 b 16.64 b 19.28 a 1.92 <0.001 >0.05

Propionic
acid (g/kg DM) 4.31 3.98 3.14 2.25 3.24 4.07 4.16 0.28 >0.05 >0.05

Butyric acid
(g/kg DM) 1.08 a 0.69 a 0.44 b N 0.31 b 0.55 b 0.88 a 0.11 N N

NH3–N
(g/kg TN) 80.52 a 73.84 b 66.56 b 51.81 c 62.34 b 69.45 b 85.78 a 4.29 <0.001 >0.05

V-Score 75.26 c 79.71 b 83.17 b 92.30 a 85.05 b 81.71 b 75.80 c 2.21 <0.001 >0.05

Note: DM, dry matter, TN, total nitrogen. Within the same row, values with different letters denote statistically
significant (p < 0.05) differences. SEM, standard error of the mean. N, not detected; T, treatment; L, linear.
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Table 4 demonstrates the chemical compositions of the mixed silage. The contents
of DM, ADF, and NDF were the highest for the single silage of corn stalk (p < 0.05) and
gradually decreased with a rising amount of whole-plant cassava. In contrast, the contents
of CP, WSC, and starch were the highest for the single silage of whole-plant cassava and
gradually decreased with the addition of corn stalk. Significant differences existed in the
chemical composition of mixed silage, and there was a notable linear correlation with
the mixing ratio (p < 0.01). Both whole-plant cassava and corn stalk contained abundant
nutrients, and the nutrients, especially the CP, WSC, and starch, were consumed to some
extent after ensiling.

Table 4. Chemical composition of mixed silage.

Items
Treatments

SEM
p-Value

CS CS10CF CS20CF CS30CF CS40CF CS50CF CF T L

DM (g/kg FM) 282.5 a 276.2 b 269.9 b 263.5 bc 257.2 c 250.9 c 219.3 d 7.89 <0.001 <0.001
CP (g/kg DM) 83.4 d 89.3 cd 95.2 cd 101.1 c 107.0 b 113.0 b 142.5 a 7.38 <0.001 <0.001

ADF (g/kg DM) 198.6 a 188.2 b 177.7 c 167.3 d 156.8 de 146.4 e 94.1 f 13.05 <0.001 <0.001
NDF (g/kg DM) 379.7 a 355.0 b 330.2 c 305.5 cd 280.8 d 256.1 e 132.4 f 30.88 <0.001 <0.001
WSC (g/kg DM) 56.1 c 59.7 c 63.3 bc 66.9 bc 70.5 b 74.1 b 92.0 a 4.48 <0.001 <0.001

Starch (g/kg DM) 70.7 d 79.2 dc 87.6 c 96.1 bc 104.6 b 113.1 a 155.4 10.58 <0.001 <0.001

Note: DM, dry matter; CP, crude protein; ADF, acid detergent fiber; NDF, neutral detergent fiber; WSC, water-
soluble carbohydrates. Within the same row, values with different letters denote statistically significant (p < 0.05)
differences. SEM, standard error of the mean. T, treatment; L, linear.

3.3. Bacterial Communities
3.3.1. Diversity, Compositions, Structure, and Predicted Functions

Figure 1 plots the alpha and beta diversities of the bacterial communities in the silage.
The Shannon diversity and Simpson’s diversity indices were the lowest for the single
silage of corn stalk (Group CS, p < 0.05) and increased by the co-ensiling of corn stalk and
whole-plant cassava. The silage of all seven groups had 5928 OTUs in total and shared
25 OTUs in common (Figure 1C), and the unique OTU number was the lowest for CS (507)
and the highest for CS10CF (1069). The structure of the microbial communities shifted in
response to the mixing ratio, as the microbial communities in the silage varied significantly
among the seven groups (Figure 1D).

The compositions of the bacterial communities in the silage were identified at the genus
level and compared with each other (Figure 2A). The single silage of corn stalk (Group CS)
had predominantly Acetobacter (36.67%) and Levilactobacillus (12.20%), and the abundance
of Acetobacter decreased significantly after co-ensiling with whole-plant cassava (p < 0.05),
reaching zero for CS50CF and CF. Meanwhile, the single silage of whole-plant cassava
(Group CF) was dominated by Lactiplantibacillus (14.37%), Levilactobacillus (11.90%), and the
undesirable Pseudomonas (5.79%). For all mixed silage, Levilactobacillus, Schleiferilactobacillus,
and Limosilactobacillus were the top three genera, and their total abundance was the highest
in CS30CF. At the species level, Acetobacter fabarum was the most abundant in CS, while
Levilactobacillus brevis, Lactiplantibacillus plantarum, Lactobacillus harbinensis, and Pseudomonas
aeruginosa were the top bacterial species in other groups (Figure 2B).

The differences in the bacterial communities among silage were analyzed by LEfSe
to identify the microbial taxa specific to each group (Figure 2C, Supplementary Materials
Table S1). The bacteria that were enriched significantly in a treatment group were deemed
indicator bacteria. The indicator bacteria were Clostridia, Oscillospirales, Lactiplantibacillus
plantarum, and Companilactobacillus nuruki for CF; Acetobacter, Acetobacter fabarum, Lactica-
seibacillus, Gluconobacter, and Gluconobacter japonicus for CS; Blautia hansenii for CS20CF;
Schleiferilactobacillus, Levilactobacillus, Lentilactobacillus, Lactobacillus harbinensis_DSM_16991,
Levilactobacillus brevis, Lentilactobacillus parabuchner, Lentilactobacillus buchneri, and Com-
panilactobacillus paralimentarius for CS30CF; and Pseudomonas, Pseudomonas aeruginosa, and
Lactobacillus for CS50CF. While the indicator bacteria of CS and CS50CF were undesirable
for the silage, CS30CF had many healthy lactic acid bacteria as its indicator bacteria.
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In the silage of the seven treatment groups, the LAB included Levilactobacillus, Schleifer-
ilactobacillus, Lactiplantibacillus, Lentilactobacillus, Companilactobacillus, and Limosilactobacillus
and their corresponding species-level microorganisms (Figure 3A,C), and the undesir-
able bacteria included Acetobacter, Pseudomonas, and unclassified_Muribaculaceae and their
corresponding species-level microorganisms (Figure 3B,D). We then calculated the total
abundance of the LAB and the undesirable bacteria for each group (Figure 3). Co-ensiling
clearly increased the lactic acid bacteria and reduced the undesirable bacteria compared
to the single silage of whole-plant cassava or corn stalk, and CS30CF had the highest
abundance of LAB and the lowest abundance of undesirable bacteria (p < 0.05), which is
probably why the fermentation quality of CS30CF was the best.
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The potential functions of the bacterial communities were predicted using PICRUSt2
(Figure 4). The treatment groups CS, CF, and CS30CF were selected for functional pre-
diction based on the specificity of raw materials, fermentation quality, and microbial
composition. Figure 4A shows that there were 16 significantly different KEGG pathways
between CF and CS30CF (p < 0.05). The four upregulated pathways in CF were (1) global
and overview maps, (2) the metabolism of terpenoids and polyketides, (3) amino acid
metabolism, and (4) the signal transduction and biosynthesis of other secondary metabo-
lites. The twelve upregulated pathways in CS30CF were (1) carbohydrate metabolism,
(2) nucleotide metabolism, (3) lipid metabolism, (4) the metabolism of other amino acids,
(5) xenobiotics biodegradation and metabolism, (6) glycan biosynthesis and metabolism,
(7) the metabolism of terpenoids and polyketides, (8) translation, (9) replication and repair,
(10) folding, sorting, and degradation, (11) antimicrobial drug resistance, and (12) the
endocrine system. Figure 4B shows that the two significantly (p < 0.05) downregulated
KEGG pathways in Group CS compared to Group CS30CF were (1) replication and repair
and (2) the metabolism of other amino acids. Moreover, the signal transduction pathways
were enriched significantly (p < 0.05) in CF compared to CS (Figure 4C). Compared to single
silage, co-ensiling significantly changed the microbial community structure, which ren-
dered the obvious diversity in the predicted metabolic functions. The impact of co-ensiling
on the predicted functions was mainly related to the metabolism of nutrients, e.g., amino
acids, carbohydrates, and lipids.

45



Agronomy 2024, 14, 501Agronomy 2024, 14, 501 10 of 18 
 

 

 
Figure 4. Comparison of microbial function pathways: detected pathway enrichment of (A) CF vs. 
CS30CF, (B) CS vs. CS30CF, and (C) CS vs. CF. 

3.3.2. Co-Occurrence Network, Network Modules, and Stability 
The co-occurrence networks of the bacterial communities varied with the silage. 

Figure 5 shows that the networks of Group CF had the greatest edges, network density, 
and average degree. The higher the number of edges, average degree, and network 
density, the tighter the network connection. That is, Group CF had more complicated 
microbial community structures and interactions than Group CS and other mixed silage 
groups. In addition, Group CF also had a significantly higher (p < 0.05) ratio of negative 
to positive interactions than all other groups. Because the microbial networks are more 
stable when the ratio of negative to positive edge interactions is higher, for the seven 
groups, the bacterial networks were less stable when the silage treatment used corn stalk. 
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3.3.2. Co-Occurrence Network, Network Modules, and Stability

The co-occurrence networks of the bacterial communities varied with the silage. Figure 5
shows that the networks of Group CF had the greatest edges, network density, and average
degree. The higher the number of edges, average degree, and network density, the tighter
the network connection. That is, Group CF had more complicated microbial community
structures and interactions than Group CS and other mixed silage groups. In addition,
Group CF also had a significantly higher (p < 0.05) ratio of negative to positive interactions
than all other groups. Because the microbial networks are more stable when the ratio of
negative to positive edge interactions is higher, for the seven groups, the bacterial networks
were less stable when the silage treatment used corn stalk.

Figure 6 shows the modules of the co-occurrence networks, and the details of the bacte-
rial compositions of modules in different treatments are listed in Supplementary Materials
Table S2–S8. The networks in Group CF had only one, but in the largest module (module_1),
the dominant bacteria were all LAB, including Lactiplantibacillus plantarum, Levilactobacillus
brevis, Lactobacillus harbinensis, Lactobacillus spicheri, Lactiplantibacillus pentosus, and Com-
panilactobacillus nuruki. There were also some undesirable bacteria in module_1 with lower
abundance, including unclassified_Muribaculaceae, Pseudomonas aeruginosa, and Mycoplasma
wenyonii. In contrast, there were six modules in the bacterial networks of Group CS, and
module_3 and module_5 were dominant. Acetobacter fabarum was the most dominant bacte-
ria in module_3, but module_5 mainly contained three bacteria with high abundance, i.e.,
Lentilactobacillus parabuchneri, Paucilactobacillus vaccinostercus, and Lactobacillus harbinensis.
The modules in the other five mixed silage groups had much more diverse compositions.
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Interestingly, in the bacterial networks of Group CS50CF, Pseudomonas aeruginosa was the
major bacteria in module_1, which was one of the dominant modules. Correspondingly,
Group CS50CF had a lower abundance of lactic acid bacteria and a higher abundance of
undesirable bacteria compared to other mixed silage groups, hence indicating that the
module dominated by Pseudomonas aeruginosa affected the bacterial communities in the
silage. Overall, co-ensiling significantly changed the numbers, pattern size, distributions,
and relative abundances of the modules in the bacterial networks, and the diversity of
the microbial network modules depended heavily on the mixing ratio of corn stalk to
whole-plant cassava.
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The diversity of the microbial network modules may impact the function and stability
of the silage micro-ecosystem. We calculated multiple stability indices (robustness, natural
connectivity, and negative correlation ratio) to assess how the microbial network stability
in the silage was affected by the mixing ratio of corn stalk to whole-plant cassava (Figure 7).
On the basis of either the random or targeted removal of module hubs, the silage of Group
CF had noticeably higher robustness than that of all other groups (Figure 7A,B). The
bacterial network appeared to have the greatest natural connectivity and thus the strongest
resilience in Group CF (Figure 7C). Group CF also had a remarkably higher negative
correlation ratio than all other groups (Figure 7D). In general, co-ensiling whole-plant
cassava and corn stalk reduced the stability of the silage microbial network compared to
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ensiling whole-plant cassava alone, probably due to the decreased network complexity
associated with the connectivity and relative modularity.
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Figure 8 plots the correlation heatmap and the canonical correlation analysis (CCA)
between the network properties and microbial communities to examine the impact of the
microbial community composition on the microbial networks. In the correlation heatmap
(Figure 8A), the edges, positive edges, edge density, and average degree had significant
negative correlations with Lactobacillus harbinensis_DSM_16991, Levilactobacillus brevis, and
Lentilactobacillus parabuchneri (p < 0.05). In addition, the negative edges and the nega-
tive/positive ratio had positive correlations with Pseudomonas aeruginosa, Lactiplantibacillus
plantarum, Lactiplantibacillus pentosus, and Lactobacillus spicheri (p < 0.05). According to
the canonical correlation analysis (Figure 8B), the positive edges, negative/positive ra-
tio, density, and centralization degree were affected by the microbial communities in
the silage. Positive edges and the negative/positive ratio had the strongest and weak-
est impact, respectively. The negative/positive ratio was closely related to Pseudomonas
aeruginosa and Lactobacillus spicheri, and the centralization degree was closely related to
unclassified_Muribaculaceae.
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4. Discussion 
Whole-plant cassava has more balanced nutrition for animals than its leaves, stem, 

or tubers [10,11,15], but the feeding value of whole-plant cassava has not been examined. 
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all silage groups had a relatively high content of lactic acid, likely because the low pH 
fermentation environment contributed to homofermentation to produce large amounts of 
lactic acid. Wang et al. [3] also noted an obvious increase in lactate in the mixed silage of 
Sesbania cannabina and sweet sorghum. Furthermore, the changes in butyric acid and 
ammonia nitrogen, both of which are harmful to the preservation of forage nutrients, were 
consistent with the variation in the pH value. Butyric acid and ammonia nitrogen are the 
product of protein decomposition by undesirable bacteria such as Clostridium, aerobic 
bacteria, and Enterobacteriaceae, all of which typically grow better at a higher pH. Both corn 
stalk and whole-plant cassava contain abundant nutrients that may also benefit the 
growth of undesirable bacteria, hence potentially increasing the contents of butyric acid 
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effectively reduce undesirable microbial fermentation and inhibit the production of 
butyric acid and ammonia nitrogen [3,28,29]. In summary, co-ensiling whole-plant 
cassava and corn stalk improved the silage quality, which was characterized by low pH 

Figure 8. (A) Correlation heatmap of network properties and microbial communities. Positive and
negative correlations are shown in red and blue, respectively. The color intensity is proportional
to the correlation values. * p < 0.05, ** p < 0.01, *** p < 0.001. (B) Canonical correlation analysis of
network properties and microbial communities.

4. Discussion

Whole-plant cassava has more balanced nutrition for animals than its leaves, stem,
or tubers [10,11,15], but the feeding value of whole-plant cassava has not been examined.
The data of the corn stalk agreed with those reported by Wang et al. [28] and Bai et al. [20],
confirming that corn was an ideal feed for livestock with high DM, WSC, and starch content.
We found that the whole-plant cassava had abundant CP, WSC, and starch with low fiber
content. In addition, both whole-plant cassava and corn stalk had abundant epiphytic LAB
and few undesirable bacteria, which is beneficial to creating high-quality silage through
co-ensiling.

The pH value of the silage is a key parameter of the fermentation quality. The single
silage of corn stalk gave the highest pH value. The single silage of whole-plant cassava
gave an obviously lower pH compared to the single silage of cassava foliage, indicating
that whole-plant cassava is a better silage material [4]. The addition of whole-plant cassava
to corn stalk significantly reduced the pH value for the mixed silage, and all mixed silage
except CS10CF had a pH value close to or lower than 4.2, which is the pH value threshold
of well-preserved silage. Wang et al. [3] and Zeng et al. [29] reported similar pH values
and trends for the mixed silages of corn with soybean or alfalfa. In addition, in our results,
all silage groups had a relatively high content of lactic acid, likely because the low pH
fermentation environment contributed to homofermentation to produce large amounts
of lactic acid. Wang et al. [3] also noted an obvious increase in lactate in the mixed silage
of Sesbania cannabina and sweet sorghum. Furthermore, the changes in butyric acid and
ammonia nitrogen, both of which are harmful to the preservation of forage nutrients, were
consistent with the variation in the pH value. Butyric acid and ammonia nitrogen are
the product of protein decomposition by undesirable bacteria such as Clostridium, aerobic
bacteria, and Enterobacteriaceae, all of which typically grow better at a higher pH. Both
corn stalk and whole-plant cassava contain abundant nutrients that may also benefit the
growth of undesirable bacteria, hence potentially increasing the contents of butyric acid
and ammonia nitrogen. Some previous studies also reported that the mixed silage could
effectively reduce undesirable microbial fermentation and inhibit the production of butyric
acid and ammonia nitrogen [3,28,29]. In summary, co-ensiling whole-plant cassava and
corn stalk improved the silage quality, which was characterized by low pH value, higher
lactic acid content, and significantly reduced butyric acid and ammonia nitrogen content.
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The ammonia nitrogen content can reflect the decomposition of proteins or amino
acids [36]. Like the mixed silage system of corn stalk and forage soybean, the mixed silage
of corn stalk and whole-plant cassava also had a significantly lower content of ammonia
nitrogen, indicating the stronger preservation of CP [27]. On the other hand, the sharp
reduction in WSC and starch contents revealed the efficient uptake of the fermentation sub-
strates by the lactic acid bacteria to generate organic acids in high yields. Zeng et al. [29] and
Wang et al. [3] also reported similar phenomena in the mixed silage of materials with differ-
ent nutritional characteristics. In this study, the change in the nutritional compositions of
the mixed silage was mainly due to the change in the mixing ratio of the two raw materials,
and a more balanced nutrient composition was more conducive to silage fermentation.

Typically, the LAB occupy a dominant position as the fermentation proceeds during
silage production, which simplifies the structure and reduces the alpha diversity of the
bacterial communities in well-preserved silage [26,29]. Among all the mixed silage, Group
CS30CF had the lowest alpha diversity and the best fermentation quality. Interestingly,
lower alpha diversity was also found for the single silage of corn stalk (Group CS), likely
due to the high abundance of the undesirable Acetobacter (36.67%). The mixed silage also
had an obvious impact on the beta diversity of the bacterial communities, which were
clearly separated based on their silage group. The results agreed well with the findings
from the mixed silages of corn stalk and alfalfa or soybean [28,29].

Previous research suggested that corn stalk silage is generally well-preserved and
dominated by LAB [18,20,28,29]. In our case, the corn stalk silage was dominated by Ace-
tobacter (36.67%), which reduced the fermentation quality, possibly due to the secondary
fermentation of the raw materials. In contrast, Levilactobacillus brevis and Lactiplantibacillus
plantarum were dominant in the single silage of whole-plant cassava, and they contributed
to the fermentation quality by promoting lactic acid fermentation. Some previous studies re-
ported low fermentation quality for the silage of cassava foliage not treated with additives,
in which Pseudomonas, Bacillus, Paenibacillus, and Clostridium were dominant [4,37]. We
found that co-ensiling corn stalk and whole-plant cassava optimized the silage microbial
community structure by increasing the abundance of lactic acid bacteria (up to 80%) and
reducing undesirable bacteria (down to 0.05%). Similar benefits have been observed in
other co-ensiling systems. For example, Wang et al. [3] found that in the mixed silage of
Sesbania cannabina and sweet sorghum, the abundance of Lentilactobacillus hilgardii and
L. buchneri increased to over 90% while the undesirable Bacillus and Enterococcus decreased
to zero. Wang et al. [28] reported that the microbial communities in the mixed silage of al-
falfa and corn were dominated by L. buchneri and L. plantarum, with a combined abundance
of approximately 50%. Zeng et al. [29] reported that the abundance of Lactobacillus was
approximately 70% in the mixed silage of forage soybean and corn. Interestingly, the well-
preserved silage in the current study contained many more dominant bacteria, including
Levilactobacillus, Schleiferilactobacillus, Lactiplantibacillus, Lentilactobacillus, Companilactobacil-
lus, and Limosilactobacillus. Further research is needed to account for the flourishing of
dominant bacteria in the mixed silage of corn stalk and whole-plant cassava.

Ensiling is a complex micro-ecological system process in which diverse microbial
communities affect metabolic products to regulate the fermentation quality. The functional
prediction of the microbial communities can to some extent reflect the role of the microbes
in the fermentation systems [25]. In this study, the most abundant pathways were “global
and overview maps”, and they were upregulated in Group CF, which was consistent with
the previous report by Du et al. [38] and indicated the critical role of these pathways
in microbial metabolism. Amino acid metabolism was an important metabolic pathway
related to the degradation of nitrogen and amino acids. Group CF had the highest CP and
ammonia nitrogen content, along with remarkably upregulated amino acid metabolism
pathways. Similar observations have been reported by Bai et al. [20] and Li et al. [39].
Carbohydrate metabolism is mainly affected by the abundance of lactic acid bacteria in the
microbial communities. Group CS30CF had the most abundant lactic acid bacteria, which
presumably led to the upregulation of the carbohydrate metabolism pathways, similar
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to the reports by Wang et al. [3] and Li et al. [39]. In addition, some pathways regarding
genetic functions were also enriched in different treatment groups, possibly because the
microbial communities were adapting to the acidic environments during ensiling [20].
The diverse microorganisms in the silage fermentation system enabled different metabolic
pathways and functions, hence regulating the fermentation quality.

From an ecological perspective, each individual package of silage is a microbial
ecosystem [3,25]. Numerous research articles suggest that the changes in the network
structure of an ecosystem can affect the functionality and stability at a macroscopic scale,
and the relationships between network complexity and stability have been clarified to
some extent [40,41]. Yuan et al. [23] analyzed the complexity and stability of the molecu-
lar ecological networks of soil microbial communities. Recent analyses of the microbial
community networks in silage revealed that environmental factors, modulation methods,
the duration of fermentation, and silage materials all have a significant impact on the
microbial networks. Dong et al. [26] demonstrated that the epiphytic microbiota of a
sorghum–sudangrass hybrid harvested at various times of the day affected the complexity
of the bacterial networks in the silage, and the AM silage was more stable. Bai et al. [18]
studied the bacterial network properties of whole-plant corn silage and found that the
storage temperature had a greater influence on the network complexity than treatment
with added lactic acid bacteria. Wang et al. [3] showed that the bacterial network stability
of the mixed silage increased as the duration of the fermentation was extended. However,
the impact of co-ensiling on the features of bacterial network modules, complexity, and
stability is still largely unknown. Our results revealed that compared to the single silage of
whole-plant cassava, the mixed silage had microbial networks with less complexity, lower
stability, higher module numbers, and different bacterial compositions. There were also
strong interactions between the dominant bacterial species in the silage and the microbial
network characteristics. As for the microbial networks, the complexity was influenced by
the dominant lactic acid bacteria, and the stability was largely affected by the undesirable
bacteria Pseudomonas aeruginosa. The current results suggested that the lower abundance of
the undesirable bacteria in the silage played a crucial role in the complexity and stability of
microbial ecological networks, and it appeared that the tested co-ensiling had a negative
impact on the complexity and stability of the bacterial networks.

5. Conclusions

Co-ensiling whole-plant cassava with corn stalk is an efficient mode of silage pro-
duction. The analysis of several kinds of ratio mixtures of corn stalk and whole-plant
cassava revealed that the best silage was produced from 30% cassava and 70% corn, as
reflected by excellent fermentation quality and nutritional value. The co-ensiling reduced
the abundance of undesirable bacteria and increased the abundance of LAB. The analy-
sis of the microbial co-occurrence networks revealed that co-ensiling affected microbial
network features, module numbers, and bacterial relative abundances and weakened the
complexity and stability of the networks. The composition of the microbial communities
had a heavy impact on the network properties, and the undesirable Pseudomonas aeruginosa
played a crucial role in the complexity and stability. The findings helped to understand
the co-ensiling process by partly clarifying the microbial mechanisms of co-ensiling in
producing high-quality silage.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14030501/s1, Table S1: Species lefse LDA4 less strict,
Table S2: CSCKplot tax module data, Table S3: CS10CFplot tax module data, Table S4: CS20CFplot
tax module data, Table S5: CS30CFplot tax module data, Table S6: CS40CFplot tax module data, Table
S7: CS50CFplot tax module data, Table S8: CFplot tax module data.

Author Contributions: M.L., X.Z., R.S., W.O., S.C., G.H. and H.Z. carried out the experimental design
work. M.L., X.Z. and R.S. conducted the experiments. M.L., X.Z., R.S., W.O., S.C., G.H. and H.Z.

52



Agronomy 2024, 14, 501

analyzed the data. M.L., X.Z. and R.S. wrote and revised the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was funded by the key research and development projects of Hainan province
(ZDYF2022XDNY153, HAIKOU2023-050), the Agriculture Research System of China (CARS-11), and
the Central Public-interest Scientific Institution Basal Research Fund for Chinese Academy of Tropical
Agricultural Sciences (No. 1630032022011).

Data Availability Statement: The data used to support the findings of this study are included within
the article.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References
1. Fang, J.; Jing, H.; Zhang, W.; Gao, S.; Duan, Z.; Wang, H.; Zhong, J.; Pan, Q.; Zhao, K.; Bai, W.; et al. The concept of “Grass-based

Livestock Husbandry” and its practice in Hulun Buir, Inner Mongolia. Chin. Sci. Bull. 2018, 63, 1619–1631. [CrossRef]
2. Tang, S.X.; He, Y.; Zhang, P.H.; Jiao, J.Z.; Han, X.F.; Yan, Q.X.; Tan, Z.L.; Wang, H.R.; Wu, D.Q.; Yu, L.H.; et al. Nutrient digestion,

rumen fermentation and performance as ramie (Boehmeria nivea) is increased in the diets of goats. Anim. Feed. Sci. Technol. 2019,
247, 15–22. [CrossRef]

3. Wang, T.; Zhang, J.; Shi, W.; Sun, J.; Xia, T.; Huang, F.; Liu, Y.; Li, H.; Teng, K.; Zhong, J. Dynamic Changes in Fermentation
Quality and Structure and Function of the Microbiome during Mixed Silage of Sesbania cannabina and Sweet Sorghum Grown
on Saline-Alkaline Land. Microbiol. Spectr. 2022, 10, e0248322. [CrossRef] [PubMed]

4. Li, M.; Zi, X.; Zhou, H.; Lv, R.; Tang, J.; Cai, Y. Effect of lactic acid bacteria, molasses, and their combination on the fermentation
quality and bacterial community of cassava foliage silage. Anim. Sci. J. 2021, 92, e13635. [CrossRef]

5. Malik, A.I.; Kongsil, P.; Nguyễn, V.A.; Ou, W.; Srean, P.; Sheela, M.N.; Becerra López-Lavalle, L.A.; Utsumi, Y.; Lu, C.; Kittipadakul,
P.; et al. Cassava breeding and agronomy in Asia: 50 years of history and future directions. Breed. Sci. 2020, 70, 145–166.
[CrossRef] [PubMed]

6. Lyu, H.; Yang, S.; Zhang, J.; Feng, Y.; Geng, Z. Impacts of utilization patterns of cellulosic C5 sugar from cassava straw on
bioethanol production through life cycle assessment. Bioresour. Technol. 2021, 323, 124586. [CrossRef] [PubMed]

7. Isamah, G.K.; Asagba, S.O.; Ekakitie, A.O. Lipid peroxidation, activities of superoxide dismutase and catalase during post-harvest
deterioration of cassava (Manihot esculenta Crantz) root tubers. Int. Biodeterior. Biodegrad. 2003, 52, 129–133. [CrossRef]

8. Kayode, B.I.; Kayode, R.M.O.; Salami, K.O.; Obilana, A.O.; George, T.T.; Dudu, O.E.; Adebo, O.A.; Njobeh, P.B.; Diarra, S.S.;
Oyeyinka, S.A. Morphology and physicochemical properties of starch isolated from frozen cassava root. LWT 2021, 147, 111546.
[CrossRef]

9. Bogale, S.; Haile, A.; Berhanu, B.; Beshir, H.M. Cassava production practices in Ethiopia and its use as Ingredient for injera
making. Future Foods 2022, 6, 100204. [CrossRef]

10. Ono, L.T.; Silva, J.J.; Soto, T.S.; Doná, S.; Iamanaka, B.T.; Fungaro, M.H.P.; Taniwaki, M.H. Fungal communities in Brazilian
cassava tubers and food products. Int. J. Food Microbiol. 2023, 384, 109909. [CrossRef]

11. Anyanwu, C.N.; Ibeto, C.N.; Ezeoha, S.L.; Ogbuagu, N.J. Sustainability of cassava (Manihot esculenta Crantz) as industrial
feedstock, energy and food crop in Nigeria. Renew. Energ. 2015, 81, 745–752. [CrossRef]

12. Li, M.; Zi, X.; Tang, J.; Zhou, H.; Cai, Y. Silage fermentation, chemical composition and ruminal degradation of king grass, cassava
foliage and their mixture. Grassl. Sci. 2019, 65, 210–215. [CrossRef]

13. Zhu, W.; Lestander, T.A.; Örberg, H.; Wei, M.; Hedman, B.; Ren, J.; Xie, G.; Xiong, S. Cassava stems: A new resource to increase
food and fuel production. GCB Bioenergy 2015, 7, 72–83. [CrossRef]

14. Ojo, I.; Apiamu, A.; Egbune, E.O.; Tonukari, N.J. Biochemical Characterization of Solid-State Fermented Cassava Stem (Manihot
esculenta Crantz-MEC) and Its Application in Poultry Feed Formulation. Appl. Biochem. Biotechnol. 2022, 194, 2620–2631.
[CrossRef]

15. Fanelli, N.S.; Torres-Mendoza, L.J.; Abelilla, J.J.; Stein, H.H. Chemical composition of cassava-based feed ingredients from
South-East Asia. Anim. Biosci. 2023, 36, 908–919. [CrossRef]

16. Wanapat, M.; Kang, S. Cassava chip (Manihot esculenta Crantz) as an energy source for ruminant feeding. Anim. Nutr. 2015, 1,
266–270. [CrossRef] [PubMed]

17. Azad, M.A.K.; Jiang, H.; Ni, H.; Liu, Y.; Huang, P.; Fang, J.; Kong, X. Diets Partially Replaced With Cassava Residue Modulate
Antioxidant Capacity, Lipid Metabolism, and Gut Barrier Function of Huanjiang Mini-Pigs. Front. Vet. Sci. 2022, 9, 902328.
[CrossRef]

18. Bai, J.; Ding, Z.; Su, R.; Wang, M.; Cheng, M.; Xie, D.; Guo, X. Storage Temperature Is More Effective Than Lactic Acid
Bacteria Inoculations in Manipulating Fermentation and Bacterial Community Diversity, Co-Occurrence and Functionality of the
Whole-Plant Corn Silage. Microbiol. Spectr. 2022, 10, e0010122. [CrossRef]

53



Agronomy 2024, 14, 501

19. Cui, Y.; Liu, H.; Gao, Z.; Xu, J.; Liu, B.; Guo, M.; Yang, X.; Niu, J.; Zhu, X.; Ma, S.; et al. Whole-plant corn silage improves
rumen fermentation and growth performance of beef cattle by altering rumen microbiota. Appl. Microbiol. Biotechnol. 2022, 106,
4187–4198. [CrossRef]

20. Bai, J.; Franco, M.; Ding, Z.; Hao, L.; Ke, W.; Wang, M.; Xie, D.; Li, Z.; Zhang, Y.; Ai, L.; et al. Effect of Bacillus amyloliquefaciens
and Bacillus subtilis on fermentation, dynamics of bacterial community and their functional shifts of whole-plant corn silage. J.
Anim. Sci. Biotechnol. 2022, 13, 7. [CrossRef]

21. Bernardes, T.F.; Daniel, J.L.P.; Adesogan, A.T.; McAllister, T.A.; Drouin, P.; Nussio, L.G.; Huhtanen, P.; Tremblay, G.F.; Bélanger, G.;
Cai, Y. Silage review: Unique challenges of silages made in hot and cold regions. J. Dairy. Sci. 2018, 101, 4001–4019. [CrossRef]

22. Zhou, W.; Pian, R.; Yang, F.; Chen, X.; Zhang, Q. The sustainable mitigation of ruminal methane and carbon dioxide emissions
by co-ensiling corn stalk with Neolamarckia cadamba leaves for cleaner livestock production. J. Clean. Prod. 2021, 311, 127680.
[CrossRef]

23. Yuan, M.M.; Guo, X.; Wu, L.; Zhang, Y.; Xiao, N.; Ning, D.; Shi, Z.; Zhou, X.; Wu, L.; Yang, Y.; et al. Climate warming enhances
microbial network complexity and stability. Nat. Clim. Chang. 2021, 11, 343–348. [CrossRef]

24. Wen, T.; Xie, P.; Yang, S.; Niu, G.; Liu, X.; Ding, Z.; Xue, C.; Liu, Y.-X.; Shen, Q.; Yuan, J. ggClusterNet: An R package for
microbiome network analysis and modularity-based multiple network layouts. iMeta 2022, 1, e32. [CrossRef]

25. Xu, D.; Wang, N.; Rinne, M.; Ke, W.; Weinberg, Z.G.; Da, M.; Bai, J.; Zhang, Y.; Li, F.; Guo, X. The bacterial community and
metabolome dynamics and their interactions modulate fermentation process of whole crop corn silage prepared with or without
inoculants. Microb. Biotechnol. 2021, 14, 561–576. [CrossRef]

26. Dong, Z.; Li, J.; Wang, S.; Dong, D.; Shao, T. Diurnal Variation of Epiphytic Microbiota: An Unignorable Factor Affecting the
Anaerobic Fermentation Characteristics of Sorghum-Sudangrass Hybrid Silage. Microbiol. Spectr. 2023, 11, e0340422. [CrossRef]
[PubMed]

27. Ni, K.; Zhao, J.; Zhu, B.; Su, R.; Pan, Y.; Ma, J.; Zhou, G.; Tao, Y.; Liu, X.; Zhong, J. Assessing the fermentation quality and microbial
community of the mixed silage of forage soybean with crop corn or sorghum. Bioresour. Technol. 2018, 265, 563–567. [CrossRef]
[PubMed]

28. Wang, M.; Franco, M.; Cai, Y.; Yu, Z. Dynamics of fermentation profile and bacterial community of silage prepared with alfalfa,
whole-plant corn and their mixture. Anim. Feed. Sci. Technol. 2020, 270, 114702. [CrossRef]

29. Zeng, T.; Li, X.; Guan, H.; Yang, W.; Liu, W.; Liu, J.; Du, Z.; Li, X.; Xiao, Q.; Wang, X.; et al. Dynamic microbial diversity and
fermentation quality of the mixed silage of corn and soybean grown in strip intercropping system. Bioresour. Technol. 2020, 313,
123655. [CrossRef] [PubMed]

30. Li, M.; Lv, R.; Zhou, H.; Zi, X. Dynamics and correlations of chlorophyll and phytol content with silage bacterial of different
growth heights Pennisetum sinese. Front. Plant Sci. 2022, 13, 996970. [CrossRef] [PubMed]

31. Liu, Q.; Chen, M.; Zhang, J.; Shi, S.; Cai, Y. Characteristics of isolated lactic acid bacteria and their effectiveness to improve stylo
(Stylosanthes guianensis Sw.) silage quality at various temperatures. Anim. Sci. J. 2012, 83, 128–135. [CrossRef]

32. Masaki, S. Silage-no-Hinshitsu-Hyouka (V-SCORE); Nihon-Sochichikusan-Shushi-Kyokai; CiNii: Tokyo, Japan, 2001; pp. 93–94.
33. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene

database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef]
34. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery

and explanation. Genome Biol. 2011, 12, R60. [CrossRef] [PubMed]
35. Langille, M.G.; Zaneveld, J.; Caporaso, J.G.; McDonald, D.; Knights, D.; Reyes, J.A.; Clemente, J.C.; Burkepile, D.E.; Vega Thurber,

R.L.; Knight, R.; et al. Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat.
Biotechnol. 2013, 31, 814–821. [CrossRef] [PubMed]

36. Ni, K.; Wang, F.; Zhu, B.; Yang, J.; Zhou, G.; Pan, Y.; Tao, Y.; Zhong, J. Effects of lactic acid bacteria and molasses additives on the
microbial community and fermentation quality of soybean silage. Bioresour. Technol. 2017, 238, 706–715. [CrossRef]

37. Li, M.; Zhang, L.; Zhang, Q.; Zi, X.; Lv, R.; Tang, J.; Zhou, H. Impacts of Citric Acid and Malic Acid on Fermentation Quality and
Bacterial Community of Cassava Foliage Silage. Front. Microbiol. 2020, 11, 595622. [CrossRef]

38. Du, Z.; Sun, L.; Lin, Y.; Chen, C.; Yang, F.; Cai, Y. Use of Napier grass and rice straw hay as exogenous additive improves microbial
community and fermentation quality of paper mulberry silage. Anim. Feed. Sci. Technol. 2022, 285, 115219. [CrossRef]

39. Li, X.; Chen, F.; Wang, X.; Xiong, Y.; Liu, Z.; Lin, Y.; Ni, K.; Yang, F. Innovative utilization of herbal residues: Exploring the
diversity of mechanisms beneficial to regulate anaerobic fermentation of alfalfa. Bioresour. Technol. 2022, 360, 127429. [CrossRef]
[PubMed]

40. Thébault, E.; Fontaine, C. Stability of ecological communities and the architecture of mutualistic and trophic networks. Science
2010, 329, 853–856. [CrossRef]

41. Toju, H.; Yamamichi, M.; Guimarães, P.R., Jr.; Olesen, J.M.; Mougi, A.; Yoshida, T.; Thompson, J.N. Species-rich networks and
eco-evolutionary synthesis at the metacommunity level. Nat. Ecol. Evol. 2017, 1, 24. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

54



Citation: Muñoz-Ramírez, Z.Y.;

González-Escobedo, R.; Avila-

Quezada, G.D.; Ramírez-Sánchez, O.;

Higareda-Alvear, V.M.; Zapata-

Chávez, E.; Borrego-Loya, A.;

Muñoz-Castellanos, L.N. Exploring

Microbial Rhizosphere Communities

in Asymptomatic and Symptomatic

Apple Trees Using Amplicon

Sequencing and Shotgun

Metagenomics. Agronomy 2024, 14,

357. https://doi.org/10.3390/

agronomy14020357

Academic Editors: Yong-Xin Liu and

Peng Yu

Received: 19 November 2023

Revised: 8 December 2023

Accepted: 9 December 2023

Published: 9 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Exploring Microbial Rhizosphere Communities in
Asymptomatic and Symptomatic Apple Trees Using Amplicon
Sequencing and Shotgun Metagenomics
Zilia Y. Muñoz-Ramírez 1 , Román González-Escobedo 2,* , Graciela D. Avila-Quezada 3 ,
Obed Ramírez-Sánchez 4, Victor M. Higareda-Alvear 4, Emiliano Zapata-Chávez 1, Alejandra Borrego-Loya 1

and Laila N. Muñoz-Castellanos 1,*

1 Facultad de Ciencias Químicas, Universidad Autónoma de Chihuahua, Campus II Circuito Universitario s/n,
Chihuahua 31125, Chihuahua, Mexico; zramirez@uach.mx (Z.Y.M.-R.); ezapata@uach.mx (E.Z.-C.);
aborrego@uach.mx (A.B.-L.)

2 Facultad de Zootecnia y Ecología, Universidad Autónoma de Chihuahua, Periférico Francisco R. Almada
km 1, Chihuahua 31453, Chihuahua, Mexico

3 Facultad de Ciencias Agrotecnológicas, Universidad Autónoma de Chihuahua, Campus I s/n,
Chihuahua 31350, Chihuahua, Mexico; gdavila@uach.mx

4 Soil Genomics & Discovery Department, Solena Inc. Av. Olímpica 3020-D, Villas de San Juan,
León 37295, Guanajuato, Mexico; oramirez@solena.ag (O.R.-S.); vhigareda@solena.ag (V.M.H.-A.)

* Correspondence: rgescobedo@uach.mx (R.G.-E.); lmunoz@uach.mx (L.N.M.-C.)

Abstract: The rhizosphere is a dynamic and highly interactive habitat where diverse microbial com-
munities are established, and it plays crucial roles in plant health and disease dynamics. In this study,
microbial communities and functional profiles in the rhizosphere of both asymptomatic and symp-
tomatic apple trees were investigated through amplicon sequencing and shotgun metagenomics. The
research was conducted at a location in the municipality of Cuauhtemoc, Chihuahua State, Mexico,
and a total of 22 samples were collected, comprising 12 for amplicon sequencing and 10 for shotgun
metagenomic sequencing. Symptomatic trees were identified based on reddish branches and internal
necrosis in the trunk and root, while asymptomatic trees exhibited a healthy physiology. The findings
showed that the dominant bacterial phyla included Proteobacteria, Actinobacteria, and Bacteroidetes,
with prevalent genera such as Streptomyces, Pseudomonas, and Rhodanobacter. The fungal communities
featured Ascomycota, Mortierellomycota, and Basidiomycota, which were dominated by Fusarium,
Penicillium, and Mortierella. In the fungal communities, Mortierellomycota, notably abundant in
asymptomatic trees, holds potential as a biocontrol agent, as seen in other studies on the suppression
of Fusarium wilt disease. The application of shotgun metagenomic sequencing revealed significant dif-
ferences in alpha and beta diversities in bacterial communities, suggesting a health-dependent change
in species composition and abundance. Functional profile analysis highlighted enzymatic activities
associated with lipid synthesis/degradation, amino acid biosynthesis, carbohydrate metabolism, and
nucleotide synthesis, which have been documented to participate in symbiotic relationships between
plants. These insights not only contribute to understanding the dynamics of rhizosphere microbial
activity but also provide valuable perspectives on the potential application of microbial communities
for tree health and implications for the management of apple orchards.

Keywords: Malus domestica; rhizosphere; bacteria; fungi; microbiome; metagenomics

1. Introduction

The rhizosphere, the soil region surrounding plant roots, is a dynamic and highly
interactive habitat where diverse microbial communities are established. These communi-
ties play a fundamental role in numerous ecological and agricultural processes, including
organic matter decomposition, nutrient cycling, and the promotion of plant growth [1–3].
Among the microorganisms present in the rhizosphere, bacteria and fungi stand out as
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key components of the microbial community. These microorganisms not only exist in close
proximity to plant roots but also interact intimately with them, influencing plant health
and productivity [1].

The apple tree (Malus domestica), a fruit species of great economic and agricultural
importance, heavily relies on the interaction between tree roots and the microbial com-
munities present in the rhizosphere. This microbial diversity and its functions have been
the subject of increasing interest in the rhizosphere of several agricultural crops [4–8].
For instance, certain bacterial species can fix atmospheric nitrogen, making it available
to plants, while others produce phytohormones that stimulate root development and en-
hance nutrient uptake [9–11]. Additionally, microbial communities can protect plants from
pathogens through resource competition or by producing antimicrobial compounds [12,13].
Understanding the composition and function of these microbial communities is crucial
to improving tree health, increasing the quality and quantity of apple production, and
developing sustainable agricultural practices [14,15].

Although numerous studies have been conducted on the microbiological aspects as-
sociated with apple trees, the generated data due to next-generation sequencing (NGS)
techniques are crucial for the generation of knowledge benefiting this agriculturally impor-
tant crop. The use of metagenomic analysis in research has been applied to solve existing
gaps by identifying new genetic variants and trying to explain emerging diseases or dis-
eases caused by various pathogens, as is the case in this study. In the same way, progress
in these matters has revolutionized our understanding of microbial communities in the
rhizosphere, providing insights into the taxonomic composition, functional potential, and
ecological roles of microbial communities [16,17].

Apple crown and root rot diseases have scarcely been studied in apple orchards in
the apple-growing region of Chihuahua, Mexico [18]. They induce symptoms such as
necrosis in the feeder root system and in the trunk, and finally, they lead to the death of
the tree. Around the world, fungi (e.g., Cylindrocarpon spp., Rhizoctonia spp., and Fusarium
proliferatum) and oomycetes (e.g., Phytophthora spp. and Pythium spp.) have been reported
as the pathogens causing apple root and crown rot diseases [19–21]. However, it has been
observed that in many instances, it is not just an individual pathogen but rather the in-
volvement of many other groups of microorganisms that affect the outcome of the infection
in plants [22]. In fact, the diseases known as apple replant disorders are associated with
various causal agents but differ among countries and remain unclear [23]. In Chihuahua,
Mexico, the incidence of root diseases in apple trees was assessed, revealing a rate of 17%.
Various isolates of fungi and oomycetes were identified, and their pathogenicity was subse-
quently determined. In in vitro antagonistic activity tests, Trichoderma and Bacillus emerged
as promising alternatives for biological control against the evaluated phytopathogens [18].
It is crucial to study the microbial community in the rhizosphere of both asymptomatic
and symptomatic trees affected by root and crown rot to gain a better understanding of the
possible microbial interactions that exist in the rhizosphere and, consequently, to enhance
our overall comprehension of the disease dynamics.

In light of the existing gaps in knowledge, our hypothesis suggests that changes in
the rhizosphere microbial community composition of symptomatic apple trees are struc-
tured by the presence and activities of pathogens and saprophytes, as well as beneficial
microorganisms exhibiting antagonistic properties against the pathogens. The aim of this
study was to characterize and compare the composition and diversity of the microbial
communities found in rhizosphere samples of both conditions at a location in the munici-
pality of Cuauhtemoc, Chihuahua State, Mexico. In pursuit of this objective, metagenomic
shotgun sequencing and amplicon sequencing targeting the 16S rRNA gene and internal
transcribed spacer (ITS1) region were employed to generate new knowledge. Additionally,
the functional profile was analyzed to elucidate the ecological functions of microbial com-
munities in the rhizosphere. Thus, this study significantly contributes to understanding
rhizosphere microbial dynamics, providing insights that could have potential implications
for the effective management of apple orchards.
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2. Materials and Methods
2.1. Site Description and Sample Collection

Soil samples from an apple orchard area containing asymptomatic and symptomatic
crown and root rot of Malus domestica trees (golden glory apples grafted onto Emla7
rootstock) were collected at a location in the municipality of Cuauhtemoc, Chihuahua
State, Mexico (28◦42′54.9′′ N, 106◦55′06.6′′ W; 2,018 masl). The first sampling took place
in June 2020, during the early summer, and involved collecting three rhizospheric soil
samples from both asymptomatic and symptomatic apple trees. These samples were
used for amplicon sequencing. A subsequent sampling was conducted in February 2022,
during late winter, where six asymptomatic and four symptomatic trees were sampled for
metagenomic sequencing.

Rhizosphere soil samples from 7-year-old trees under each condition were sampled:
first, rhizosphere soil samples from asymptomatic and symptomatic apple trees were
selected, with a minimum distance of 40 m between samples, based on visual symptoms
from the roots and foliage, such as dead areas at the base of the tree. These dead areas started
in the bark between the soil line and the crown roots, comprising darkened and collapsed
tissue. The foliage symptoms were reduced vegetative growth, small leaves, and little
budding. The uppermost 20 cm of soil was removed using a shovel, and approximately 10 g
of rhizosphere soil was collected per individual plant by employing a dry sterile toothbrush
to brush off the soil around the surface of the apple root, which was then placed into sterile
bags and stored on ice for transport to the laboratory, where the samples were then stored
in an ultralow temperature freezer at −80 ◦C until processing. In addition, the physical
and chemical properties of the soil at a depth of approximately 20 cm from asymptomatic
and symptomatic trees were as follows: soil texture = loam and sandy loam; pH = 6.24 and
2.91; electrical conductivity (EC) = 2.71 and 3.75 mS/cm; organic matter = 1.42 and 1.50%.

2.2. Total DNA Extraction and Sequencing

Total DNA was extracted from each sample using a ZymoBIOMICSTM DNA Miniprep
Kit (Zymo Research, Irvine, CA, USA) following the manufacturer’s instructions. The
DNA quality and quantity were determined by using a NanoDrop spectrophotometer
(Thermo Scientific, Wilmington, DE, USA) based on its A260/280 ratio, and the DNA was
observed with a 1.0% agarose gel electrophoresis. The preparation and sequencing of
amplicon libraries (16S rRNA gene and ITS1 region) and shotgun metagenomics, following
the manufacturer’s protocol, were carried out at Novogene (Beijing, China) and Illumina
(San Diego, CA, USA), respectively. For amplicons, the NovaSeq sequencing platform was
used alongside a paired-end 2 × 250 bp strategy carried out on an Illumina sequencer
(Illumina Inc., San Diego, CA, USA). In the case of bacteria, a fragment of the 16S rRNA
gene was amplified using the primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-
GGACTACNNGGGTATCTAAT-3′) flanking the V3 and V4 regions [24]. For fungi, the ITS1
region was amplified using the primer pairs ITS5-1737F (5′-GGAAGTAAAAGTCGTAACA
AGG-3′) and ITS2-2043R (5′-GCTGCGTTCTTCATCGATGC-3′) [25]. For metagenomic
library preparation and sequencing, the total DNA was shipped to Illumina (San Diego,
CA, USA). Briefly, 100 ng of total DNA was processed following the instructions of the
Illumina DNA prep (M) tagmentation kit (# Cat. 20018705). Because many samples were
run in the same flow cell, specific indexes were added to each DNA library with IDT
for Illumina DNA/RNA UD Indexes Set A Tagmentation (# Cat. 20027213). Library
concentration was quantified with the Qubit dsDNA HS Assay kit (Thermo Fisher), and
the integrity of the DNA libraries was assessed with the Bioanalyzer 2100 Agilent system
(NGS 1-6000 kit). Libraries were sequenced in an S4 flow cell using a 2 × 150 bp strategy
on an Illumina NovaSeq 6000 sequencer (Illumina Inc., San Diego, CA, USA).

2.3. Amplicon Data Analysis

Sequence data were obtained as fastq files in the CASAVA v1.8 paired-end demulti-
plexed format. Forward and reverse sequences were merged using FLASH v1.2.11 with
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default settings [26]. Merged sequences were imported into Quantitative Insights Into Mi-
crobial Ecology 2 v2020.2 (QIIME 2) [27]. Firstly, quality filtering, trimming, dereplication,
and denoising, as well as the removal of chimeric sequences from the merged data using
DADA2 v1.16, were performed [28] to obtain representative amplicon sequence variants
(ASVs). Each ASV was assigned a taxonomy with a trained naïve Bayesian classifier using
the Greengenes v13.8 database [29] for bacteria and the UNITE v8.99 database [30] for fungi.
Bar plots based on relative abundance were generated to show the taxonomic distribution.

A multiple sequence alignment and phylogenetic reconstruction were produced from
the ASVs using MAFFT v7 [31] and FastTree v2 [32], respectively, to generate a rooted phy-
logenetic tree and conduct subsequent analyses. In order to analyze the α- and β-diversity
of bacterial and fungal communities and conduct related statistical tests, the samples from
the library were rarefied with the lowest number of reads, and the metrics were calculated
using RStudio [33] with the packages vegan [34], tidyverse [35], and qiime2R [36]. To ex-
plore the α-diversity within these communities under both asymptomatic and symptomatic
conditions, the Chao1, Shannon, Simpson, and evenness indexes were estimated, and the
diversity was compared among groups using the Kruskal–Wallis test followed by the post
hoc Dunn’s test, considering the difference to be statistically significant at p-values < 0.05.

To assess differences in the bacterial and fungal communities’ composition between
the asymptomatic and symptomatic conditions, a principal coordinate analysis (PCoA)
was performed based on Jaccard distances. Then, a permutational multivariate analysis
of variance (PERMANOVA) with 999 permutations was used for testing, followed by the
post hoc Benjamini–Hochberg FDR test to determine significant differences in bacterial
and fungal communities. Additionally, a functional inference analysis was performed with
PICRUSt2 v2.5.1 [37] to explore the possible functional profiles of the microbial communities
through their enzymatic activities, and the accuracy of the analysis was assessed through
the weighted Nearest Sequences Taxon Index (NSTI).

2.4. Metagenomic Data Analysis

Raw fastq reads of each sample were quality filtered with FASTP v0.20.0 [38]. The
filtered quality scores were set to 25, and a trimming of the first and last five bases was
carried out. The taxonomic assignment of trimmed reads was performed with Kraken2
v2.1.2 [39] using the –download-library option from Kraken2-build to download the com-
plete bacterial and fungal genomes from the RefSeq database. In addition, fungal genomes
from Fusarium spp. and Pythium spp. were included. The Kraken2 files from all samples
were combined to generate a biom file with the Kraken-biom utility. Two main datasets
were generated from the biom file through filtering: Kingdom == “Bacteria” and Kingdom
== “Eukaryota”. Analysis of the microbial diversity, including measurements of α- and
β-diversity, was performed with the Phyloseq package v1.40.0 [40] for both datasets inde-
pendently. In addition, Venn diagrams were made to visualize which bacterial and fungal
genera were exclusive or shared between the symptomatic and asymptomatic conditions.
All metrics presented in this work are based on relative abundances and calculated using
RStudio [33] with the packages vegan [34], tidyverse [35], and qiime2R [36]. The statistical
analysis of α-diversity was evaluated with the Kruskal–Wallis test, and β-diversity was
determined using PERMANOVA with 999 permutations to test for significant differences in
bacterial and fungal communities, considering the difference to be statistically significant
at p-values < 0.05.

Finally, functional predictions for the shotgun metagenomic data were determined
using the MG-RAST pipeline v4.0.3 [41]. The sequences in fastq format were uploaded
to MG-RAST, and the default settings were used. MG-RAST classifies sequences into
subsystems, which are grouped into hierarchical categories and can be used to construct a
heatmap with the top 50 most abundant functions.

The datasets generated and analyzed during this current study are available in the
NCBI Bioproject database under the accession numbers PRJNA1003089 (amplicon se-
quences) and PRJNA1003562 (metagenomic sequences).
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3. Results
3.1. Composition and Abundance of Bacterial and Fungal Communities

A total of 837,294 (16S rRNA) and 1,074,605 (ITS1 region) high-quality sequences were
obtained from all rhizosphere soil samples under both asymptomatic and symptomatic
conditions (Table S1). The samples with the lowest number of sequences were rarefied,
homogenizing all bacterial samples to a total of 126,057 sequences and fungal samples to
a total of 166,349 sequences, which were the totals for subsequent analyses. In the case
of shotgun metagenomics, a total of 826,840,106 raw sequences were generated. After a
quality check analysis, 708,403,234 high-quality sequences were obtained and used for
further analysis.

The community composition derived from both amplicon and metagenomic sequences
exhibited robust similarity in relation to the most prevalent phyla. Nonetheless, metage-
nomic sequencing enabled a more comprehensive retrieval of information across all taxo-
nomic levels, but especially that related to the phyla. The amplicon sequences allowed for
the identification of a total of 51 phyla, 196 families, and 507 bacterial genera, as well as a to-
tal of 11 phyla, 143 families, and 268 fungal genera. The most abundant prokaryotic phyla in
the rhizosphere of apple trees consisted of Proteobacteria (48.91%), Bacteroidetes (11.19%),
Actinobacteria (10.46%), Acidobacteria (9.48%), Gemmatimonadetes (6.43%), Firmicutes
(3.93%), Verrucomicrobia (3.25), and Chloroflexi (3.11%), followed by 43 genera with <1.00%
relative abundance (Figure 1a). In the fungal communities, the phyla comprised Ascomy-
cota (77.69%), Mortierellomycota (9.32%), Basidiomycota (9.19), Rozellomycota (1.59%),
and Blastocladiomycota (1.47%), followed by eight genera with <1.0% relative abundance
(Figure 2a). At the genus level, the only bacterial genus that presented a relative abundance
>10% was Rhodanobacter (10.6%), followed by 25 genera (e.g., Kaistobacter, Streptomyces,
Rhodoplanes, Dechloromonas, and Pseudomonas) that had a relative abundance ranging be-
tween 1 and 10% and 481 genera that had a relative abundance of <1.00% (Figure 1b).
In fungi, at the genus level, Penicillium (28.62%) and Mortierella (11.14%) presented an
abundance >10%, 18 genera (e.g., Acremonium, Fusarium, Ilyonectria, Setophaeosphaeria, and
Apiotrichum) had a relative abundance ranging between 1 and 10%, and 248 genera had a
relative abundance of <1.0%. (Figure 2b).

On the other hand, in the metagenomic analysis, 39 phyla, 451 families, and 1741 bac-
terial genera were recovered. The most abundant bacterial phyla were Proteobacteria
(57.25%) and Actinobacteria (33.17%), followed by phyla with <5.00% relative abundance
such as Bacteroidetes (2.22%), Planctomycetes (1.88%), Acidobacteria (1.63%), and Firmi-
cutes (1.24%), and 33 phyla had <1.0% relative abundance (Figure 1c). At the genus level,
Streptomyces was the most abundant, with a relative abundance of 6.81%, followed by
Bradyrhizobium (3.87%), Pseudomonas (3.13%), Nocardioides (2.83%), Sphingomonas (2.67%),
Rhodanobacter (2.63%), and nine other genera with relative abundances of up to 1.0%; the
1726 remaining genera showed relative abundances of <1.0% (Figure 1d). For fungi, the
annotated sequences accounted for 0.10–0.30% of the total sequences, suggesting potential
annotation biases that resulted in the underestimation of eukaryotic communities and led
to the recovery of a total of 2 phyla, 32 families, and 55 genera. The phyla Ascomycota
(91.87%) was the most dominant, followed by Basidiomycota (8.13%) (Figure 2c); Fusarium
(30.00%) and Trichoderma (11.21%) were the most abundant genera, followed by Metarhizium
(5.73%), Beauveria (4.48%), Pseudozyma (3.58%), Pyricularia (3.52%), Clonostachys (3.22%),
Penicillium (3.11%), and 11 other genera with relative abundances of up to 1.00%, while
the remaining 36 genera exhibited a relative abundance of <1.0% (Figure 2d). In addition,
the comparison using Venn diagrams showed a core microbiome at the genus level. In the
case of bacteria, 198 genera were shared between both health conditions analyzed, while
12 genera were prevalent for both conditions in the case of fungi (Figure S1).
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3.2. α- and β-Diversity of Asymptomatic and Symptomatic Apple Trees

The taxonomic distinctiveness of the rhizosphere in asymptomatic and symptomatic
apple trees with regard to α-diversity was investigated. The analysis of amplicon sequences
from bacteria and fungi revealed no significant differences (p > 0.05) in the Chao1, Shannon,
Evenness, and Simpson indexes (Figures 3a and 4a). In the case of metagenomic data
for bacteria, with the exception of the Simpson index (p > 0.05), the Chao1, Shannon,
and Evenness indexes showed significant differences (p < 0.05) (Figure 3b). For fungi, no
significant differences were observed in any index (p > 0.05) (Figure 4b).
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The β-diversity, as determined through the variation in microbial communities be-
tween asymptomatic and symptomatic conditions, was examined using PCoA analysis
based on Jaccard distances. With bacterial and fungal amplicon data, the PCoAs showed
80.5% and 83.8% dissimilarity, respectively, and revealed that the microbial communities
did not differ (PERMANOVA; p > 0.05) (Figure 5a,b). In contrast, the metagenomic data
showed a dissimilarity of 81.11% and 90.18% in the PCoA analysis, unveiling significant
differences in the bacterial communities (PERMANOVA; p < 0.05) (Figure 5c) but not in the
fungal communities (PERMANOVA; p > 0.05) (Figure 5d).
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Figure 5. PCoA based on Jaccard distance shows the microbial community dissimilarity. (a) Bacterial
16S rRNA gene amplicon data; (b) fungal ITS region amplicon data; (c) bacterial metagenomic data;
and (d) fungal metagenomic data.

3.3. Functional Profiles of Microbial Communities

PICRUSt2 analysis of the amplicon data was applied to identify the possible functional
profiles of the microbial communities. A list of 2380 enzymatic functions was obtained, and
the top 50 dominating enzymes were displayed in a heatmap (Figure 6a). The average NSTI
value was 0.23, which is considered to be a low value; it indicates a satisfactory quality in
the functional predictions made due to its proximity to the nearest reference genomes in the
used database. In general, the top 50 enzymatic functions participate in essential processes
for cellular functioning and the regulation of numerous metabolic pathways, such as DNA
replication and transcription, protein synthesis and modification, lipid and carbohydrate
metabolism, energy generation through cellular respiration, the synthesis and repair of
nucleic acids, as well as the biosynthesis of secondary metabolites.

Based on the processed sequencing data from MG-RAST in 2019, genes/enzymes were
identified using KEGG pathway annotation. Among these genes, a heatmap was generated
for the top 50 most abundant enzymatic functions in the analyzed samples (Figure 6b). The
analysis revealed a significant abundance of enzymes involved in various processes, includ-
ing fatty acid, nucleotide, and protein synthesis, as well as amino acid biosynthesis, carbo-
hydrate metabolism, and lipid metabolism. Additionally, enzymes related to energy genera-
tion and the degradation of toxic compounds were also highly prevalent. When comparing
the top 50 enzymatic functions detected through PICRUSt2 and metagenomics, several
enzymatic activities were found to be exactly the same. These activities are associated with
various metabolic processes and biological functions related to lipid synthesis and degra-
dation, amino acid biosynthesis, carbohydrate metabolism, and nucleotide synthesis. The
enzymes involved in these processes were as follows: EC:1.1.1.100—3-oxoacyl-[acyl-carrier-
protein] reductase; EC:1.8.1.9—thioredoxin-disulfide reductase; EC:2.2.1.6—acetolactate
synthase; EC:2.3.1.9—acetyl-CoA C-acetyltransferase; EC:4.2.1.33—3-isopropylmalate de-
hydratase; EC:5.1.3.2—UDP-glucose 4-epimerase; EC:6.2.1.3—long-chain fatty acid CoA
ligase; and EC:6.3.5.3—phosphoribosylformylglycinamidine synthase.
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4. Discussion

In this study, a thorough analysis of the taxonomic and functional traits of microbial
communities in the rhizosphere of apple trees was conducted over two non-consecutive
years. By using both shotgun metagenomic and amplicon sequencing, our aim was to
enhance our understanding of the diversity and functional capabilities within these ecolog-
ically vital communities, which are linked to both asymptomatic and symptomatic trees.
While previous studies on apple tree microbial communities have predominantly utilized
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amplicon sequencing approaches [42–45], only a limited number of shotgun metagenomic
studies have been conducted on rhizosphere microbiomes [46].

In the current study’s orchard, the incidence of apple tree crown and root rot is less
than 10% (Omar Quintana, personal communication); however, it remains a persistent and
growing problem that has not been completely eradicated despite continuous monitoring
and management. Some studies have reported on the associated microorganisms inhabiting
the rhizospheric soil of apple trees affected by crown disease, mainly through cultivable
characterization [19] and non-cultivable techniques such as DGGE [47]. Therefore, explor-
ing this through NGS techniques such as amplicon and metagenomics represents a baseline
for further investigation.

Metagenomic shotgun sequencing provided greater depth in the analyses performed
(39 phyla, 451 families, and 1741 bacterial genera), whereas amplicon sequencing identified
a total of 23 phyla, 196 families, and 507 bacterial genera. It is important to note that
different factors can influence changes in the communities, such as sampling over two non-
consecutive years, different seasons, and possible variations in climatic conditions. Studies
on the soil rhizosphere have shown that, despite being different samplings, the composition
of microbial communities remains largely consistent when using either amplicon-based
or shotgun sequencing technologies [48]. However, it is important to emphasize that
understanding microbial communities and their functional capabilities provides an ad-
vantage and is a reason for choosing metagenomic technology over amplicon sequencing.
Furthermore, it is important to highlight that, despite using different technologies, the
most abundant phyla were successfully recovered with both high-throughput sequencing
approaches. These phyla, including Proteobacteria, Actinobacteria, and Bacteroidetes, have
been previously reported as the most abundant in the rhizosphere, particularly in some
studies on soil in which M. domestica is grown [49–51].

In fungi, as mentioned earlier, an underestimation in composition occurred when using
shotgun sequencing; however, two out of the three most abundant phyla (Ascomycota
and Basidiomycota) remained consistent in both analyses. A possible technical issue
could have been related to the Kraken database used, which contained 36,246 bacterial
species and 455 fungal species, resulting in a sub-estimation of fungal diversity. The
phyla Ascomycota, Basidiomycota, and Mortierellomycota have been reported in other
agriculturally important crops. Notably, the phylum Mortierellomycota was found to be
more abundant in asymptomatic trees; previous studies have reported the presence of
this phylum in vanilla orchards, highlighting its ability to produce antibiotics and act as a
potential antagonist against various plant pathogens [52]. Additionally, Basidiomycota is
another abundant phylum in the rhizosphere of both asymptomatic and symptomatic trees,
as it has been reported as the most abundant in apple orchard soils in China [53].

At the genus level, microbial diversity was high and heterogeneous, regardless of the
health conditions of the trees. The greater sequencing depth of the shotgun technology
allowed for the detection of more genera at a ratio of 1:3 compared to amplicon sequencing.
Genera such as Streptomyces, Pseudomonas, and Rhodanobacter were prevalent, regardless
of the sequencing technology used, and maintained a similar proportion despite health
status. In particular, Rhodanobacter exhibited a higher relative abundance in the rhizosphere
of symptomatic trees. While the available literature on Rhodanobacter is limited, it has
been reported that it has the capacity to act as a denitrifying bacterium, which, if it occurs
excessively, can result in the loss of nitrogen, an essential nutrient for plant growth, and
reduce nitrogen availability for crops in agricultural soils [54,55]. Furthermore, in the case
of Streptomyces and Pseudomonas, these genera have been widely reported in agricultural
soils due to their biocontrol properties and their ability to act as antagonists against plant
pathogens [56,57], their capacity to degrade and metabolize a wide range of organic com-
pounds [58–60], and their ability to produce substances that promote plant growth, such
as phytohormones, enzymes, and siderophores, which can enhance nutrient absorption
and stimulate plant growth [61–63]. In the case of less common genera, it is important to
highlight some low-abundance genera that, despite their scarcity, may play significant roles
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in the rhizosphere. One such is Hydrogenobaculum, a genus that participates in nitrate reduc-
tion and could be involved in modulating the distribution of microbial communities [64].
Another infrequent and low-abundance genus is Metakosakonia, which has been previously
reported as a promoter of plant growth through in vitro assays, demonstrating increases in
both the shoot and root growth of potatoes [65]. Therefore, it is of interest to investigate its
interactions with other rhizosphere microorganisms and with the plant, which may lead to
new discoveries for the development of biocontrol strategies and biostimulants for crop
production.

In the case of fungi, Fusarium and Penicillium were the most abundant genera, fol-
lowed by Mortierella, which was mainly abundant in samples from the rhizosphere of
asymptomatic trees. Different Fusarium species have been documented as saprophytes [66],
opportunists [67], and phytopathogens, meaning they are capable of causing diseases in
plants such as vascular wilting, root rot, and stem decay, which results in a negative impact
on the health and yield of crops [68–71]. Moreover, Penicillium is a common necrotrophic–
saprophytic genus that might play an important role in diseased roots since it has been able
to exhibit a variety of lifestyles, including mutualism, commensalism, and parasitism [72].
In fact, certain strains can also be phytopathogenic, leading to diseases and damage to
crops [73,74]. On the other hand, in the rhizosphere of asymptomatic trees, the Mortierella
genus presented the highest abundance, which was similar to the results reported by
Xiong et al. [52], who found that suppressive soil was dominated by the fungal Mortierella,
accounting for 37% of the total fungal sequences in a study of the suppression of vanilla
Fusarium wilt disease; it seems that Mortierella produces fatty acid ethyl esters that contain
arachidonic acid, which under greenhouse conditions reduced the development of tomato
late blight and rhizoctonoise of potato tubers [75].

Significant differences in α-diversity were detected only in bacteria, exclusively
through the shotgun metagenomic approach. Studies evaluating the α-diversity of rhi-
zosphere communities in agricultural crops have reported variations in diversity due to
different biotic factors (e.g., fungi, oomycetes, bacteria, and nematodes) and abiotic factors
(e.g., temperature, tree age, sampling season, and physical and chemical soil properties)
that influence the growth and distribution of microbes [76,77]. In fact, similar to the results
from this study, greater microbial diversity has been reported in the rhizosphere of healthy
plants, which decreases in diseased plants [78–80]. This was also demonstrated in sesame
rhizosphere soil, where a positive correlation was found between the alpha diversity of
the microbial community in the rhizosphere soil of crops and their health status. This
correlation led to alterations in the dynamics of bacterial communities and their associated
soil functions as part of a plant disease response mechanism [80].

The β-diversity results showed that the bacterial and fungal communities in the rhizo-
sphere of asymptomatic trees were grouped separately from those of symptomatic trees.
However, statistical analysis revealed no significant difference in the microbial community
structure. In contrast, shotgun analysis showed a statistically significant difference, indicat-
ing a health-dependent shift in community structure. Regarding the amplicon-sequenced
samples, several key observations were made when reviewing the β-diversity results,
which may be interconnected. First, there was genuinely no significant difference in the
analyzed samples, as observed in other studies evaluating microbial communities between
asymptomatic and symptomatic avocado trees affected by root rot [81]. Secondly, the
number of biological replicates used for amplicon sequencing is crucial. It is advised that
at least three biological replicates be performed to obtain a more accurate representation
of microbial diversity and reduce result variability. However, in some cases, additional
replicates may be required for more robust and reliable results [82]. Thirdly, sampling for
the first year was conducted in March 2020. Continuous monitoring was carried out in
the orchard to detect trees with disease symptoms and apply appropriate management. It
was found that out of the three rhizosphere samples collected from symptomatic trees, the
apple tree, from which the third biological replication of bacteria and fungi was obtained,
recovered, unlike the other two trees. This tree was treated with compost tea, which pos-
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sibly promoted greater competition among soil microorganisms [83] due to the exudates
produced by the roots and microorganisms and due to the self-regulation of microbial
communities [84].

On the other hand, the observed variations in microbial communities between asymp-
tomatic and symptomatic trees through the use of the two sequencing methodologies
employed should be interpreted in the context of the seasonal differences during sample
collection. Seasonal dynamics, such as temperature and moisture fluctuations, are known to
influence microbial composition in soil ecosystems [85]. Recognizing the potential influence
of seasonal variations on our results, it is crucial to emphasize that our data analysis utilized
rigorous statistical methods to identify patterns related to health conditions. Indeed, similar
to other studies such as those conducted by Bei et al. [86], despite the seasonal variations,
the overall diversity of the rhizosphere microbiome remained relatively stable, as observed
in the Venn diagrams. However, future studies with more frequent and extended sampling
across seasons could offer a more comprehensive understanding of the interaction between
seasonal dynamics and rhizosphere microbial communities.

Regarding the functional profiles of rhizosphere microbial communities, PICRUSt and
MG-RAST have been used in several studies to identify enzymatic activities involved in the
metabolic processes in the rhizosphere bacterial communities [87–89]. Considering the top
50 most abundant enzymatic functions from both approaches, several common metabolic
functions were identified, including some directly associated with genes/enzymes involved
in various metabolic processes and biological functions related to lipid synthesis and degra-
dation, amino acid biosynthesis, carbohydrate metabolism, and nucleotide synthesis. For
example, one of the important enzymes detected was 3-oxoacyl-[acyl-carrier-protein] re-
ductase, which has been reported as an enzyme that participates in symbiotic relationships
between plants and microorganisms, promoting the formation of nodules in plant roots [90].
In agricultural soil, the mentioned functions are of utmost importance as they perform
activities that involve soil nutrient cycling, organic matter degradation, chemical compound
transformation, secondary metabolite production, and interaction with plant roots [91,92].
Comprehending these metabolic profiles associated with the microbiome could serve as
evidence of dependence on environmental factors and provide valuable insights into the
interactions between the microbial community and the host plant [93].

Interestingly, shotgun sequencing allowed for the identification of the oomycetes
Phytophthora and Pythium, which were found in the rhizosphere of both asymptomatic and
symptomatic trees (Figure S2). It has been documented that this phytopathogen infects
approximately 200 plant species, including economically important plants such as straw-
berries, pears, walnuts, and apples [94]. A higher relative abundance of Phytophthora and
Pythium was observed in the rhizospheric soil samples from asymptomatic trees than those
from symptomatic ones. Phytophthora, despite being known to cause diseases in apple trees,
can also be present in healthy soil samples as part of its life cycle due to nutrient availability
or the presence of related non-pathogenic species. It is also important to consider that
the presence or abundance of a pathogen in soil does not always directly correlate with
disease in plants. Other factors, such as plant defense mechanisms, the susceptibility
of the host plants, or the interaction with other microorganisms present in the soil, can
influence disease expression [95]. In fact, in studies conducted on the soils of various
oak species showing nonspecific symptoms of branch death and canopy decline [96] and
on those of asymptomatic Eucalyptus coccifera [97], several species of Phytophthora were
recovered regardless of the health status of the trees, suggesting a possible ecological role
as saprophytes. It is important to note that further analyses involving the isolation of these
phytopathogens are required to understand the processes of pathogenicity or saprophytism.
On the other hand, Pythium species are extensively spread as plant pathogens, includ-
ing several apple pathogens [98]. However, other members of this genus are prevalent
as soil saprophytes [99] and have been identified as exhibiting saprophytic behavior in
soil samples, with distribution influenced by factors such as soil type, precipitation, and
temperature. Hence, it is crucial to emphasize that not every Pythium species is pathogenic.
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5. Conclusions

In summary, this study utilized amplicon sequencing and shotgun metagenomic se-
quencing to investigate the composition and diversity of bacterial and fungal communities
in the rhizosphere of apple trees, revealing dominant taxa with similar relative abundances
irrespective of the sequencing technology used. The findings showed significant variations
in alpha and beta diversities within bacterial communities, indicating a shift in species com-
position and abundance influenced by both biotic and abiotic interactions in the dynamic
ecological niche of rhizospheric soil, depending on tree health conditions. Additionally,
microorganisms and their enzymes, which were previously identified in other studies as
important agents of biological control due to their metabolic functions in the rhizosphere,
particularly those involved in plant–microorganism interactions, collectively form the
baseline for practical strategies in the development of sustainable agricultural practices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14020357/s1, Table S1: Summary of Illumina Data.
Figure S1: Venn diagrams depicting the shared and exclusive (a) bacterial and (b) fungal genera
under both asymptomatic and symptomatic conditions. Figure S2: Barplots of oomycetes community
composition at the genus level.
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Abstract: Lilium growth is severely impeded by continuous cropping, and crop rotation is essential to
reducing the detrimental effects of monocultures. Soil (0–20 cm) was collected in three Lilium cropping
patterns in Longshan County, Hunan Province, including continuous Lilium cropping (Lilium), corn
upland rotation with Lilium (Corn), and paddy rotation with Lilium (Rice). Using Illumina high-
throughput sequencing technology, the fungal ribosomal DNA internal-transcribed spacer 1 (ITS1)
was examined to evaluate the features of soil fungi communities among three cropping patterns. Crop
rotation has an impact on soil properties and the microbial community. Rice soil has a significantly
higher pH than Lilium and corn soil, while corn and rice soil have a greater total nitrogen and total
phosphorus content than Lilium soil. Rotation cropping clearly shifted the fungi community diversity
based on the results of principal coordinate analysis (PCoA) and nonmetric multidimensional scaling
(NMDS). Ascomycota was the most prevalent phylum, with the highest levels in Lilium soil. Genetic
analysis revealed that paddy rotation led to a clear reduction in or non-detection of eight potentially
pathogenic fungal genera and a noticeable accumulation of eight beneficial fungal genera compared
to Lilium continuous cropping. Fungi communities and their abundant taxa were correlated with
soil pH and nutrients. Altogether, we propose that rice rotation, with its ability to mitigate soil
acidification, reducing pathogenic and accumulating beneficial communities, may be an effective
strategy for alleviating the continuous cropping barrier.

Keywords: rotation cropping; fungi diversity; beneficial community; soil pH; high-throughput sequencing

1. Introduction

Continuous or monoculture cropping, which is driven by production demands, in-
volves cultivating the same crop over a long period of time [1,2]. This practice often causes
soil nutrient imbalances, stunted plant growth, and increased crop disease and pest [3,4].
In addition, with the continuous cropping, crop roots secrete certain identical exudates,
such as phenolic acids, which may alter the soil microbial community and enhance the
prevalence of the pathogenic microbiome [5]. As a result, continuous or monoculture culti-
vation ultimately poses a serious threat to yield reductions and the healthy advancement of
agriculture [5,6]. Previous studies have shown that continual cropping with a single crop
can diminish crop yields by 20 to 50 percent [7,8]. Therefore, it is imperative to look into
feasible approaches for alleviating the continuous cropping barrier and achieving green
and sustainable development.

Soil microbes play a vital role in agroecosystems, involving nutrient cycling, organic
matter decomposition, and the promotion or suppression of crop diseases [1,3]. The modifi-
cation of soil microbe abundance and species can be used to predict soil health and fertility
in agroecosystems [9]. It has been extensively demonstrated that continuous cropping can
readily disrupt the balance of soil microbial communities, resulting in a decline in microbial
diversity and homogenization of microbial community structure [1,4,5,10]. In soils, loss
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and simplification of soil community composition impair soil ecosystem function, further
affecting plant growth [11]. Generally, soil microorganisms are frequently classified into
pathogenic and beneficial groups based on their function in the agroecosystem [5,12]. Con-
tinuous cropping tends to cause a detectable increase in populations of pathogenic fungi
and a decrease in beneficial fungi. Li et al. [5] and Gao et al. [10], for instance, demonstrated
that continuous cropping of peanuts or potatoes significantly inhabited the populations
of Fusarium, Phoma, Verticillium, Colletotrichum, and Bionectria and decreased some plant-
beneficial fungal groups (like Trichoderma and Mortierella). The accumulation of a load
of pathogenic fungi in the soil at the expense of plant-beneficial fungi appears to be a
likely explanation for the decline in yield and quality as a consequence of continuous crop-
ping [5]. Thus, knowledge of the variability in important functional microbial communities
might shed light on the way certain cultivation strategies perform to eliminate barriers to
continuous cropping.

Rotational cropping has been gradually implemented in agriculture to boost crop
yields and eliminate the continuous cropping barrier [13,14]. A meta-analysis found
that, in China, rotation cultivation increased crop yields by an average of 15–25% more
than continuous monoculture [8,15]. In particular, the corn yield from the corn–soybean–
wheat rotation was 11.8 Mg ha−1, which was 15% greater than the yield obtained from
continuous corn rotation [15]. However, the quantitative synthesis of magnitude and
variability in yields has not been reported. This is mostly caused by the broad variation in
climate factor, crop species, field management, and soil nutrient delivery associated with
various rotation patterns [1,8,15–17]. In addition, research shows that crop rotation has a
variety of consequences on the soil microbial population, including positive, negative, and
neutral effects [6,18–22]. Therefore, it is necessary to evaluate the impact of various rotation
cropping systems on the variation in soil microbial community structure.

Lilium tigrinum (Lilium lancifolium Ker Gawl.) is a valuable medicinal herb of the
Liliaceae family and is distributed in Eastern and Central China. In addition, L. tigrinum
is an ornamental horticultural crop and food with high economic value [4]. In China, the
herb has been cultivated commercially for over 1400 years, and its bulbs are widely used in
a variety of Chinese medicinal products due to their lung-moistening and cough-relieving
properties [23]. As a result, there has been a growing push for farmers to plant Lilium
continuously in growing areas. Nonetheless, continuous cropping with Lilium leads to
severe consecutive replant problems, including extreme soil degradation, crop yield and
quality decline, and frequent soil-borne diseases, e.g., wilt disease and black spot disease,
which has become an important factor limiting the sustainable development of the L.
tigrinum industry [4]. A data survey indicates that constant replanting around 6–9 years
results in a decline in the dry weight of Lilium bulb of 13.25–15.54%, losing farmers an
estimated USD 50 million [4]. Thus, it is imperative to investigate the most efficient ways to
mitigate the barriers to continuous cropping. To avoid these issues, it is common practice
to plant Lilium in previously uncultivated fields. Despite this, there is a restricted quantity
of land available for producing Lilium, and it is anticipated that such detrimental planting
strategies would pose a severe danger to the Lilium industry in the near future. Recently,
certain rotational patterns, such as paddy–Lilium rotation, soybean–Lilium rotation, and
potato–Lilium rotation, have been conducted to replace continuous cropping regions with a
single crop [24–26]. However, there are distinct differences between the land management
practices, crop species employed, and associated root quantity or quality, and other soil
parameters among these types that may impact soil quality and fertility [6]. Additionally,
soil microorganisms may be affected by these factors. Thus, the objectives of this study
were to (1) assess how different patterns of Lilium cropping affect the abundance and
composition of soil community; (2) compare the pattern of fungal diversity and structure
among three different Lilium cropping patterns; and (3) examine how potentially pathogenic
and beneficial fungal communities change when Lilium monoculture cropping is converted
into corn–Lilium cropping and paddy–Lilium cropping. Understanding the influence of

73



Agronomy 2024, 14, 161

Lilium planting on the soil fungus community would give theoretical guidelines for rational
farming mode adoption and sustainable farmland usage.

2. Material and Methods
2.1. Field Description and Sampling

The study sites were located in Longshan County (109◦13′−109◦48′ E, 28◦46′−29◦38′ N)
of Hunan Province. This region has a typical subtropical monsoon climate with mean
annual temperature of 15.8 ◦C and annual precipitation of 1400 mm. The soil type is
categorized as Gleysol in Chinese soil classification, which is derived from sand and
shale [27]. At the beginning of this field experiment, soil chemical characteristics at 0–20 cm
layer were as follows: pH 5.26, soil organic carbon (SOC) 10.38 g kg−1, total nitrogen
(TN) 1.36 g kg−1, total phosphorous (TP) 0.88 g kg−1, total potassium (TK) 23.90 g kg−1,
available P 126.7 mg kg−1, available K 139 mg kg−1, NH4

+-N 0.90 mg kg−1, and NO3
−-N

8.01 mg kg−1. The experiment had three treatments, including continuous cropping of
Lilium (Lilium), corn upland rotation with Lilium (corn), and paddy rotation with Lilium
(rice). Each treatment set triple plots (20 m × 15 m). The agricultural land management
was practiced with typical management of the region. Detailed information, including
the crop species, tillage frequency, planting time, harvest frequency, fertilization rate, and
replanting frequency, is presented in Table S1.

Lanceleaf Lilium bulb was grown in these research region for more than 40 years. The
Lilium was generally managed as follows: the soil was tilled to a depth of 25 cm, and the
plant was fertilized three times throughout the growth period. The experimental bulbs
were uniformly sized, second-generation, and planted 7–10 cm deep. The soil was kept
moist but not soggy during the planting procedure. The bulbs weighed roughly 100 g and
were spaced 15–20 cm apart, with a planting density of roughly 100,000 plants/hm2.

2.2. Soil Sampling and Determination of Soil Physiochemical Properties

Soil sampling (0–20 cm) was conducted in 2022, at the crop-harvesting stage for Lilium,
corn, and rice, respectively. A random collection of 5 points were chosen in each plot and
then mixed as one sample. After removing stones and roots, a portion of fresh soil sample
was stored at −80 ◦C for DNA extraction; the remaining portion of the soil sample was air-
dried and passed through a 0.15 mm mesh to measure soil physicochemical properties. Soil
pH was measured using a pH meter (FE20K, Mettler Toledo, Greifensee, Switzerland) at a
soil/water ratio of 1:2.5 [28]. The SOC and TN contents were analyzed by K2CrO7-H2SO4
digestion and semi-micro Kjeldahl digestion, respectively [28]. Soil TP was measured using
the molybdenum blue colorimetric method, and soil TK was determined using inductively
coupled plasma-atomic emission spectrometry [28]. In addition, methods for detecting
soil-based properties have also been performed previously [28].

2.3. DNA Extraction, PCR Amplification, and Amplicon High-Throughput Sequencing

ITS rRNA amplification sequencing was performed by Genesky Biotechnologies Inc.
(Shanghai, China). Briefly, DNA was isolated from 0.25 g soil using a FastDNA® SPIN
Kit for soil (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s in-
structions. The integrity of genomic DNA was detected through agarose gel electrophore-
sis, and the concentration and purity of genomic DNA were detected through the Nan-
oDrop 2000 and Qubit 3.0 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). DNA from the soil samples was used as a template for PCR amplification. As
positive control, standard genomic DNA of fungi was amplified in triplicate. The PCR
products were purified with Agencourt AMPure XPPCR Purification Beads (Beckman
Coulter, Brea, CA, USA) to assess their specificity. The primers used for the amplifica-
tion of the ITS1 region were ITS1F(5′-CTTGGTCATTTAGAGGAAGTAA−3′)/ITS2R(5′-
GCTGCGTTCTTCATCGATGC−3′) and then sequenced using Illumina NovaSeq 6000
sequencing (Illumina, San Diego, CA, USA) [29–32]. The PCR mixture consisted of 1 uL
of 10×Toptaq buffer, 0.8uL of 2.5 mM dNTPs, 0.3 uL of F/R primer (10 uM), 0.2 uL of
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Toptaq DNA polymerase (Transgen, Beijing, China), 3 uL template DNA, and up to 10 uL
ddH2O. The thermal cycling parameters for PCR amplification were as follows: initial
denaturation at 94 ◦C for 3 min, 94 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 1 min; 25~27 cycles
of denaturing at 72 ◦C for 10 min, and hold at 4 ◦C. The purified products were then
indexed in the 16S V4–V5 library. The library quality was assessed on the Qubit@3.0 Fluo-
rometer (Thermo Scientific, Wilmington, DE, USA) and Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA) systems. Finally, the purified amplifications from all
the samples were pooled in equimolar concentrations, and then the pooled library was
sequenced on a NovaSeq 6000 platform (Illumina, San Diego, CA, USA), SP-Xp (PE250)
using a 2 × 250-paired-end sequencing kit (250 bp).

Paired-end reads were assembled using FLASH to obtain raw tags. The raw read
sequences were processed in the Quantitative Insights Into Microbial Ecology (QIIME)
toolkit [29]. The adaptor and primer sequences were trimmed using the cutadapt plugin.
High-throughput sequencing data were clustered into operational taxonomic units (OTUs)
at a 97% similarity level using UPARSE pipeline, and the chimeric sequences were identified
and removed. DADA2 plugin was used for quality control and to identify amplicon
sequence variants (ASVs) [33]. Taxonomic assignments of ASV representative sequences
were performed with confidence threshold 0.6 by a pre-trained Naive Bayes classifier,
which was trained on the UNITE (version 8.2).

2.4. Data Analysis

Before statistical analyses, all the dependent variables were tested for normality and
natural log-transformed when necessary. One-way ANOVA with LSD test was conducted
using SPSS ver.16.0 for Windows (SPSS Inc., Chicago, IL, USA) to determine significant
differences among three cropping types (p < 0.05). The relative abundance was determined
by the number of sequences affiliated with the same phylogenetic groups divided by
the total number of the target phyla or genera per sample. The Shannon, ACE, Chao
1, and Simpson index were calculated to compare the fungi community alpha diversity
for each sample. The Venn analysis was performed to compare the fungal composition.
Principal coordinate analysis (PCoA) and nonmetric multidimensional scaling (NMDS)
were performed to detect the beta diversity between individual samples. Additionally, the
similarity of community composition in the abovementioned communities was evaluated
sequentially using the “Adonis” and “AOSIMN” functions (999 permutations) of the R
package “phyloseq” (version 1.26.1) and “Vegan” (version 2.5.6). Linear discriminant
analysis (LDA) effect size (LEfSe) was used to elucidate the biomarkers in each treatment.
Those with an LDA ≥ 2.0 were considered to be important biomarkers in each treatment.
Redundancy analysis (RDA) with a forward selection option and Monte Carlo permutation
test (999 permutations) was conducted to select the significant explanatory variables (soil
properties) contributing significantly (p < 0.05) to soil fungi microbial community variation.
The RDA was performed using the R package “vegan” (version 2.4.5).

3. Results
3.1. Changes in Soil Properties Underlie Three Land Types

Except soil TK, soil pH, SOC, TN, TP, C:N, C:P, and N:P significantly differed among
three cropping patterns (Table 1). The soil pH was significantly higher in rice soil than in
Lilium and corn soils (Table 1). The content of TN and TP was higher in corn and rice soil
than that in Lilium soil, and the highest content of SOC was observed in corn soil (Table 1).
Inversely, the ratio of soil C:N and C:P was significantly higher in Lilium soil than that in
the other two rotation patterns (Table 1, p < 0.05).
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Table 1. Soil properties under three cropping patterns.

Lilium Corn Rice

pH 5.12 (0.06) b 5.08 (0.02) b 5.51 (0.01) a

SOC, g/kg 11.57 (0.22) b 14.00 (0.06) a 10.71 (0.21) c

TN, g/kg 1.24 (0.02) c 1.73 (0.06) a 1.45 (0.02) b

TP, g/kg 0.72 (0.02) c 1.71 (0.01) a 0.91 (0.00) b

TK, g/kg 21.37 (0.03) 21.77 (0.15) 21.80 (0.17)
C:N 9.36 (0.20) a 8.13 (0.32) b 7.39 (0.20) b

C:P 16.19 (0.78) a 8.17 (0.02) c 11.73(0.25) b

N:P 1.59 (0.01) a 1.01 (0.04) b 1.73 (0.08) a

Values are presented as means (standard error). Lilium: continuous cropping with Lilium, Corn: corn upland
rotation with Lilium, Rice: paddy rotation with Lilium. Different low letters present significant difference among
three cropping patterns at p < 0.05.

3.2. Fungal Abundance and Diversity

Fungal composition and diversity were measured based on OTUs. The OTU distribu-
tion Venn analysis demonstrated that there were a total of 2412 OTUs, and 610, 453 and
608 unique OTUs in Lilium, corn and rice soil, respectively (Figure S1). These unique OTUs
accounted for about 63.36–73.36% for all OTUs in three cropping patterns (Figure S1). In
addition, there were 91 shared fungal OTUs, accounting for about 10.66–12.73% among
three cropping patterns (Figure S1).

The alpha diversity indices were evaluated based on the OTUs. The ACE, Chao1,
Shannon, and Simpson diversity reveal an depletion of OTU similarity in Lilium and rice
soil compared to Lilium and corn soil (Table 2). The beta diversity of fungal community over
all samples is illustrated using a PCoA and NMDS plot (Figure 1). At the OTU level, the
distribution pattern revealed that the fungal community structure was distinctly different
among three cropping patterns (Figure 1). The first two principal components explained
approximately 76.58% of the variance in the fungal composition based on the result PCoA
(Figure 1A). The aggregation degrees of the sample points from the rice soil were distant
from those of the sample points from corn soil, and both soils were extremely far away
from the sample points in Lilium soil (Adonis: R2 = 0.762, p < 0.01; ANOSIM: statistic R = 1,
p < 0.01; Figure 1B). Based on cluster tree analysis, all samples are grouped into two main
groups: samples of rice soil are separated from samples of the other two soils, and samples
of Lilium and corn soils are grouped into one group (Figure S2).

Figure 1. Beta diversity of soil fungal communities under three cropping patterns. PCoA (A) and
NMDS (B) based on the Bray–Curtis distance dissimilarity. PCoA: principal coordinate analysis,
NMDS: nonmetric multidimensional scaling. Lilium: continuous cropping with Lilium, Corn: corn
upland rotation with Lilium, Rice: paddy rotation with Lilium.
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Table 2. Soil fungi diversity under three rotation patterns.

Alpha Diversity

ACE Chao 1 Shannon Simpson

Lilium 445.74 (26.70) 444.88 (26.38) 4.25 (0.09) 0.044 (0.00)
Corn 395.38 (31.76) 394.52 (31.44) 3.99 (0.05) 0.055 (0.01)
Rice 440.27 (26.01) 439.09 (26.28) 4.11 (0.18) 0.046 (0.01)

Value are presented as means (standard error). ACE: abundance-based coverage estimator metric. Lilium:
continuous cropping with Lilium, Corn: corn upland rotation with Lilium, Rice: paddy rotation with Lilium.

3.3. Fungal Community Structure and Composition

The OTUs identified in all samples were divided into eight phyla, 18 classes, 40 orders,
64 families, and 72 genes. Among three cropping types, the overall fungal community
was dominated by the phyla (relative abundance > 1% all samples) Ascomycota (average
relative abundance > 65%), followed by Basidiomycota (14.82%), Mortierellomycota (7.26%),
and unassigned fungi (6.72%) (Figure S3A). The relative abundance of these dominant
fungal phyla responded differently to cropping patterns. For detail, the relative abun-
dance of Ascomycota was highest in Lilium soil, followed by rice soil, in contrast to the
corn soil (Figures 2A and S3B). Nevertheless, the relative abundance of Basidiomycota and
Mortierellomycota was significantly higher in corn soil and lowest in rice or Lilium soil
(p < 0.05, Figures 2A and S3B). Further taxonomic classification at the gene level revealed
that 258 genera were detected, 79 of which differed between the three cropping patterns
(p < 0.05). Fusarium, Mortierella, Gibberella, Trichobolus, and Humicola were the predominant
fungal genera in Lilium and corn soils, while Mortierella, Fusarium, Talaromyces, Lecanicillium,
and Colletotrichum were the dominant fungal genera in rice soil (Figure 2B). The relative
abundances of Fusarium, Gibberella, Humicola, and Trichobolus were significantly reduced or
not detected, while the relative abundances of Mortierella, Pencillium, Talaromyces, Lecani-
cillium, Trichoderma, and Colletotrichum increased in rice soil compared to the Lilium soil
(Figure 2B).

Figure 2. Relative abundance of dominant fungal phyla (A,B) among three cropping patterns. Lilium:
continuous cropping with Lilium, Corn: corn upland rotation with Lilium, Rice: paddy rotation
with Lilium.

The linear discriminant analysis effects size (LEfSe) was analyzed for discerning the
abundant taxa among three cropping types (Figure 3). There are a total of one, seven, and
five biomarkers in Lilium, corn, and rice soil, with all LDA values over 3.0. Furthermore, all
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biomarkers were completely different amongst soils, demonstrating that rotation cultivation
induced alterations in the fungal community structure of Lilium soil (Figure 3).

Figure 3. LDA (linear discriminant analysis) discriminant results. Taxa enriched in Lilium are shown
in red with a positive LDA score, corn in green with positive LDA score and rice in blue with a
positive LDA score (p < 0.05; LDA score ≥ 2.0).

3.4. Changes in Potential Pathogenic and Beneficial Fungi

Based on a subsequent fungal guild analysis, eight potentially pathogenic fungi and
eight beneficial fungi were found to be considerably distinct in corn and rice soils in
comparison to Lilium soils (Table 3). The relative abundance of potentially pathogenic
fungus with names, like Fusarium, Gibberella, Volutella, Alternaria, Humicola, Aspergillus,
Trichobolus, and Exophiala, was substantially reduced or not observed in rice soil compared
to Lilium soil (Table 3). Meanwhile, certain plant-beneficial fungi, such as Mortierella,
Lecanicilium, Trichodema, Acremonium, Clonostachys, Metarhizium, Metacordyceps, and Penicil-
lium, expanded more in rice soil than that in Lilium soil (Table 3).

Table 3. The relative abundance of potentially pathogenic fungi and potentially beneficial fungi.

Lilium Corn Rice

Potentially pathogenic fungi

Fusarium 23.97(2.09) a 22.46(2.37) a 5.47(2.01) b

Gibberella 2.83(0.49) b 10.88(1.43) a 0.25(0.11) c

Volutella 1.30(0.24) 0.02(0.01) 0
Humicola 4.28(1.18) a 2.90 (0.15) a 0.07 (0.02) b

Alternaria 1.91 (0.31) a 0.35 (0.07) b 0.44 (0.04) b

Aspergillus 0.48 (0.28) 0.03 (0.01) 0.01(0.01)
Trichobolus 5.28 (1.34) a 0.15(0.07) b 0
Exophiala 3.55(0.64) a 0.50(0.10) b 0.06(0.01) b
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Table 3. Cont.

Lilium Corn Rice

Potentially beneficial fungi
Mortierella 1.80(0.38) b 9.89(1.10) a 9.18(0.66) a

Lecanicillium 0 0 8.97(3.82)
Trichoderma 1.01(0.20) 2.19(0.89) 3.46(1.34)
Acremonium 0.43(0.14) b 0.34(0.07) b 1.58(0.20) a

Clonostachys 0.77(0.16) a 0.08(0.03) ab 0.35(0.19) b

Metarhizium 0.08(0.00) b 0.71(0.25) a 0.12(0.07) b

Penicillium 0.04(0.01) b 0.50(0.38) b 1.39(0.06) a

Metacordyceps 0 0 0.07
Values are presented as means (standard error). Different low letters present significant difference among three
patterns at p < 0.05. Lilium: continuous cropping with Lilium, Corn: corn upland rotation with Lilium, Rice: paddy
rotation with Lilium.

3.5. Relation between Fungal Community and Soil Properties

A mantel test analysis revealed a strong correlation between fungal community struc-
tures and soil pH, SOC, TP, TN, C:P, and N:P, and soil pH was the most substantial explana-
tory variable (r = 0.7863, p < 0.01, Table S2). Likewise, RDA was applied to analyze the
relationships between the fungal community compositions and soil properties (Figure 4).
RDA1 and RDA2 contributed to 60.93% of the total variances at the phylum level (Figure 4).
The RDA plot of the fungal community composition rendered it abundantly evident that
the samples from Lilium, corn, and rice varied considerably from one another (Figure 4).
The first axis was positively correlated with soil pH, SOC, TN, TK, and negatively correlated
with soil pH, C:P, and N:P. The second axis was positively correlated with soil TK, C:N,
C:P, and N:P and negatively correlated with soil pH, SOC, TN, TK, and TP. Soil pH was
the most crucial variable in shaping the relative abundance of Basidiomycota (r = −0.95,
p < 0.001, Table S3) at the phylum level.

Figure 4. Redundancy analysis (RDA) diagram illustrating the relationship between the soil fungal
community composition at the phyla-level from different sampling sites and environmental variables.
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The explanatory variables are showed by different red arrows, soil fungal community composition
by black star circle. pH: salinity, SOC: soil organic carbon, TN: soil total nitrogen, TP: soil total
phosphorus, TK: soil total potassium, C:N: the ratio of SOC to TN, C:P: the ratio of SOC to TP, N:P: the
ratio of TN to TP. The orange squares represent Lilium cropping (Lilium), the blue squares represent
corn upland rotation with Lilium (Corn), the green squares present paddy rotation with Lilium (Rice).

We also used Spearman’s rank correlation to evaluate the associations between the
abundance of fungus phyla and soil physicochemistry properties (Figure 5). Ascomycoto
had a negative correlation with SOC, TN, and TP but a substantial positive correlation
with soil C:P and N:P. There was a significant and positive correlation observed within
Mortierellomycota and Mucoromycota and SOC, TP, and/or TN. While Olpidiomycota, Aphe-
lidiomycota, and Kickxellomycota were significantly and positively associated with pH and
negatively correlated with TK, Glomeromycota and Rozellomycota were considerably and
positively correlated with TK (Figure 5).

Figure 5. Spearman’s rank correlations between soil nutrients and the relative abundances of the
different fungal phyla. pH: salinity, SOC: soil organic carbon, TN: soil total nitrogen, TP: soil total
phosphorus, TK: soil total potassium, C:N: the ratio of SOC to TN, C:P: the ratio of SOC to TP,
N:P: the ratio of TN to TP. “*”, “**” and “***”present significant difference at p < 0.05, p < 0.01 and
p < 0.001, respectively.

4. Discussion
4.1. The Influence of Rotation Cropping Patterns on Slowing Soil Acidification and Improving
Soil Nutrients

Long-term continuous cultivation with a single crop can deteriorate the soil environ-
ment, causing nutrient imbalances and acidity [34–36]. Rotation cropping, which effectively
improves soil physical and chemical properties, regulates soil fertility and increases crop
yields by altering the soil microenvironment, and it has been recognized as a suitable
practice to protect crop production [6,17]. Among these practices, lowland paddy and
upland crop rotations are accompanied by an anaerobic and aerobic microenvironment,
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which jointly modify soil physicochemical features and nutrient conversion, most likely
facilitating the growth of microorganisms and plants [14,37]. In acidic soils, pH tends to
move towards neutral after inundation [38]. Consequently, paddy-upland rotation has
a noticeable effect on slowing soil acidification. The results of this study indicate that
paddy-upland rotation may help to mitigate soil acidification since the average pH of rice
soil increased significantly overall, as compared to Lilium soil by 0.39 units. The increased
value (0.25 unit) of soil pH in rice soil, as compared to base soil (mean value = 5.26), further
supports this result. This finding is in line with that of Zhang et al. [14], who demonstrated
that the paddy-upland rotation can produce comparatively higher soil pH and diminish
the tendency of soil acidification than continuous cultivation with a single upland crop.
Different rotation types also regulated the soil nutrient content. Compared with Lilium
monoculture cultivation, the content of SOC, TN, and TP increased by 21.00%, 16.94%, and
137.5%, respectively, in corn soil. Meanwhile, the TN and TP contents of rice soil were
comparatively greater, suggesting that these two crop rotation strategies could improve
the potential for sequestering soil organic matter. In contrast, the paddy-upland rotation
model distinctly reduced SOC content, which is consistent with the results published by
Wang et al. [16]. This is presumably due to water leaching reducing the excess SOC during
the rice rotation phase. As taken together, rice–Lilium rotation cropping can minimize soil
acidity, improve soil nutrients, and possibly modify the soil microbial community.

4.2. Impact of Different Cropping Patterns on Fungi Community Diversity

An indicator of soil microbial community diversity is critical for the productivity and
stability of agricultural soil ecosystems [39]. The findings of the alpha diversity analysis
showed that the fungal community’s richness in rice soil was comparable to that in Lilium
soil; however, it decreased substantially in corn soil, as compared to that in Lilium soil.
Additional data indicated that fungi in Lilium and rice soils possessed more variety, as
revealed by the Ace and Shannon index. Gao et al. [10] and Liu et al. [2] also proposed
that the diversity of fungi was markedly increased by the continuous cropping of sweet
potato and soybean. This observation, however, was contrary to the findings published
by Shi et al. [4], who found that continuous cropping with Lilium reduced fungal richness.
This might be due to inconsistencies in detection methodologies or differences in crop and
soil conditions, as various crops have diverse root exudates that alter microbial communi-
ties [40]. For beta diversity, both PCoA and NMDS analysis indicated that crop rotation
clearly had a significant impact on the matrix fungal community structure [22,41,42], which
was confirmed by the hierarchical clustering (Figure S2).

It is widely acknowledged that the structure and composition of soil microbial com-
munity are determined by the soil physicochemical properties [1,41,43]. Similarly, this
discovery showed that the structure and diversity of soil fungus are greatly affected by soil
pH, TN, SOC, TP, and TK. The findings can be attributed to differences in soil properties
brought about by various agricultural practices, which affect the availability of microbial
nutritional elements. Consequently, these elements serve as cofactors in the synthesis of
numerous organic compounds, including acids, proteins, and carbohydrates. Of these,
soil pH appears to be one of the key factors regulating fungal community structure under
different cropping patterns [35,41,43–45]. Shen et al. [46] and Shi et al. [47] showed that soil
pH can alter the bioavailability of soil nutrients, substrates, and hazardous metals, which
can alter the composition of the microbial community. Furthermore, the overly acidic soil
may limit most soil fungal growth and propagation, and these fungal communities will
thrive when the soil pH limitation is removed [45]. Thus, soil fungi growth improved in
rice soil with relatively high pH.

4.3. Effects of Cropping Pattern on Fungal Community Taxonomic Classification and Structure

The alternation in soil fungal community structure and composition under continuous
cropping has been well documented [1,2,44]. When OTUs are grouped at the phylum level,
Ascomycota, Basidiomycetes, and Mortiomycota were the most dominant phyla that appear

81



Agronomy 2024, 14, 161

frequently in soil. The phylum Mortierellomycota was more conducive to enrichment in
healthy soil, whereas Ascomycota was more likely to be formed in diseased soil, according
to the findings presented by Yuan et al. [48]. Ascomycota has been found in association
with a wide range of crop monoculture systems [3,10,44] and the phyla Ascomycota was
detected in Lilium soil with higher relative abundance (average 70.45%) related to that
in corn and rice soil. Moreover, we discovered that the phylum Mortrellomycota was
considerably more prevalent in rice soil compared to Liliun soil, indicating that crop
rotation is an improved strategy to defend crops against specific diseases like Fusarium
wilt disease. Additionally, the Ascomycota class Sordariomycetes is the most dominant
(top 1 class, average RA = 43.65%), which is consistent with numerous studies, showing
Sordariomycetes to be the most prevalent fungal class in a variety of agricultural systems [2].
Members of this class, including Fusarium, Gibberlla, Volutella, and Humicola gene, have
a broad distribution as plant endophytes and pathogens in almost all ecosystems [2].
At the genus level, Fusarium, Mortierella, Gibberella, Humicola, Trichobolus, and Exophiala
were the dominating genes in Lilium soil at the genus level. One of them, Mortierella,
has been proven to be a beneficial fungus with biocontrol characteristics [2,12,49], and its
abundance increased when Lilium continuous cropping was converted into rice–Lilium
rotation cropping. In addition, the existence of putative pathogenic fungi, such as Fusarium,
Gibberella, Humicola, Trichobolus, and Exophiala, can cause soil-borne disease, affecting crop
growth and production [16,50–52].

4.4. Changes in Potentially Pathogenic and Beneficial Fungi in Response to Different
Crop Rotations

The emergence of crop diseases caused by the formation or expansion of pathogenic
communities, such as Fusarium, Alternaria, Gibberella, and Colletotrichum, seems to be
the main reason for the decline in crop output and the stunted growth of monoculture
crops [5,44,50,51,53]. These pathogenic fungal communities, including Fusarium, Alternaria,
and Gibberella, were the most prevalent in the current study. Their relative abundance was,
likewise, significantly higher in Lilium monocultures and lower in rice–Lilium rotations,
demonstrating that certain pathogenic fungi thrive in Lilium monocultures. Specifically,
Fusarium is generally recognized as a pathogenic fungus that causes devastating crop
diseases, such as Lilium wilt disease, Fusarium root rot, and banana Fusarium wilt dis-
ease [4,10,50,54,55]. As the largest genus, the relative abundance of Fusarium was distinctly
significantly higher in Lilium soil and lower in rice soil (Table 3). Alternaria and Gibberella
can infect various crops and cause foolish seeding disease of rice, soybean Altenaris leaf
spot, citrus Alternaria brown spot, and Sanqing ginseng root rot [51,53]. In our study, other
certain fungal genera, such as Humicola, Trichobolus, Exophiala, Volutella, and Aspergillus,
were found to be more abundant in Lilium soil and reduced or not detected in rice soil
(Table 3). These five fungal genera have been identified as potentially pathogenic fungi
based on other research [52,56,57]. Thus, our findings imply that a rise in the abundance of
the aforementioned pathogenic fungal community is a potential cause of the continuous
cropping barrier, which restricts the establishment of Lilium monocultures.

The reduction in pathogenic and the accumulation of potential beneficial commu-
nities might help to alleviate the continuous cropping barrier [4,5,13]. Our findings also
revealed that rotation cropping cultivation increased or some potential beneficial fungi
species appeared, e.g., Mortierella, Penicillium, Trichoderma, Lecanicillium, and Acremonium.
Certain species of Mortierella have the ability to shield crops from Fusarium wilt disease
and Fusarium root rot [2,49]. As the major dominant genus, the relative abundance of
Mortierella was four-times more abundant in rice soil (9.18% on average) than in Lilium
soil (1.80% on average). Previous studies have illustrated substantial correlation between
higher Mortierella abundance and good soil health during continuous replanting [1]. Peni-
cillium can act as a fungal antagonist and plant growth promoter due to its function in
producing a vast variety of physiologically active chemicals [58]. Trichoderma, Lecanicillium,
and Acremonium also have biocontrol or plant growth-promoting ability based on their
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significant and positive correlation with crop physiological characteristics [14]. Here, the
relative abundance of Trichoderma, Lecanicillium, and Acremonium was distinctly higher in
rice soil compared with in Lilium soil. Meanwhile, other certain genera, i.e., Metarhizium
and Metacordyceps, have been identified as parasitic fungi of insects and susceptible to
rotation cropping [59,60]. In conclusion, compared to Lilium monoculture cropping, rice–
Lilium rotation can improve the quantify of beneficial fungi and lessen the abundance of
pathogenic fungi. As a consequence, it may be extremely crucial in alleviating the barrier
associated with continuous cropping in agricultural production.

5. Conclusions

In this study, different cropping patterns had divergent effects on soil physicochemical
properties and microbial community structure. Rice–Lilium rotation cropping consider-
ably reduced the development of soil acidification and increased soil nutrient content,
as compared to Lilium continuous cropping. Soil fungal communities in rice and corn
soil were noticeably distinct from those in Lilium soil. Ascomycota was found to be the
dominant group, with the highest abundance in Lilium soil. Additionally, we observed a
higher relative abundance of eight beneficial fungi and a decline in or non-detection of
eight potentially pathogenic fungi in rice soil compared to Lilium soil. Overall, this study
provides evidence that paddy-upland rotation cropping can improve soil fungi structure
by reducing soil acidity and improving some beneficial fungi communities.
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Abstract: The use of chemical fertilizer along with organic fertilizer is an important agricultural
practice that improves crop yield but also affects soil biogeochemical cycles. In this study, a maize
field experiment was conducted to investigate the effects of NPK fertilizer (NPK), organic fertilizer
(OF), and their combination (NPK+OF) on soil chemical properties, bacterial and fungal community
structures, and diversity compared the control (CK, without any fertilizer). The results showed
that the application of OF and NPK-combined OF increased soil organic matter (OM), total N, total
P, available N, available P, and available K levels. For alpha diversity analyses, the application of
fertilizers led to decreases in soil bacterial and fungal Shannon indices (except for NPK in fungi).
Compared with CK, NPK, OF, and NPK+OF fertilization treatments significantly increased the
abundances of Acidobacteriota, Gemmatimonadota, and Basidiomycota. Network analysis showed
that fertilization produced fewer connections among microbial taxa, especially in the combination
of NPK and OF. A redundancy analysis combined with Mantel test further found that the soil
OM, available N and P were the main soil-fertility factors driving microbial community variations.
Therefore, using organic fertilizer or biological fertilizer combined with chemical fertilizer to improve
the status of soil C, N, and P is a promising method to maintain the balance of soil microorganisms in
maize field.

Keywords: organic fertilizer; soil properties; soil quality; microbial community; co-occurrence network

1. Introduction

In recent decades, the maize yield per unit area significantly increased, and was mainly
driven by the large amount of chemical fertilizer input [1,2]. However, long-term and
excessive chemical fertilizer input, especially inorganic fertilizer, had a negative impact on
soil quality [3], leading to a series of environmental problems, such as water eutrophication,
soil erosion and biodiversity loss [3–5]. The ministry of agriculture and rural affairs of
China came up with a plan in 2015 characterized by the policy of “zero growth of chemical
fertilizer in 2020” to solve the environmental problems caused by the excessive application
of chemical fertilizer [6], which stressed the need to improve fertilization management in
crop production. In short, sustainable management practices are essential to reduce the
negative impact of agriculture on the environment.

Although there are still some disputes on organic agriculture, it is generally believed
that organic fertilizer is superior to chemical fertilizer in improving soil biological fertility,
such as animal manure [7]. The use of organic fertilizer combined with chemical fertilizer
can not only reduce the use of synthetic fertilizers, but also improve soil fertility and nutrient
circulation, further achieving the long-term stability of crop production by reshaping
more active microbial soil–plant interactions [8,9]. However, as a typical organic fertilizer,
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manure is rich in nutrients and binders; thus, it is widely used to improve soil structure and
function [10,11], such as improving soil nutrient availability loss and phosphorus fixation
for crop utilization by reducing nitrogen [12]. Additionally, since the alkaline substances
released from manure can also lead to an increase in soil pH, they are closely related to
various soil physicochemical and biological processes determining crop productivity [13,14].
Moreover, animal manure also contains fresh organic matter, and its application to the soil
will cause a significant increase in the soil organic carbon [15,16].

Soil microorganisms are critical to the function and sustainability of agroecosys-
tems [17,18], not only playing an important role in driving soil–plant rhizosphere in-
teractions, but also directly affecting soil properties and crop yields [19]. In addition, soil
microorganisms not only play a key role in nutrient cycling and organic matter decomposi-
tion, but can also metabolize and transform organic matter by secreting specific extracellular
enzymes [20]. However, soil ecological processes are mainly driven by soil microorganisms,
and microbial metabolic activity and functional diversity are closely related to biogeo-
chemical cycles and are considered more important indicators for assessing soil ecological
functions and productivity [5,21]. Rhizosphere microorganisms grow together with plant
roots and are critical for plant productivity because they play a key role in circulating soil
nutrients [22], as well as in abiotic stress tolerance [23] and soil-borne pathogen inhibi-
tion [24]. Previous studies have provided comprehensive evidence that plant rhizosphere
bacterial communities can comprise many characteristics, including soil physicochemical
characteristics and nutrient availability [25], plant root exudates and other metabolites [26],
and plant genotypes [27]. Ding et al. [28] also found that, compared with chemical fertil-
izer, organic fertilizer increased microbial functional diversity in paddy soil and changed
bacterial community composition. Previous studies showed that the long-term application
of organic fertilizer changed the activity of functional microorganisms related to carbon
fixation and decomposition, increased the abundance of soil carbon fixation and refractory
C compound degradation genes [29], and reduced the abundance of the degradation of
unstable C compounds. It has been reported that manure application can significantly
increase the number of key microorganisms related to nitrogen immobilization and miner-
alization, ammonification and nitrification [30]. The combined application of organic and
inorganic fertilizers can accelerate the growth of microorganisms, change the structure of
the soil’s microbial community and improve enzyme activity [31,32]. The application of
organic fertilizer will have a positive impact on bacterial and fungal diversity, regardless
of whether chemical fertilizer is applied [33]. Although the impact of fertilization on soil
microorganisms has been revealed in many studies, research on the impact mechanism
of different fertilizer sources on the maize soil microbial community and the main factors
affecting them is relatively weak. Further research would be helpful to evaluate the fertility
and health status of maize soil and further promote the sustainable development of the
maize industry and environment.

In addition, the ecological network of microbial communities is now a priority area
in soil ecology research. In recent years, it has been widely used to study the interaction
between soil organisms in different ecological environments, in which species (i.e., nodes)
are connected by pairwise interactions (links) [34,35]. Based on this analysis, we can not only
determine the symbiotic patterns of characteristic microbial species at different taxonomic
levels [36,37], but also identify the key species affecting the stability of the microbial
community [38,39]. However, to date, the establishment of the soil’s microbial community
network in maize fields under different fertilizer sources is still in the primary stage; thus,
it is of great significance to further establish the network of the soil’s microbial community
to determine the interaction between microorganisms. Moreover, the effects of fertilizer
sources on maize soil microbial communities and their symbiotic networks in arid irrigated
areas of Ningxia have not been revealed. Here, a field trial was carried out to investigate
the impacts of fertilizer sources on rhizosphere soil bacterial and fungal communities
in maize field using amplicon sequencing and network analysis. The objectives were
to: (i) investigate the effects of the use of chemical fertilizer/organic fertilizer/chemical
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fertilizer combined with organic fertilizer on the soil chemical properties; (ii) compare
the differences in the effects of different fertilizer sources on the soil bacterial and fungal
community abundances; and (iii) explore the soil fertility factors driving soil microbial
community changes.

2. Materials and Methods
2.1. Study Site and Field Experiment Design

The field experiment site is located in Jinmaoyuan family farm, Huangquqiao Town,
Yellow River Diversion Irrigation Area in the north of Yinchuan, Ningxia (38◦30′ N,
106◦18′ E) (Figure S1). The altitude and average annual temperature are about 1090 m and
8.8 ◦C, and there is a large temperature difference between day and night. In addition, the
average annual precipitation is about 200 mm, and the evaporation is high. The experi-
mental region is low-lying and the east–west trend is slightly undulating. The soil pH in
the area is alkaline (alkalinity 18.67%), soil type is irrigation silted soil, and the soil texture
is silty clay loam (according to international classification standards), which belongs to
chloride sulfate saline soil and is irrigated by the Yellow River water.

The experiment was carried out with a completely randomized block design in 2019,
which was being repeated for the third year. The maize variety was Xianyu No. 987. The
wide and narrow rows (70 cm wide and 50 cm narrow) were used for planting, and the hole
spacing was 18–20 cm. The roller seeder was used for sowing. The maize was irrigated
twice every year at the jointing stage (mid-June) and tasseling stage (mid-July), and the
single irrigation amount was 1500 m3 ha−1. The four fertilization treatments included
(1) CK: with none fertilizer (control); (2) NPK: with chemical NPK fertilizer (360 kg N
ha−1, 120 kg P2O5 ha−1, and 45 kg K2O ha−1); (3) OF: with organic fertilizer 9000 kg ha−1;
(4) NPK+OF: mineral NPK fertilizer with organic fertilizer (360 kg CH4N2O ha−1, 120 kg
P2O5 ha−1, 45 kg K2O ha−1, and 9000 kg ha−1 organic fertilizer). Each treatment was
replicated three times. The organic fertilizer adopted for this study was fermented by
chicken manure, which contained 1.95% of total TN, 0.92% of total TP, 0.85% of total K, and
26.25% of organic C. The chemical fertilizers, including N (urea, 46% N), P (superphosphate,
12% P2O5), and K (potassium sulfate, 50% K2O) fertilizers, were applied as a basic fertilizer
before sowing, and organic fertilizer was applied once at the beginning of April every
year. Additionally, regular weed and pest management was performed during maize
growth stages.

2.2. Soil Sampling

At the harvest stage of maize in October, 2019, the rhizosphere soil samples were
collected using a 5 cm diameter auger according to the five-point sampling method. Five
fresh samples were taken from each plot and mixed thoroughly as one composite sample for
further study. After the obtained roots were removed, all soil samples were passed through
a 2 mm sieve, and each sample was separated into two subsamples. One subsample was
used for the measurement of chemical properties, while the other was immediately stored
at −80 ◦C for later DNA extraction.

2.3. Soil Chemical Analysis

The soil chemical properties included soil total nitrogen (TN), alkali-hydro nitrogen
(AN), total phosphorus (TP), available P (AP), total potassium (TK), available K (AK),
and organic matter (OM). After being air-dried, soil chemical properties were determined
based on the methods described in Ji et al. [40]. Soil OM was determined by the potassium
dichromate volumetric method. Soil TN, TP, and TK were determined by the Kjeldahl
method, Vanado–Molybdate phosphoric yellow colorimetric procedure, and atomic ab-
sorption spectrophotometry, respectively. Soil AN, AP, and AK were determined by the
alkali hydrolysis diffusion method, molybdenum antimony colorimetric method, and flame
photometry, respectively.
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2.4. DNA Extraction, PCR Amplification and Pyrosequencing

The Qiagen DNA Isolation Kit (Shanghai Tongyuan Biotechnology Co. Ltd, Shanghai,
China) was used to extract soil genomic DNA according to the manufacturer’s instructions.
Then, DNA purity was detected by 1% agarose gel electrophoresis. For bacteria, the V4
region of the 16S rRNA gene was amplified using the primer set 515F/806R [41], and ITS
region of fungi was amplified using the primer set ITS1/ITS2 [42]. Amplifications were
performed using the KAPA 2G Robust Hot Start Ready Mix (KAPA, UK). The obtained
products were purified using the Agencourt® AMPure® XP kit (Beckman Coulter, Bria,
California, USA). High-throughput sequencing was performed on the Illumina Miseq
PE300 platform at Allwegene Technology Co., Ltd. (Beijing, China). The raw sequence
data were deposited in the NCBI small read archive dataset under the study number
PRJNA880499 and PRJNA880503.

2.5. Data Analysis

After removing the barcode and primer sequences, the raw sequences were assembled
for each sample according to a unique barcode. The paired-end sequences for each sample
were merged using the FLASH v1.2.0 tool. Quality filtering of the raw tags was performed
under specific filtering conditions to obtain high-quality clean tags according to the quality
control process of QIIME v1.8.0 (http://qiime.org). The effective tags were obtained after
removing the chimeric sequences obtained. The sequence analysis was conducted using the
UPARSE v7.0.1001 software, and the sequences with a similarity of ≥97% were assigned
to the same operational taxonomic unit (OTU) to generate rarefaction curves (Figure S2)
and calculate the richness and diversity indices. For each representative sequence, the
RDP (bacteria) and UNITE (fungi) databases were used to annotate taxonomic information.
Principal component analysis (PCA) was used to examine the similarity and differences
among all soil samples based on the OTUs level.

Network analysis was performed to explore the ecological connections within and
between bacterial and fungal taxa at the genus level in the soil microbial communities.
Bacterial and fungal genera with the relative abundances greater than 0.1% were used
to construct the networks in all treatments. The networks were visualized by the Gephi
software (v0.9.2) combined with the ‘psych’ package in R (V4.0.3).

2.6. Statistical Analysis

All analysis results were reported as the means standard deviation (SD) for the three
replications. A two-way analysis of variance (ANOVA) was performed to compare the data,
including soil chemical properties, the α-diversity indices, and the relative abundances of
soil microbial taxa among four treatments using the IBM SPSS v22.0 (IMB Corp., Armonk,
USA). Three diversity indices (observed OTUs species, Shannon, and Chao1) were used
to assess the diversity of microbial communities. The differences in microbial community
compositions among the four fertilization treatments were analyzed with the Kruskal–
Wallis in R, and p-values < 0.05 were considered significant. The differential abundant taxa
were identified by the linear discriminant analysis (LDA) effect size (LEfSe) method. The
LEfSe algorithm used the nonparametric factorial Kruskal–Wallis test (α = 0.05) to analyze
the differential taxa among the four fertilization treatments (LDA score > 3). The redun-
dancy analysis (RDA) was performed using the vegan package in R with 999 permutations
to identify the major factors driving microbial distribution in maize field with the four
fertilization treatments. Spearman correlation analysis was performed using the IBM SPSS
Statistics (v 25.0) (SPSS, Chicago, IL, USA).

3. Results
3.1. Soil Chemical Properties

The influences of different fertilizer sources on soil chemical properties are shown
in Table 1. Except for total potassium (TK), significant differences (p < 0.05) in the soil
organic matter (OM), total nitrogen (TN), total phosphorus (TP), available nitrogen (AN),
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available phosphorus (AP), and available potassium (AK) were observed among the four
fertilization treatments. Compared with the CK, NPK, OF, and NPK+OF significantly
increased soil OM, TN, AN, and AP. The NPK+OF was a better fertilization method than
the CK, increasing the soil OM, TP, AN, and AP by 58.03%, 8.22%, 55.22%, and 162.70%,
respectively, while the highest values of TN and AK occurred in OF treatments. TK was
decreased by all fertilization treatments, but there were no significant differences among
the four fertilization treatments (p > 0.05).

Table 1. Soil chemical properties analysis.

Treatments OM (g kg−1) TN (g kg−1) TP (g kg−1) TK (g kg−1) AN (mg kg−1) AP (mg kg−1) AK (mg kg−1)

CK 11.8 ± 0.21 d 0.75 ± 0.04 c 0.73 ± 0.04 ab 19.3 ± 0.92 a 32.5 ± 0.12 c 10.7 ± 0.06 c 243 ± 7 b
NPK 15.8 ± 0.35 c 0.86 ± 0.01 bc 0.71 ± 0.02 b 18.7 ± 0.61 a 39.5 ± 0.40 b 14.1 ± 2.70 b 222 ± 7 c
OF 17.9 ± 0.40 b 1.04 ± 0.13 a 0.74 ± 0.03 ab 18.7 ± 0.06 a 49.9 ± 0.70 a 26.2 ± 0.32 a 304 ± 9 a

NPK+OF 18.6 ± 0.36 a 0.98 ± 0.09 ab 0.79 ± 0.05 a 18.9 ± 0.40 a 50.4 ± 1.25 a 28.0 ± 0.12 a 253 ± 3 b
Source of
variance

NPK 142 *** 0.27 0.79 0.29 76.8 *** 11.2 * 87.2 ***
OF 529 *** 20.1 *** 4.06 0.54 1074 *** 351 *** 139 ***

NPK+OF 72.4 *** 3.37 2.34 1.28 57.8 *** 0.95 15.5 ***

Values are mean± standard deviation (n = 3). Different letters in the same column represent significant differences
at the p = 0.05 level. * p < 0.05 and *** p < 0.001. OM, organic matter; TN, total N; TP, total P; TK, total K; AN,
alkali-hydrolyzed N; AP, available P; AK, available K.

3.2. Impacts of Fertilization on Bacterial and Fungal Alpha and Beta Diversity

Similar to the soil chemical properties, bacterial and fungal alpha diversity indices
were also affected by the the four fertilizer sources. The observed species, Shannon, and
Chao 1 indices showed that the changes in soil bacterial and fungal alpha diversity observed
in the various fertilization treatments were significant (Figure S3 and Table 2). The observed
species, Shannon, and Chao 1 indices showed that fertilizer sources markedly decreased
soil bacterial diversity, and the lowest value of bacteria occurred in NPK+OF treatments.
Regarding soil fungal alpha diversity indices, NPK and NPK+OF fertilization treatments
significantly decreased the observed species and Chao1 indices, while NPK significantly
increased fungal Shannon index, which was significantly decreased by OF and NPK+OF
treatments. Spearman correlation analysis suggested that some bacterial diversity indices
were significantly negatively correlated with soil OM, N, and P, while fungal diversity
indices were only closely negatively correlated with soil OM and P (Table 3). In addition,
the numbers for the shared bacterial and fungal OTUs in all four fertilization treatments
were 359 and 18, respectively (Figure S4).

Table 2. Bacterial and fungal alpha-diversity.

Treatments
Bacteria Fungi

Observed_Species Shannon Chao1 Observed_Species Shannon Chao1

CK 4639 ± 155 a 10.4 ± 0.09 a 6388 ± 150 a 687 ± 46 a 5.19 ± 0.38 ab 977 ± 98.3 a
NPK 4114 ± 111 b 10.1 ± 0.19 ab 6132 ± 83 b 589 ± 50 b 5.64 ± 0.28 a 792 ± 16.49 b
OF 4074 ± 86 b 10.2 ± 0.09 bc 5968 ± 91 bc 685 ± 7 a 4.99 ± 0.36 bc 922 ± 1.14 a

NPK+OF 3870 ± 42 c 9.98 ± 0.06 c 5867 ± 87 c 451 ± 10 c 4.46 ± 0.22 c 622 ± 7.86 c
Source of variance

NPK 14.15 *** 8.43 * 69.8 *** 0.05 70.8 ***
OF 19.18 *** 6.33 * 31.2 *** 12.43 *** 14.49 *** 15.29 ***

NPK+OF 0.17 0.02 1.60 11.72 *** 7.32 * 3.90

Values are mean± standard deviation (n = 3). Different letters in the same column represent significant differences
at the p = 0.05 level. * p < 0.05 and *** p < 0.001.
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Table 3. Correlation analysis between bacterial and fungal diversity indexes and soil chemical properties.

Indices OM TN TP TK AN AP AK

Bacteria

Observed
species −0.81 ** −0.60 * −0.54 0.19 −0.71 * −0.88 ** −0.27

Shannon −0.63 * −0.39 −0.40 0.26 −0.52 −0.76 ** −0.10
Chao 1 −0.90 * −0.75 * −0.61 * 0.02 −0.81 ** −0.93 ** −0.47

Fungi

Observed
species −0.43 −0.11 −0.35 0.21 −0.27 −0.48 0.22

Shannon −0.69 * −0.55 −0.71 * −0.22 −0.49 −0.62 * −0.53
Chao 1 −0.59 * −0.37 −0.28 0.22 −0.51 −0.65 * 0.15

* p < 0.05, ** p < 0.01. OM, organic matter; TN, total N; TP, total P; TK, total K; AN, alkali-hydrolyzed N; AP,
available P; AK, available K.

To evaluate the differences in bacterial and fungal beta diversity, principal component
analysis (PCA) was performed based on the OTU level. The first two main coordinates of
PCA (PC1 = 25.89% and PC2 = 14.54%) explained 40.43% of the variation in bacterial beta
diversity (Figure 1a), similarly, which also explained 34.57% of the variation in fungal beta
diversity (Figure 1b). This suggested that the influences of fertilization on bacterial beta
diversity were larger than that of fungi. Additionally, the bacterial and fungal communities
in the three fertilization treatments (NPK, OF, and NPK+OF) were separated from the CK
(Anosim analysis, p = 0.001) (Table S1), indicating that the fertilization treatments had
significant effects on the bacterial and fungal communities.
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3.3. Relative Abundance of Major Bacterial and Fungal Taxa

A total of 59 bacterial phyla and 848 genera were detected in all soil samples, and
the average relative abundance of 11 phyla and 10 genera exceeded 1%. Among the
top bacterial community at the phylum level, Proteobacteria (23.15%) were clearly domi-
nant, followed by Acidobacteriota (13.15%), Gemmatimonadota (10.14%), Actinobacteriota
(9.72%), Chloroflexi (9.25%), Planctomycetota (7.74%), Bacteroidota (6.74%), Myxococcota
(4.58%), Crenarchaeota (3.09%), and Desulfobacterota (3.07%) (Figure 2a and Table S2).
There were significant differences in the relative abundances of Proteobacteria, Acidobac-
teriota, Gemmatimonadota, Bacteroidota and Desulfobacterota. The relative abundances
of Acidobacteriota and Gemmatimonadota were significantly increased by all fertiliza-
tion treatments, while those of Proteobacteria and Desulfobacterota were markedly de-

92



Agronomy 2023, 13, 2111

creased. The top 10 dominant genera included MND1 (3.09%), RB41 (3.09%), Pseudomonas
(3.09%), Haliangium (3.09%), Citrifermentans (3.09%), metagenome (3.09%), Subgroup_10
(3.09%), Lysobacter (3.09%), Sphingomonas (3.09%) and Defluviicoccus (3.09%) (Figure 2b and
Table S2). These genera belong to five phyla (Proteobacteria, Acidobacteriota, Myxococcota,
Desulfobacterota, and Actinobacteriota). All fertilization treatments significantly decreased
the relative abundances of MND1, Citrifermentans, and Lysobacter, and increased that of
RB41. The relative abundance of genus metagenome was significantly reduced only in
NPK+OF treatment, while that of Sphingomonas was significantly reduced by NPK and
NPK+OF treatments.

Regarding soil fungal community, a total of 12 phyla and 347 genera were detected
in all soil samples, and the average relative abundance of 5 phyla and 5 genera ex-
ceeded 1%. All these samples were dominated at the phylum level by Ascomycota,
which comprised 57.45% of the total sequences on average. Only NPK+OF caused an
increase in the relative abundance of Ascomycota. The other dominant fungal phyla were
Basidiomycota (6.84%), Mortierellomycota (5.52%), Glomeromycota (1.77%) and Chytrid-
iomycota (1.55%). In addition, among the top 10 dominant fungal phyla, only the relative
abundance of Basidiomycota was significantly different in all treatments, fertilization
treatment significantly increased its relative abundance, and the maximum abundance
appeared in NPK treatment (Figure 2c and Table S3). At the genus level, Botryotrichum
(19.66%), Mortierella (5.51%), Fusarium (3.10%), Acremonium (2.66%), Chaetomium (2.06%),
Clitocybe (0.93%), Neopaxillus (0.90%), Stachybotrys (0.86%), Lophotrichus (0.71%), and
Plectosphaerella (0.65%), detected in all samples, were the top 10 dominant fungal genera
(Figure 2d and Table S3). These genera belong to three phyla (Ascomycota, Mortierel-
lomycota, and Basidiomycota). Among the fungal genera, compared to the CK, the NPK
treatment caused a remarkable increase in the relative abundances of Fusarium, Neopaxil-
lus, and Stachybotrys, while a similar result occurred in the OF treatment regarding the
relative abundance of Clitocybe. Furthermore, the relative abundances of Acremonium
and Plectosphaerella markedly decreased following all fertilization treatments relative to
the CK. These results indicated that fertilizer sources can cause significant changes in
the composition of the soil microbial community.

Additionally, linear discriminant biomarker analysis (LEfSe) was performed to deter-
mine the classified bacterial and fungal taxa with significant abundance differences among
the fertilization and control groups (Figures S5 and S6). The biomarkers differ depending on
the fertilizer sources. Specifically, the number of bacterial biomarkers in the NPK, OF, and
NPK+OF treatment groups was 10, 2, and 7, respectively. Similarly, the number of fungal
biomarkers in the NPK, OF, and NPK+OF treatment groups was 39, 8, and 8, respectively.
Bacterial biomarkers were mostly distributed in Acidobacteria, Thaumarchaeota, Nitrospi-
rae, Gemmatimonadetes, Bacteroidetes, Proteobacteria, Actinobacteria, and Chloroflexi,
and fungal biomarkers were mostly distributed in Ascomycota, Basidiomycota, Mortierel-
lomycota, and Glomeromycota. In addition, although there were no common bacterial
biomarkers between the three fertilization treatments at the genus level, the common fungal
biomarkers mostly included genera Lecanicillium, Mortierella, Filobasidium, Vishniacozyma,
Cladosporium, Hannaella, Mycosphaerella, Coprinellus, and Gliomastix.
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Figure 2. Relative abundances of the top 10 bacterial (a) and fungal (c) phyla, and bacterial (b) and
fungal (d) genera in corn soils under four fertilization treatments. CK = no fertilization, NPK = chem-
ical fertilizer only, OF = organic fertilizer only, and NPK+OF = chemical plus organic fertilizer.
* p < 0.05, ** p < 0.01, and *** p < 0.001.

3.4. The Influences of Fertilization Treatment on the Complexity of the Microbial
Co-Occurrence Network

Microorganisms usually form complex networks to deal with the interference of for-
eign substances. The co-occurrence networks of soil bacterial and fungal communities
were constructed to explore the co-occurrence patterns of microbes under fertilization
treatments (Figure 3). The soil microbial network of each treatment showed a different
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co-occurrence pattern. Network topology parameters (node number and edge number)
are used to evaluate the complexity of the soil microbial network. The results showed that
there were significant differences in the topological structure of co-occurrence networks
between the control and the fertilization treatment groups. In general, fertilizer sources
interfered with the network complexity of microbial communities. The numbers of nodes
and edges showed that the fertilization treatments significantly reduced the network com-
plexity of microbial communities, and network density showed that fertilization treatments
significantly increased the density of microbes compared with the CK. In addition, the
clustering coefficients suggested that the three fertilization treatments did not change the
tightness of microbial community connections, and the average degree in NPK+OF treat-
ment was also significantly lower than the control, indicating that NPK+OF weakened the
relationships between bacterial fungal taxa. The complexity of the soil microbial commu-
nity networks proved that fertilizer sources can interfere with the complexity of the soil
microbial community co-occurrence networks, further reducing microbial relationships.
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Figure 3. Effect of different fertilization regimes on the co-occurrence patterns of soil bacterial and
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3.5. Driving Soil Fertility Factors of Microbial Community Variations

The relationships among soil chemical variables and microbial communities were
found using a redundancy analysis (RDA) (Figure 4). Similar to beta diversity, RDA results
also revealed clear separations among all fertilization treatments. The environmental
characteristics associated with the bacterial and fungal communities showed that the
selected soil fertility factors explained 53.15% of the bacterial community structure variation
and 69.09% of the fungal community structure variation (Figure 4a,b), and permutation
tests showed a significant correlation between soil OM, TN, AN, AP, and AK and bacterial
community structure, and soil OM, AN, AP, AK and fungal community structure (Table S4).
Additionally, the Mantel test revealed that the soil OM, AN, and AP were significantly
correlated with bacterial community composition, while soil OM, TP, AN, and AP were
remarkably correlated with fungal community composition (Figure 4c). These results
indicated that soil OM, and available N and P, were the main soil fertility factors driving
microbial community variations.
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(c). Edge width corresponds to Mantel’s r statistic for the corresponding distance correlations, and
edge color denotes the statistical significance based on 9999 permutations. Soil properties included
soil organic matter (OM), total N (TN), total P (TP), total K (TK), dissolved organic C (AN), available
P (AP), available K (AK). * p < 0.05, ** p < 0.01, and *** p < 0.001.

4. Discussion

Many studies have explored the responses of the soil microbial community to different
fertilization systems and fertilizer sources. However, we studied the changes in bacterial
and fungal communities in maize field under different fertilizer sources after irrigation.
PCA analysis showed significant differences in microbial community compositions among
different fertilization treatments. A large number of studies suggested that microbes
showed different biogeographic patterns, which were continuously and permanently
affected by the local climate, crop diversification, tillage, fertilization type, and other
environmental factors [43], while our results showed that the application of organic and
inorganic fertilizers could cause significant changes in microbial communities in maize
fields after irrigation.

Soil physicochemical properties are not only considered to be the key to soil quality,
but are also generally defined as an important indicator to maintain soil environmental
quality and improve crop productivity [44,45]. Previous studies have confirmed that
fertilization may interfere with the soil’s physicochemical properties, mainly due to the
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soil type, and fertilization dosage [7]. Other studies have shown that the application of
chemical fertilizers can lead to soil acidification; however, adding the organic improvers can
not only alleviate soil acidification, but can increase organic matter input, which is helpful
to promote soil nutrients’ transformation and cycling [46]. In the present study, we found
that many soil nutrients were significantly altered by the chemical and organic fertilizer
sources. In addition, the application of an organic fertilizer can also lead to improvements
in nutrient utilization efficiency and further reduce losses, such as N and P [47]. Similarly,
our study showed that the application of organic fertilizer and its combination with NPK
led to increases in the soil OM, TN, TP, AN, AP, and AK, further improving soil fertility,
which also confirmed the results of many studies [31,48]. Other research also found that
organic and N fertilizer significantly increased the topsoil total N, PON, MBN, DON, and
NO3

− [49], mainly due to the nature of the organic fertilizer containing certain nutrients,
and can improve soil fertility and crop yield [50]. Moreover, the combination of chemical
fertilizer and organic fertilizer not only improves the soil nutrients [17], but also facilitates
the growth of crop roots and improves crop yield [51,52].

Microorganisms are not only an important indicator of soil health [53], but their activi-
ties regulate the accumulation of soil organic carbon and the nutrient cycles. Some studies
have shown that long-term chemical fertilization will reduce the diversity of the soil bacte-
rial community, but the use of an organic fertilizer caused it to increase [54]. Additionally,
it has also been found that long-term NPK fertilization lead to a decrease in soil bacterial
community diversity, while the input of organic fertilizer significantly stabilized bacterial
diversity, further restoring it to the level of unfertilized soil [17]. Our results showed that
the soil bacterial and fungal diversity in maize farmland were significantly reduced with
different fertilization treatments, which was inconsistent with many research results. For ex-
ample, most studies found that the diversity of soil bacteria was not significantly increased
by fertilization [11,46,55], but other studies found that the application of a bio-fertilizer
lead to a decrease in soil fungal diversity [46,56]. In addition, the useo f NPK combined
with organic fertilizer can not only increase the diversity and richness of soil bacterial
population, but also can promote the root exudates [57]. More interestingly, soil organic
matter and other nutrients were significantly correlated with soil diversity indices, and
the same results were found in other studies [46,58], which are basically consistent with
previous studies showing that the fertilization system leads to changes in soil microbial
communities by changing soil chemistry [55,59].

Additionally, soil health depends on not only the diversity and richness of soil mi-
crobes, but also the community compositions [60]. Firstly, bacteria are the most important
decomposers in soil, and long-term organic fertilization leads to the enrichment of specific
bacteria that can effectively utilize nutrients [31]. The dominant bacterial phyla detected
in the kiwifruit orchard soil were Proteobacteria, Acidobacteria, Bacteroidetes, and Acti-
nobacteria [46,61]. Some researchers also found that the dominant bacteria after long-term
fertilization were Actinobacteria, Proteobacteria, Chloroflexi, and Acidobacteria [62]. Acti-
nobacteria are a group of co-trophic organisms suitable to enhance plant growth in high-C
environments. Biological manure promoted the proliferation of Actinomycetes, because
they can create an environment that is rich in nutrients and carbon, and their abundances
significantly increase under the treatment of biological manure [63]. Although Proteobac-
teria, Acidobacteriota, Gemmatimonadota, and Actinobacteriota were detected to be the
dominant bacterial phyla in our study, the relative abundance of Actinobacteriota decreased
under organic fertilizer treatment, which may be caused by the difference between manure
and biological manure. The relative abundance of Acidobacteriota significantly increased
while that of Proteobacteria significantly decreased, but no significant differences were
observed among the three fertilization treatments. However, in other studies, the results
were the opposite [46], which may be the reason that Acidobacteriota belongs to a class
of oligotrophs (k-strategists), which can degrade relatively stable carbon, grows slowly,
dominates the microbial community in a dystrophic environment, and is negatively corre-
lated with C level [17]. At the same time, studies found that high C/N and N limitations
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caused by long-term organic or inorganic fertilization affected the structure of soil microbial
communities and their dominant SOC decomposition [64].

Followed by bacteria, the dominant fungal phyla were also detected in the soil samples
in our study, such as Ascomycota, Basidiomycota, and Mortierellomycota, which is consis-
tent with the findings in a kiwifruit orchard soil under organic and inorganic fertilization,
but the results were different from the findings in soybean rotation system under organic
and inorganic fertilization [65]. Moreover, Ascomycota is a kind of saprophytic fungi,
which can thrive in an arid environment, has strong environmental adaptability, degrades
organic matter, and is the main decomposer of soil organic matter containing cellulose,
lignin, and pectin [66]. Mortierellomycota are saprophytic and widely exist, which can
dissolve P, increase crop yield, and form symbiotic relationships with plants [67]. In the
present study, the abundances of Ascomycota and Mortierellomycota decreased in NPK and
OF fertilization treatments, while in other studies, the opposite results were observed [62].
Importantly, the relative abundance of Fusarium, a soil-borne plant pathogenic fungus that
can induce crop Fusarium wilt, was significantly reduced after the use of OF combined with
NPK fertilizer [46,68], which showed that the application of organic fertilizer was beneficial
to inhibit the growth of plant pathogenic fungi. Therefore, fungal communities are closely
related to soil fertilizer sources.

The co-occurrence networks are not only an important manifestation of microbial
community stability in response to external disturbances [69], but they also have the ability
to maintain the relationships between soil microbial diversity and ecosystem multifunc-
tionality [70]. At present, network analysis has been widely used in microbial ecology.
For example, some studies indicated that the complexity of soil microbial networks was
affected by environmental changes, such as agricultural management and the addition of
other foreign substances [71]. The use of a bio-organic fertilizer enhanced stable network of
soil microbial communities [46]. A high altitude not only reduced the diversity of microbial
communities, the complexity of co-occurrence networks, and the versatility of ecosystems,
but also revealed that the impacts of microbial community diversity on versatility was
indirectly driven by the complexity of microbial networks [70]. Another study suggested
that the molecular ecological network became more stable under warming conditions [72].
Organic fertilization drives changes in the complexity of microbial communities, and key
groups increase the resistance of microbial-mediated functions to biodiversity loss [73].
Similarly, our study on the complexity of soil microbial community networks under differ-
ent fertilization treatments showed that fertilizer sources interfered with the complexity of
the co-occurrence networks in soil microbial communities, and reduced the interactions
among them. Therefore, both organic and inorganic fertilizers will reveal its response to
external interference by affecting the ability of the soil microbial co-occurrence pattern, and
during this process, some synergistic microbial co-occurrence patterns may be generated to
resist soil microbes.

Additionally, soil properties after fertilization can explain the changes in microbial
communities in this experiment [74]. Among them, OM, AN, and AP were the main factors
driving the changes in bacterial and fungal communities. Some studies have shown that
most microbial parameters are mainly related to the soil OM [74]. Previous studies also
showed that pH and SOC were the main indirect factors regulating the crop yield by
regulating the structure and diversity of bacterial communities and even the abundances
of potential functional genes of microorganisms [11]. In addition, soil organic carbon
was not only closely related to nutrient availability, but was another key factor affecting
soil microbial community composition and diversity [75]. In summary, our research
showed that fertilizer sources (chemical fertilizer, organic fertilizer and their combination)
changed the abundances, diversity and compositions of soil microbes by changing the soil
chemical properties.
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5. Conclusions

In this work, a field trial was carried out to investigate the impacts of different fertilizer
sources on the rhizosphere soil bacterial and fungal communities in maize field by using
amplicon sequencing and network analysis. Our results showed that different fertilizer
sources significantly improved the soil chemical properties, changed the soil bacterial and
fungal communities, and improved the soil microenvironment in maize field after irrigation.
Network analysis also suggested that the fertilization treatments reduced interactions
among bacterial and fungal taxa in the microbial community, especially the combination
of NPK and OF, indicating that treatment can decrease microbial competition among
microbes by improving soil fertility, etc. Moreover, the redundancy analysis combined with
Mantel test further revealed that soil OM, available N and P were the main soil fertility
factors driving microbial community variations. Above all, the results indicated that the
application of NPK combined with OF is the most appropriate method for planting, which
is beneficial for regulating soil biogeochemical cycles through significantly affecting the
soil C, N, and P, as well as microbial communities in maize rhizosphere soil. This study can
provide important methods and data support for further research on improvements in soil
quality and yield in the future, as well as the green development of agriculture.
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Abstract: Soil microorganism and their relationships with soil respiration in paddy systems in karst
areas (KA) of southern China is important for understanding the mechanisms of greenhouse gas
emission reduction. Soils were collected from the tillage layer (0–20 cm) during the rice growing sea-
son from KA and non-karst areas (NKA) (red soils) from the Guilin Karst Experimental Site in China.
Community structures and inferred functionalities of bacteria and fungi were analyzed using the high-
throughput sequencing techniques, FAPROTAX and FUNGuild. A bacterial–fungal co-occurrence
network was constructed and soil respiration was measured using dark box-gas chromatography
and built their relationships. The results indicated that soil respiration was significantly lower in KA
than in NKA. Principal component analysis indicated that bacterial and fungal community structures
significantly differed between KA and NKA. The OTU ratio of fungi to bacteria (F/B) was positively
correlated with soil respiration (p = 0.044). Further, the key network microorganisms were OTU69
and OTU1133 and OTU1599 in the KA. Soil respiration negatively correlated with Acidobacteria Gp6,
dung saprotroph-endophyte-litter saprotroph-undefined saprotroph, aerobic nitrite oxidizers and
nitrifier in KA (p < 0.05). Overall, this study demonstrated that soil respiration was reduced when soil
microorganisms shifted from bacterial to fungal dominance during the rice growing season in KA.

Keywords: high-throughput sequencing; FAPROTAX and FUNGuild; carbon dioxide emission flux;
the ratio of fungi to bacteria; functional group; co-occurrence network

1. Introduction

Karst ecosystem is an ecosystem restricted by geological background which accounts
for one-third of the national land area in China [1]. In karst area (KA) with high temperature
and humidity, the dissolution of carbonate brings a large amount of calcium ion ( Ca2+)
and HCO3

− into the soil. HCO3
− combines with H+ in the water to generate Carbon

dioxide (CO2), which increases soil CO2 concentration [2]. The carbonate weathering
consumes CO2 and represent large sinks for atmospheric CO2 that can influence global
carbon balance [3,4]. Thereby, carbon cycles during the weathering of carbonate rocks are
very important [5], and biological activities catalyze and regulate this process of weathering,
thus resulting in alkaline soils rich in calcium [6]. This process also alters soil microbial
communities involved in carbon cycling within KA.

CO2 is the most important greenhouse gases (GHG) [7] and the global CO2 imbalance
is one of the most critical problems for the global carbon cycle [8]. Soil respiration was
an important process of CO2 emission and initially used to describe soil metabolic pro-
cesses [9], and soil aeration, temperature, moisture, and microbial communities influence
respiration [10]. Microbial respiration accounts for more than 80% of all soil respiration [11],
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which indicated that microbes were the main contributor to soil CO2 emissions [12]. In
general, long-term inundation slows down the degradation process of soil organic matter
in paddy field, which is conducive to the accumulation of soil organic carbon (SOC). The
degradable organic carbon in paddy soil increase aboveground and underground biomass
of rice [13], thus enhancing the outflow of root exudates and increasing the microbial
biomass [14]. Both decreasing the ratio of carbon to nitrogen [15] and increasing the exoge-
nous organic matter [16] retard soil respiration and increase SOC accumulation in paddy
soils. The soil characterized by neutral alkalinity, the metal ions (including Ca2+) can not
only combine with inorganic carbon [17,18], but also with carboxyl group of soil organic
matter, which changed the microbial community and its utilization of organic matter, thus
affecting soil respiration [14,19]. Consequently, soil respiration and its relation with microbe
in rice fields of KA are critical for the accumulation and stability of SOC.

Both bacteria and fungi are important microbial taxa that synergistically interact with
soil respiration during rice cultivation [20,21] and determine the carbon sequestration po-
tential of paddy fields [22]. The inter-roots of rice colonization can rapidly limit oxygen and
establish anaerobic zones that lead to some microbial populations performing the anaerobic
respiration of nitrates and carbonates, thereby accelerating the release of photosynthetically
fixed carbon through roots into the surrounding soils [23]. The input of carbon substrates
drives the structural and functional changes in soil microbial communities, making the
assimilated carbon of microorganisms more stable than aboveground and root-derived
carbon [24].

SOC played an important pole in shaping the pattern of soil bacteria and fungi
community structures [25], which indicated that increasing biomasses of root and litter
stimulated microbial growth in KA [26]. In addition, bacterial and fungal populations are
able to increase the stability of calcareous SOC [27] that might reduce the decomposition of
soil organic matter. For example, Flavobacterium and Lysobacter dominated the karst area
communities and exhibited relative abundances of 1.24–14.73%,which Flavobacterium can
decompose organic matter and Lysobacter can synthesize organic matter using CO2 as a
carbon source [25]. Further, numerous bacterial and fungal taxa (such as Bradyrhizobium,
Herbaspirillum, Cellulomonas, Blastococcus, some endophytes and ectomycorrhizae) that are
symbiotic with moss plants in KA are able to increase the peroxidase activity of mosses,
thereby enhancing the photosynthetic efficiency of the plants [28]. Thus, bacteria and
fungi in karst ecosystem play critical roles in dynamic changes of carbon fixation and CO2
emissions. In previous studies, we reported that soil bacterial communities of rice field
in KA are considerably different with those in NKA at the same latitude, which is mainly
attributed to the main ecological factors such as SOC, total nitrogen, pH and so on [25]. Our
study also found that there are significant differences in the bacterial community structure,
key groups, and functional groups across the three particle size aggregates between KA and
NKA [29]. At the same time, we monitored the soil respiration of paddy fields during fallow
and found that the soil respiration in KA was far lower than that in NKA (Supplementary
Figure S1). During rice growth, soil microbial community structure may be more variable
due to the influence of aboveground litter, roots and their secretions, which will affect soil
respiration [30–32]. However, if there was difference in the soil respiration of paddy field
during rice growth between KA and NKA? Which specific microorganisms are closely
related to soil respiration? and which are the top microorganisms in the two different areas?
The above problems are rarely reported.

In this study, the karst experimental site in Maocun village of Guangxi Zhuang Au-
tonomous Region, China was as research site. The paddy fields across the entire rice
growing period in KA and NKA were selected to investigate: (1) dynamic changes in bacte-
rial and fungal abundances during rice growth using real-time PCR and high-throughput
sequencing; (2) in situ soil respiration in rice fields across the growth season using static
box-meteorological chromatography; (3) predicted functional groups of bacteria and fungi;
and (4) co-occurrence networks of fungal and bacterial communities. These studies were
used to analyze the relationship between major microbial groups and soil respiration and
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to help us understand the process and mechanism of microbial communitiy affecting soil
respiration in KA during rice growth.

2. Materials and Methods
2.1. Soil Collection and Gas Sampling
2.1.1. Soil Sample Collection and Soil Physicochemical Properties Analysis

From June to September 2019, rice fields from a typical karst area (KA) (25◦08′30′′ N,
110◦31′28′′ E) and a non-karst area (NKA) (25◦10′51′′ N, 110◦31′35′′ E) were selected as
studying fields within the karst experimental site in Maocun village of Guangxi Zhuang
Autonomous Region, China. The soil type in the KA is a limestone brown soil, whereas the
soil type in NKA is a silicate red soil (Soil forming parent material are mainly sandstone
and granite). Each field was divided into three replicate plots with the same area (KA:
42.20 m2 and NKA: 46.67 m2) using by ridge. Each plot was subjected to uniform irrigation,
fertilization, and management practices. Three random sampling points were used in each
plot. Paddy fields were planted with single-season rice, and the rice growing period was
94 d. Compound fertilizers (N-P2O5-K2O) containing 18% each of nitrogen, phosphorus
and potassium were applied as base fertilizer to the fields at 7.56 kg (KA) and 8.53 kg
(NKA) before transplanting seedlings. In addition, 5.70 kg (KA) and 6.40 kg (NKA) of
compound fertilizer were applied in each plot as follow-up fertilizer on 14 July. A total of
1 kg of soil was collected from each sample point at a sampling depth of 0–20 cm; the soil
samples from the three sampling points were equally and uniformly mixed into a single
3 kg sample. A total of 48 soil samples were collected on eight dates with intervals of about
14 d (with the exception of the first sampling interval of 7 d). The sample from 4 June
represented the rice planting date, 12 June was from the seedling stage, 26 June and 10 July
were from the tillering stage, 24 July was from the nodulation stage, 7 August was from
the gestation stage, 21 August was from the tasseling stage, and 4 September was from the
maturity stage.

Soil physicochemical properties were analyzed by routine methods [33]. Briefly, soil
moisture content was measured using the drying method. pH was measured using CO2-
free distilled water as the leaching agent after mixing soil with water at a 1:2.5 ratio,
followed by measurement with a precision pH meter (model: IS128C). SOC was mea-
sured using the sulfuric acid potassium dichromate external heating method. Soil total
nitrogen (TN) and hydrolyzed nitrogen (AN) measured using the concentrated sulfuric
acid digestion-Kjeldahl method and the alkali hydrolysis diffusion method. Total phos-
phorus (TP) and available phosphorus (AP) determined by the sodium carbonate melting
method and the hydrochloric acid-ammonium fluoride method. Soluble organic carbon
(DOC) was extracted by shaking a soil-water mix (at a ratio of 10:1), filtering through a
0.45 µm fiber membrane, and analysis on a multi N/C3100 total organic carbon analyzer
(Analytik Jena, Jena, Germany). Cation exchange capacity (CEC) was measured using the
EDTA-ammonium fast method. An optima 7000 DV inductively coupled plasma emission
spectrometer (Perkin Elmer, Waltham, MA, USA) (ICP-OES) was used to measure the
exchangeable calcium (Ca2+) and magnesium (Mg2+) ion concentrations.

2.1.2. Measurement of Soil Respiration

Static dark boxes with 50 cm× 50 cm× 50 cm were used as a field gas collection device,
with the boxes raised as plant heights changed. The box was constructed polyethylene
(PVC) covered with foam and reflective material and had a fan for mixing gases inside the
box installed on the top along with a gas collection port. The gas was collected in a vacuum
bag using a syringe from 9:00 to 9:30 on the above-mentioned soil sample collection date.
Each sample collection point needs to be separated by 10 min for continuous gas collection.
Temperature was measured with a thermometer (JM624, Guangzhou, China) at 5 cm depth.
Three rice plants were randomly collected from each sample site during rice harvesting and
then dried in oven at 105 ◦C until achieving. Gas samples were immediately brought to
the laboratory for quantification of CO2 using an Agilent 7890 B gas chromatograph-mass
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spectrometer (Agilent, Santa Clara, CA, USA) with a hydrogen flame ion detector (FID).
An external standard working curve was plotted after running every 48 samples. The gas
emission rate (dc/dt) was derived from the slope of four consecutive sample concentration
values using linear regression analysis. Greenhouse gas emission flux was calculated using
the following equation:

F = H
MP

R(273 + T)
dc
dt

(1)

where F is the gas emission flux (units of mg·m−2·h−1); H is the height of the sampling box
(m); M is the molar mass of gas (g·mol−1); P is the air pressure at the sampling point (Pa); R
is the universal gas constant (8.314, Pa·m3·mol−1·k−1); T is the average temperature inside
the box at the time of sampling (◦C) and dc/dt is the gas emission rate (uL·L−1·min−1).

Heterotrophic respiration (Rh) was then calculated using the following equations:

NPP = NPPseeds +NPPstraw +NPProots +NPPapoplast +NPProot sediment (2)

GPP = NPP + Ra (3)

Rh = Re − Ra (4)

where NPP is the total carbon added to the above- and below-ground portions of the plant
during the entire growth cycle (kg·hm−2); NPPseeds and NPPstraw are the estimated biomass
from the harvested plants after drying, while NPProot, NPPapoplast and NPProot sediment
were estimated by referencing previous studies [30–32]. The equation assumed an above-
ground/root system ratio for rice of 1.0/0.1, and apoplankton coverage of 5% and 8% of
the upper and root dry biomass, respectively, and root sediment accounted for 15% of the
total plant biomass. In Equation (3), GPP is total primary productivity, Ra is autotrophic
respiration (unit: kg·hm−2), and the NPP/GPP ratio is 0.58 [34]. In Equation (4), Re is
ecosystem respiration and Rh is heterotrophic respiration (kg·hm−2).

The cumulative greenhouse gas (single-season rice) emissions were calculated as
follows:

Ec =

[
F1 + Fn

2
+ ∑n

i=1 (
Fi + Fi+1

2
)× (ti+1 − ti)

]
× 24× 0.01× a (5)

where Ec is cumulative greenhouse gas (single-season rice) emissions (kg·hm−2); n is the
number of observations during a single rice season; i is the sampling interval, Fi and Fi+1
are the GHG emission fluxes (mg·m−2·h−1) at the ith and i + 1th sampling, respectively; F1
and Fn are the GHG emission fluxes at the first and last sampling times, respectively; ti+1
and ti are the time intervals (d) between the i + 1th and ith sampling; and a is a conversion
factor of 98/94.

The cumulative net CO2 emission, FCO2, was calculated as follows:

FCO2 = Ec − Ra (6)

where FCO2 is the cumulative CO2 emission minus plant autotrophic respiration (kg·hm−2).

2.2. High-Throughput DNA Sequencing

The genomic DNA of total 48 soil samples was extracted using an EZNA Soil DNA
extraction kit (Omega, Norcross, GA, USA) according to the manufacturer’s instructions
(0.5 g per sample). The V3-V4 and ITS3-ITS4 amplicons of 16S rRNA genes and an in-
ternal transcribed spacer between ribosomal genes were amplified using a KAPA HiFi
Hot Start Ready Mix (2x, TaKaRa Bio Inc., Kusatsu City, Japan). Universal PCR primers
(PAGE purified) were used including the bacterial PCR forward primer (CCTACGGGNG-
GCWGCAG) and reverse primer (GACTACHVGGGTATCTAATCC) in addition to the
fungal forward primer (GCATCGATGAAGAACGCAGC) and fungal reverse primer (TC-
CTCCGCTTATTGATATGC) [35,36] (primer sequences provided by Sangon Biotech com-
pany(Shanghai, China)). Reactions included 2 µL of DNA (10 ng µL−1); 1 µL each of PCR
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forward and reserve primers (10 µmol each); 15 µL of 2× KAPA HiFi Hot Start Ready
Mix; and total reaction 30 µL. PCR plates were sealed and PCRs were performed in a
thermal cycler (Applied Biosystems 9700, Waltham, MA, USA) using the following steps:
pre-denaturation at 94 ◦C for 3 min, followed by denaturation at 95 ◦C for 20 s, 20 s of
annealing at 55 ◦C, and a final extension at 72 ◦C for 30 s. The above denaturation, an-
nealing, and extension steps were repeated for 20 cycles. The PCR products were detected
gel electrophoresis using a 1% agarose gel in TBE (Tris-H3BO3-EDTA) buffer and stain
with ethidium bromide (EB), followed by visualization with UV light. Samples were used
to construct libraries using the universal Illumina adapters and indices. Sequencing was
then performed on an Illumina MiSeq system (Illumina MiSeq, San Diego, CA, USA). The
paired-end (PE) reads were obtained via paired-end sequencing and first combined using
the fast length adjustment of short reads (FLASH) software package, which was also used to
quality filter the datasets and obtain high-quality sequences for subsequent analysis. Using
PRINSEQ to cut off the bases with quality value below 20 in the tail of reads, and set a 10 bp
window. If the average quality value in the window is lower than 20, cut off the back-end
bases from the window, filter the N-containing sequences and short sequences after qual-
ity control and finally filtered out the sequences with low complexity. After sequencing,
chimeras were removed using the UCHIME programs. Quality-filtered sequences from
each sample were taxonomically classified using the RDP classifier accessed on 28 June 2020.
(RDP 16S database: http://rdp.cme.msu.edu/misc/resources.jsp and RDP ITS database:
http://rdp.cme.msu.edu/misc/resources.jsp). A total of 211,930 bacterial sequences with
211,696 valid sequences and 67,106 fungal sequences with 66,988 valid sequences were
detected. The datasets generated during the current study have been uploaded to the
Sequence Read Archive (SRA), and had the accession number PRJNA763299.

2.3. Data Processing

Data processing was performed using the Excel 2016 software program. Correlation
line plots were produced from fungal and bacterial OTUs in addition to fungal/bacterial
OTU ratios in association with in situ CO2 fluxes for the 8 sampling dates. Histograms of
fungal and bacterial OTUs numbers, in addition to soil respiration rates, were also estab-
lished for the 8 and 14 sampling dates, respectively. The above were all using Origin 2017
software. Classes with greater than 1% relative abundance were designated as dominant
classes, and the Origin 2017 software established relative abundance histogram. OTUs
with greater than 1% relative abundance were designated as dominant OTUs, and the
CoNet plug-in for the Cytoscape 3.7.1 software was used to construct a bacterial-fungal
co-occurrence network [37]. Four statistical algorithms were used: Pearson’s correlation,
Spearman correlation, Bray-Curtis dissimilarity and Kullback-Leibler dissimilarity. The
Brown method was used to integrate the p values. The data with significant correlation
(p < 0.05) were selected for subsequent analysis. The Benjamin–Hochberg method was
used as the multiple test correction. The MCODE plug-in for Cytoscape 3.7.1 was used
to analyze network modularity using default criteria, whereas the Network Analyzer for
Cytoscape 3.7.1 was used to identify the number of nodes, number of connected edges,
and the connectivity within the network. Functional predictions based on the dominant
fungal and bacterial OTUs were inferred using the FUNGuild and FAPROTAX databases,
respectively, and the resulting functional profiles were visualized as heat maps using the R
Studio 5.3.1 program. All statistical analyses were carried out with SPSS 24.0. Correlation
analysis was conducted using Pearson correlation (trigonometric function converted to nor-
mal distribution) and Spearman correlation [38]. The abundance difference was conducted
with independent sample t-test [39].
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3. Results
3.1. Physicochemical Properties of Paddy Soils in Karst and Non-Karst Areas

The 11 physicochemical indicators of paddy soils in KA were significantly higher than
those in NKA [Table 1], which indicated that there was significantly difference between KA
and NKA.

Table 1. Physicochemical properties of paddy soils in KAs and NKAs.

Site pH
(H2O)

SOC
/g·kg−1

DOC
/ug·L−1

TN
/g·kg−1

AN
/mg·kg−1

TP
/g·kg−1

AP
/mg·kg−1

C/N
/g·kg−1

CEC
/cmol·kg−1

Ca2+

/cmol·kg−1
Mg2+

/cmol·kg−1

Karst
area

7.40 ±
0.18 a

25.15 ±
1.03 a

261.62 ±
9.22 a

1.74 ±
0.09 a

90.21 ±
1.24 a

1.24 ±
0.02 a

22.04 ±
1.63 a

12..46 ±
0.11 a

13.79 ±
0.42 a

3.89 ±
0.04 a

1.20 ±
0.01 a

Non-
karst
area

5.76 ±
0.15 b

13.86 ±
1.61 b

202.78 ±
20.46 b

1.50 ±
0.04 b

85.24 ±
0.09 b

0.49 ±
0.01 b

18.63 ±
0.57 b

9.23 ±
0.47 b

6.09 ±
0.17 b

2.36 ±
0.01 b

0.48 ±
0.03 b

Note: Different lowercase letters in the same column indicate statistically significant differences between KA
and NKA (p < 0.05). Data represent means ± standard deviation. KA, karst areas; NKA, non-karst areas; SOC,
soil organic carbon; DOC, dissolved organic carbon; TN, total nitrogen; TP, total phosphorus; AP, Available
phosphorus; C/N, ratio of SOC to TN; CEC, Cation exchange capacity; Ca2+, exchangeable calcium; magnesium
Mg2+, exchangeable magnesium.

3.2. In Situ Soil Respiration and Cumulative CO2 Emissions of Paddy Fields during Rice Growth
in KA and NKA

Variation of in situ soil respiration in KA and NKA ranged from 26.86 to 1293.59 mg·m−2·h−1

and 62.99 to 1501.21 mg·m−2·h−1, respectively, during rice growing where the temperature
ranged from 27 to 36 ◦C [Figure 1]. Among the 14 sampling times evaluated across the
growing period, eight of the in situ CO2 flux values in KA were significantly lower than
those in NKA, while one sample measurement was significantly higher than those in
NKA, and five were not significantly different. The total cumulative CO2 emissions across
the entire growth period were 7632.82 kg·hm−2 and 9637.66 kg·hm−2 in KA and NKA,
respectively. Thus, soil respiration of paddy field in KA was generally lower than that
in NKA.

3.3. The Abundance of Bacteria and Fungi and the Ratio of Fungi to Bacteria (F/B) in Paddy Field
Soils of KA and NKA

Among the 14 sampling times evaluated across the growing period, the bacterial
abundance in the KA which was (87.52 ± 15.54) ×1010 ~ (242.79 ± 96.20) × 1010 copies·g−1

was significantly higher than that in the NKA which had an abundance of (2.51 ± 0.54) ×
1010 copies·g−1 ~ (5.52 ± 0.87) × 1010 copies ·g−1 [Figure 2a]. The fungal abundance in
the KA which was (17.26 ± 1.32) × 109 copies ·g−1 ~ (27.73 ± 0.61) × 109 copies·g−1 was
significantly higher than that in the NKA which had an abundance of (1.90 ± 0.55) × 109 ~
(13.26 ± 1.47) × 109 copies g−1 on Jun-26 (tillering stage) [Figure 2b].

Across the entire rice growing period, the F/B was 5.76 × 10−2 ~ 31.1 × 10−2 and
1.26 × 10−2 ~ 2.51 × 10−2 in KA and NKA, respectively [Figure 3a]. The F/B in KA
exhibited significantly higher than those in NKA. The F/B was also significantly negatively
correlated with soil respiration when combining the data of both areas (p = 0.044) [Figure 3b].
Thus, soil respiration decreases with reducing F/B during the rice growing period.

3.4. Variation in Fungal and Bacterial Communities in Paddy Fields of KA and NKA

PCoA analysis based on Bray-Curtis distances revealed that 50.56% and 13.56% of
the fungal community variation was explained by axes 1 and 2, respectively [Figure 4a],
while 66.78% and 18.79% of bacterial community variation was explained by axes 1 and 2
[Figure 4b]. Bacteral and fungal communities generally segregated across the ordinations,
indicating clear microbial differences between the KA and the NKA.
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Figure 4. Principal coordinates analysis (PCoA) ordination of fungal (a) and bacterial (b) community
variation based on Bray-Curtis distances; The relative abundances of the soil fungal (c) and bacterial
(d) community at Class level. Note: KA, karst areas; NKA, non-karst areas.
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At the class level, fungi and bacteria had a total of 13 and 20 dominant classes, re-
spectively [Figure 4c,d]. The average relative abundances of fungal Glomeromycetes,
Chytridiomycetes and Exobasidiomycetes (0.91%, 0.98% and 0.23%) in KA were signifi-
cantly higher than those in NKA (0.47%, 0.28% and 0.04%). The average relative abundances
of bacterial β-proteobacteria, Acidobacteria Gp6, γ-proteobacteria, Anaerolineae, Acidobac-
teria Gp4, Sphingobacteriia and Gemmatimonadetes (10.32%, 9.88%, 3.74%, 3.54%, 3.13%,
2.76% and 1.38%) in KA were significantly higher than those (9.07%, 4.54%, 3.18%, 1.78%,
1.01%, 1.10% and 0.73%). The above results showed that there was a significantly difference
of microorganisms between KA and NKA.

3.5. Co-Occurrence Network Analysis of Fungal and Bacterial Taxa in Rice Field Soils

The distributions of dominant fungal (19 total) and bacterial (34 total) OTUs were used
to construct fungal and bacterial co-occurrence networks [Figure 5a], With bacterial and
fungal networks analyzed separately in [Figure 5b,c]. The characteristic path length (CPL)
of the fungal-bacterial co-occurrence network was 1.59 cm (Figure 5), with a diameter of
5.00 cm, and a clustering coefficient (CC) of 0.35. The bacterial-only co-occurrence network
also contained 53 nodes that were significantly correlated, comprising a total of 502 edges
representing 293 and 209 positive and negative correlations, respectively. Thus, putative
mutualistic or cooperative relationships between bacterial and fungal taxa (58.36%) were
more apparent than putative competitive associations (41.64%). The OTUs with the highest
connectivity in the fungal and bacterial networks were identified as top network taxa.
The top taxa in KA soil networks included OTU69 (Emericellopsis) (connectivity of 31) in
addition to OTUs 1599 (Acidobacteria Gp6) and 1133 (Acidobacteria Gp6) (both with a
connectivity of 24), which were mutually exclusive. The top fungal and bacterial taxa in
NKA were OTU139 (Sordariales) and OTU9 (Nitrospira) (connectivity of 26), respectively,
which exhibited a positive correlation with one another.

The CPL of the bacterial correlation network was 1.38 cm [Figure 5b], while the
diameter was 3.00 cm, and the clustering coefficient (CC) was 0.41. The network consisted
of 34 nodes and 329 edges representing 229 positive and 100 negative correlations. The
CPL of the network in module 1 was 1.254 cm, and the diameter was 3.00 cm, while the CC
was 0.43, and the module comprised 29 nodes and 296 edges (196 positive and 100 negative
correlations). The top bacterial OTUs, OTU1599 (Acidobacteria Gp6) and OTU9 (Nitrospira),
were present in module 1. The top bacteria of KA was OTU1599 (Acidobacteria Gp6), which
exhibited positive correlations with OTU1603 (Burkholderiales), OTU3528 (Phycicoccus),
and OTU835 (ß-proteobacteria). The top bacteria in NKA included OTU9 (Nitrospira), which
exhibited mutually exclusive relationships with OTU835 (ß-proteobacteria), OTU3528
(Phycicoccus), and OTU1603 (Burkholderiales).

The internal fungal correlation network CPL was 1.39 cm, its diameter was 3.00 cm, and
its CC was 0.28 [Figure 5c]. The network consisted of 19 nodes and 38 edges representing
30 positive and 8 negative correlations. The network CPL for module 1 was 1.23 cm,
its diameter was 2.00 cm, and its CC was 0.41. The network consisted of 9 nodes and
27 edges, with 22 positive and 5 negative correlations. The network CPL for module 2 was
1.17 cm, while its diameter was 2.00 cm, and its CC was 0.42. The network consisted of four
nodes and four positively correlated edges. The top fungal taxa, OTU69 (Emericellopsis)
and OTU139 (Sordariales), in KA were present in module 1. Both the OTUs exhibited
positive correlations with OTU3379 (Gaeumannomyces), OTU81 (Sordariaceae), and OTU63
(Fusarium).
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Figure 5. (a): Co-occurrence network analysis of dominant fungal and bacterial taxa; (b): Co-
occurrence network and modules comprising dominant bacterial OTUs among KA and NKA soils;
(c): Co-occurrence network and modules of dominant fungal OTUs among KA and NKA soils. Note:
KA, karst areas; NKA, non-karst areas. Different colored nodes in [Figure 5a] represent different
clades of bacteria and fungi, with the value on the node indicating the OTU number for the particular
taxa, and node size representing the abundance of the taxa. Different colored nodes in [Figure 5b]
represent the different phylum classifications for bacterial OTUs; and the value on the node represents
the number of each bacterial OTU, while the size of the node indicates abundance. Different colored
nodes [Figure 5c] represent different phylum classifications for fungal OTUs; and the value on the
node represents the number of each OTU, while the size of the node indicates abundance. Green
edges indicate positive correlations, while red edges indicate negative correlations.
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3.6. Correlational Analysis of Soil Respiration with Fungal and Bacterial Functional Groups

The abundances of the dominant fungal and bacterial OTUs were subjected to func-
tional group prediction using FAPROTAX and FUNGuild, respectively [Figure 6a,b], and
their correlations with in situ CO2 fluxes were analyzed [Table 2]. The mean abundance
of Stellatospora in NKA accounted for 0.07% of that of all fungi and its abundances were
positively correlated with in situ CO2 fluxes. The mean abundance of Acidobacteria Gp6 in
KA accounted for 7.05% of that of all bacteria and was negatively correlated with in situ
CO2 fluxes. Among the predicted functional groups, the average abundance of fungal plant
pathogens in KA and endomycorrhizal-plant pathogen-undefined saprotrophs in NKA
accounted for 2.61% and 0.26% of the average abundance of functional taxa, respectively,
and the abundances of both were positively correlated with in situ CO2 fluxes. In addition,
the average abundance of dung saprotroph-endophyte-litter saprotroph–undefined sapro-
trophs in KA accounted for 0.88% of the total fungal functional groups and was negatively
correlated with in situ CO2 fluxes. The average abundance of aerobic nitrite oxidizers
(nitrifiers) were 2.13% of all bacterial functional groups and negatively correlated with in
situ CO2 fluxes.
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Figure 6. The heatmap clustering and distribution of bacterial (a) and fungal (b) functional groups.
Note: KA, karst areas; NKA, non-karst areas.

Table 2. Correlation between soil respiration and bacterial and fungal functional.

Microbial Taxa Groups Region Percentage Correlation
Coefficient

Bacteria Acidobacteria Gp6 KA 7.05% −0.565 *
Fungi Stellatospora NKA 0.07% 0.571 *

Functional
groups of fungi

Plant pathogen KA 2.61% 0.582 *
Endomycorrhizal-plant

pathogen-undefined
saprotroph

NKA 0.26% 0.530 *

Dung saprotroph-
endophyte-litter

saprotroph-undefined
saprotroph

KA 0.88% −0.568 *

Functional
groups of
bacteria

Aerobic nitrite oxidizers
(Nitrifiers) KA 2.13% −0.545 *

Note: * Significant at the 0.05 level (two-tailed); KA, karst areas; NKA, non-karst areas.

4. Discussion
4.1. Effects of the F/B on In Situ CO2 Fluxes

In present study, the abundance of bacteria and fungi in KA was higher than that
in NKA, which indicated that higher soil nutrients shaped higher abundance of microor-
ganisms. In KA, high levels of cations (such as Ca2+ and Mg2+) tend to combine with
easily decomposed organics to form more stable large aggregates and organic carbon
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pools [40,41]. Therefore, compared with fungi, bacteria are more susceptible to partly
inhibition in KA environment.

The higher contents of chitin and chitosan in fungi cell wall could not be easily
degraded, so that the total biomass of fungi was significantly higher than that of bacteria,
which indicated that refractory organic matter form fungi is an important sources of SOC
accumulation [42]. Long-term combination of organic and inorganic fertilization increased
SOC accumulation of paddy fields in South China. The numbers of fungi and bacteria both
also increased significantly, but fungi increased more than bacteria, thereby increasing the
F/B [14]. Thiet argued that fungi didn’t have greater growth efficiency than bacteria in
greater C storage and slower C turnover in fungal-dominated soils [43]. Luo et al. [40]
reported that there was a significant correlation between the SOC and F/B with the reason of
increased fungal necromass resulting in a change in the SOC composition. The above result
is in accordance with the findings of higher SOC content and F/B in KA in present study.

The KA with high temperature and humidity, the dissolution of carbonate brings a
large amount of Ca2+ and HCO3

− into the soil. HCO3
− combines with H+ in the water

to generate CO2, which increases soil CO2 concentration [44]. Though some CO2 in KA
soil was consumed through reversibly combining with H2O to form H2CO3 to a certain [3],
CO2 concentration of surface soil in KA is still higher than that in NKA. The higher
concentration of soil CO2 also change the quantity and quality of soluble sugars, organic
acids, amino acids and other compounds secreted by rice roots. The bacterial abundance
was significantly decreased and the fungal abundance and biomass were significantly
increased, resulting in a significant increase in the F/B as previously reported [45,46].

More studies in the past 20 years have shown that the primary producers of CO2 in
soils are microorganism [13,14,47]. In present study, soil respiration in KA was lower than
that in NKA, and the communities of both bacteria and fungi in KA were also significantly
different with those in the NKA. Moreover, the F/B was higher in the KA than in the NKA.
We also found that there was a significant negative correlation between soil respiration
and the F/B across KA and NKA. In KA, soil carbon turnover rate would increase due
to the changes on soil physical properties and the effect of fungi on physiology [43].
Keiblinger reported that more CO2 will be released in bacterium-dominated soil because
of lower carbon utilization efficient of bacteria [48]. Other researches have showed that
fungal-derived soil processes and fungal biomass increased in the presence of elevated
atmospheric CO2 concentrations, which leading to increased organic C inputs into soils [46].
These results showed that fungi played an important role in the allocation of higher carbon
and nitrogen nutrients in paddy soil, thus affecting soil respiration.

In our study, arbuscular mycorrhizal fungi were dominant in KA (showed in Figure 6b).
The contribution of mycorrhizal fungi to the high carbon content of soil is reflected the
conversion of floor C into mineral soil C [49] and the acceleration of microbial residues
into soil [50]. Studies had shown that inoculation with arbuscular mycorrhizal fungi could
promote the formation of large aggregates and ease their decomposition into aggregates
with smaller particle sizes [51], which enhanced the formation of macroaggregates caused
by sequestration of SOC [52]. Fungal hyphae and their cell wall residues act as binders by
adsorption, cross-linking and adhesion of primary mineral particles, organic matter, and
microaggregates, thereby enhancing the formation and stability of large aggregates [52].
Therefore, the distribution difference of mycorrhizal fungi in aggregates with different
particle sizes in paddy soil between KA and NKA deserves further study.

4.2. Effect of Fungal and Background Community Composition On Paddy Field In Situ CO2

Fungal-bacterial co-occurrence network analysis indicated a greater degree of putative
mutualistic symbiotic relationships between fungi and bacteria (58.36%) compared with pu-
tative competitive relationships (41.64%) of KA and NKA. The presence of a typical “core”
plant-microbe microbiota has been documented in several environmental studies [20,53].
These microbiomes may interact through direct or indirect mechanisms of carbon sequestra-
tion and can promote plant development [53,54]. Significantly higher relative abundance of
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Acidobacteria Gp6 in KA of this study (average relative abundance of 7.05%) was negatively
correlated with in situ CO2 fluxes. Acidobacterium Gp6 may be the top microbial species
in paddy soil in karst areas, as it is present in aggregate networks of different particle size
grades [29]. Previous studies have demonstrated that the average relative abundance of
Acidobacteria Gp6 was positively correlated with SOC and pH [55] in addition to amylase
activity [56]. These results suggest the presence of coordinated activities of bacteria in
KA with respect to SOC and pH. In addition, elevated CO2 treatments have been shown
to increase the relative abundance of Acidobacteria Gp6 [57], presumably because some
Acidobacteria exhibit photosynthetic capacity. Some acidobacterial genomes contain pscA
genes that encode the Fenna-Matthews-Olson (FMO) protein that binds to the bacterial
chlorophyll molecule (BCh1) in photoresponse I, enabling chlorophyll-based photosyn-
thetic capacity [58]. In this study, some strains of Acidobacteria Gp6 who absorb CO2 for
photosynthesis might have led to reduced CO2 emissions in KA soils. Nevertheless, the
carbon sequestration capacity of Acidobacteria Gp6 taxa in KA soils deserves our attention.

Nitrospira (OTU9) was also a top taxon in the internal bacterial correlation network
and was dominant in NKA. Nitrospira abundance were negatively correlated with pH and
TOC [59], and are highly resistant to high ammonia, high pH, salt, and SOC environments.
In particular, the Nitrospira was most likely represented by the single-step nitrifying bacteria
comammox Nitrospira that drives full nitrification [60]. Comammox Nitrospira encode a
single gene cluster containing both amo and hao genes, but do not use Ca2+ (e.g., calcium
nitrate and calcium nitrate) in nitrification reactions [61]. Instead, comammox Nitrospira
require oxygen molecules to activate ammonia during nitrification [62], which are key
adaptations for red soil environments with low carbon, nitrogen, and Ca2+ concentrations.
Thus, OTU9 (comammox Nitrospira) is probably an important indicator in NKA rather
than KA.

The internal fungal correlation network indicated that OTU69 (Emericellopsis) and
OTU139 (Sordariales) as the core groups within the soil fungal networks in KA and NKA,
respectively. Emericellopsis is an alkalophilic endophytic fungus with the ability to resist
pathogenic peptide synthesis [63] and it enhances the plant host’s ability to cope with
environmental stresses, while also contributing to healthy host-plant growth and repro-
duction [64]. The neutral-alkaline pH in KA resulted in increased relative abundances of
Emericellopsis that may then intermittently raise the quantity and quality of algae during the
flooding periods within rice fields. Further, most water column algae in KA can use CO2
and free HCO3

− to conduct photosynthesis and produce organic carbon. The synergistic
interaction between algae and their endophytic fungi in photosynthesis of KA therefore
requires further investigation [65]. Stellatospora belongs to the Sordariales group, whose
abundances were positively correlated with CO2 emission. Some studies have shown that
Sordariales are highly adapted to tropical soil environments that experience warming due
to elevated atmospheric CO2 [66]. Thus, Stellatospora might be regarded as a biomarker
indicator to distinguish NKA from KA.

4.3. Effects of Fungal and Bacterial Functional Groups on Paddy Field In Situ CO2 Fluxes

Among the predicted fungal functional groups, the endomycorrhizal-plant pathogen-
undefined saprotroph functional group was largely represented by Ceratobasidiaceae,
with dominant relative abundances in NKA. Ceratobasidiaceae are able to rice blight,
where in stems and leaves become yellow and wilt, leading to weakened photosynthetic
ability [67]. The plant pathogenic fungal functional group was largely represented by the
genus Gaeumannomyces, which also exhibited higher abundances in NKA. Some fungi of
this genus are capable of infesting wheat and resulted in wheat allozyme diseases. The
plant pathogenic and endomycorrhizal-plant pathogen-undefined saprotroph abundances
were positively correlated with CO2 in situ emission. The infected plants transmit infection
information to soil through root exudates, causing the bacterial quorum sensing [68]
leading to compensatory increase in soil respiration. In addition, Ca2+ affect activity of
the antifungal proteins released by bacteria [69], which in turn influences the resistance
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of crops to allozyme disease. Therefore, the interaction between pathogenic microbes and
antagonistic microbes in KA and NKA should be further studied.

The abundance of dung saprotroph-endophyte-litter saprotroph–undefined sapro-
troph group were negatively correlated with in situ CO2 emission. This functional group
was mostly represented by Podospora that are dominant in KA. van Erven reported that
Podospora anserine, a late colonizer of herbivorous dung, has high NADPH oxidase activ-
ity [70]. The oxidase promotes the formation of H2O2 and acts specifically on the more
recalcitrant fraction of lignocellulose, which may promote the degradation of organic matter.
Malagnac reported that NADPH oxidase can also promote the sexual reproduction and
ascospore germination of the filamentous fungus Podospora anserina [71]. The products
of lignocellulose degradation by fungi are likely to be used by bacteria, which improved
utilization efficiency of organic matter and increased thermally stable SOC [72]. These
results suggest that the relationship between soil microorganisms including Podospora and
the thermal stability of SOC in KA is worth further study.

CO2 in soils not only changed general microbial taxa, but also can be assimilated
by autotrophic bacteria and turned into microbial biomass [73]. In the present study,
autotrophic bacteria (such as aerobic nitrite oxidizers and nitrifiers) using CO2 as the
only carbon source were dominant in KA (as shown in Figure 6a). This was similar to
the results of our previous investigation, which showed that high abundance of carbon
fixing bacteria was in KA [25]. Among the predicted bacterial functional groups, the
abundances of aerobic nitrite oxidizers and nitrifiers were negatively correlated with in
situ CO2 fluxes. These functional groups derive from the aerobic nitrite oxidation and
nitrification activities associated with OTU831 (Nitrospira), which were dominant in KA.
Ammonia-oxidizing bacteria (AOB) are autotrophic microorganisms using CO2 as a carbon
source in autotrophy [74]. Nitrification substrates are NH3 molecules rather than NH4

+

ions, and a neutral alkaline karst environment might make the chemical equilibrium of
NH3 and NH4

+ tend towards NH3 molecule production. Consequently, the abundances
of AOB and their ability to fix CO2 might be improved by increasing the abundances of
NH4

+-N [75,76]. Therefore, the lower in situ CO2 emission in KA might also contribute to
autotrophic nitrification by Nitrospira [77].

5. Conclusions

In this study, we observed higher abundance of bacteria and fungi and higher F/B
but lower soil respiration in karst area compared with those in non-karst area. We found
that there was a significant difference of bacterial and fungi community between karst area
and non-karst area. We also found that there was a significantly negatively correlation
between soil respiration and ratio of fungi to bacteria. On the one hand, higher abundances
of fungi and their associated functional activities might enable better use of recalcitrance.
On the other hand, bacterial abundances were decreased to adapt to environmental stresses
from reduced easily available carbon supplies. Further, in response to the unique karst
environments, microbial community structures and their associated functional groups
were altered. In addition, the abundances of some autotrophic carbon-fixing bacteria and
arbuscular mycorrhizal fungi increased and the abundance of pathogenic fungi decreased,
which thereby also probably improved the utilization of SOC and reduces soil CO2 emis-
sions. In the future research, combining these microbial characteristics associated with
soil respiration and through C and N isotopic labeling tracking technology and indoor
incubation experiments can be provided more accurate soil carbon and nitrogen dynamics
in KA.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13082001/s1, Figure S1: The soil respiration of paddy
fields during fallow.
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Abstract: Transplanting has been widely used in American ginseng (Panax quinquefolium L.) cultiva-
tion in Northwest China to mitigate the negative effects of continuous cropping obstacles. Because
of the accumulation of pathogenic microorganisms and the change in soil properties, transplanting
American ginseng to newly cultivated fields after two years of growth has become a major plant-
ing pattern. Despite transplanting improving the quality of American ginseng, the effects of soil
properties and microbiota on growth during the transplanting process are poorly understood. In the
present study, microbial communities, soil physico-chemical properties and morpho-physiological
parameters were analyzed to investigate the effects of microbiota and soil characteristics on American
ginseng growth in both soil and ginseng root microhabitats. Results indicated that the structure and
species of bacterial and fungal communities changed significantly in different microhabitats before
and after transplantation. Moreover, the assemblage process of the bacterial community was domi-
nated by deterministic processes. The stochastic process ratio increased and niche breadth decreased
significantly after transplanting. While the assembly of the fungal community was dominated by
stochastic process, and there was no significant difference in NST, βNTI or niche breadth before
and after transplanting. Bacterial co-occurrence networks demonstrated a higher connectivity but
a lower aggregation in soil microhabitat, while the fungal community networks remained stable
before and after transplantation. Gammaproteobacteria was the biomarker in the soil microhabitat,
while Alphaproteobacteria, Betaproteobacteria and Gemmatimonadetes were biomarkers in the
ginseng root microhabitat. Sordariomycetes was a biomarker with high relative abundance in the
fungal community before and after transplanting. The bacterial functional and important ASVs
were significantly correlated with pH, organic matter, total nitrogen, available phosphorus, total
potassium root fresh weight, taproot diameter and stem height of American ginseng. Partial least
squares path modeling showed that soil properties significantly affected the formation of different
microbial specific ASVs. The important functional ASVs in ginseng root microhabitat had a positive
effect on American ginseng growth, while the rare taxa had a negative effect. Our results provide a
good starting point for future studies of microbial community succession in different microhabitats
influenced by the transplantation pattern of American ginseng.

Keywords: American ginseng; transplanting; microhabitats; microbiota; soil properties

1. Introduction

American ginseng (Panax quinquefolius L.) has been used as a herbal medicine with a
“cool” property in China for nearly 300 years. It is known for its pharmacological properties
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such as anti-oxidation, anti-cancer activity, stimulation of blood flow, and enhancement of
the central nervous system [1,2]. Originally native to southeastern Canada and northern
United States, American ginseng was introduced to China in the 1980s [3,4]. Because of the
imbalance in soil nutrients and continuous cropping obstacles caused by long-term growth
in the same field, American ginseng is generally cultivated in Northwest China using a
“two-year land-changing planting” pattern. This pattern involves transplanting American
ginseng after two years of growth into newly cultivated land for another two years [5,6].

The reduction in crop yield and quality caused by long-term monoculture, known
as continuous cropping obstacle, is an pressing challenge to the worldwide cultivation of
Chinese herbal medicines, including American ginseng [4]. Transplanting can mitigate,
but cannot avoid, the degradation in American ginseng quality and soil deterioration
caused by continuous cropping [5,6]. Therefore, it is important to pay attention to the
dynamic changes of soil microenvironment during American ginseng planting. Continuous
cropping obstacles are influenced by various factors. Previous studies have shown that
soil physicochemical properties, such as physical characteristics, nutrient, pH and allelo-
pathic autotoxicity of plants [7–9], can impact the growth of ginseng plants [7,9] and also
increase the incidence of diseases [10]. The biotic factors that cause continuous cropping
obstacles in the American ginseng soil commonly include the microbiome, protozoa and
insect pests [11,12]. While soil-borne pathogenic microorganisms are mainly responsible
for biological diseases, other beneficial microbes exhibit resistance to such ailments as
well [13,14]. The plant–soil feedback mechanism proposes that alterations in soil properties
resulting from plant growth can impact both plant populations and microbial communi-
ties [15]. Typically, these mechanisms are usually studied independently; however, given
their potential for interaction, it is unlikely that any single mechanism can fully account for
plant–soil feedback.

Previous studies have suggested that the rhizosphere bridges the plant–soil rela-
tionship and facilitates the exchange of substances between roots and soil [16]. Many
rhizosphere activities, including nutrient cycling and bioremediation [6], are mediated by
microbiota in the soil–rhizosphere microhabitat, and roots provide a favorable environ-
ment for the enrichment of rhizosphere microbiota [17,18]. Moreover, mounting evidence
suggests that plant species and sampling time exert significant impacts on the soil and
rhizosphere microbial community [19,20]. The advancement of high-throughput sequenc-
ing technology and the expansion of bioinformatics methodology [21] has facilitated our
comprehension of the interrelationships and interactions among the microbiome, soil prop-
erties and plant growth in agricultural practices. However, there is currently no available
information on how transplantation pattern affects the rhizosphere microhabitat and micro-
biota of American ginseng roots. This knowledge is helpful for investigating the causes of
obstacles in continuous cropping and their impact on soil environment, thereby promoting
the scientific cultivation of American ginseng and improving land use efficiency.

Here, we conducted field trials to investigate the potential impacts of transplanting
patterns on soil properties and American ginseng growth by assessing the succession of
bacteria and fungi in the soil and rhizosphere microhabitat. We hypothesized that the matter
exchange and information transfer between the ginseng root and the soil would greatly
disturb the microbiota in the ginseng habitat. We established a randomized experimental
transplanting of American ginseng. The changes of bacterial and fungal communities were
analyzed, and their interactions with soil properties and the growth of American ginseng
was discussed.

2. Materials and Methods
2.1. Experimental Setup and Soil Collection

The whole experiment was conducted in Liuba (latitude 33◦40′ N, longitude 106◦52′ E)
village, Shaanxi province, the only cultivated American ginseng area in Northwest China [5].
The altitude is 1540 m, the mean annual temperature is 11.5 ◦C, the average annual amount
of sunshine is about 1800 h, the annual precipitation is 840–880 mm, the frost-free period is
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about 210 days and the soil type is yellow brown soil. In this planting field, the American
ginseng was planted in 1.5 m wide and 50 m long seedbeds before and after transplantation.
The distance between the seedbeds was approximately 0.5 m, the plant spacing was about
10 cm, and the row spacing was about 20 cm. The field blocks were arranged in a completely
randomized block design, with five replicate plots (1.5 × 10 m). American ginseng was
cultivated and transplanted on newly cultivated farmland with no previous agricultural
tillage. The organic fertilizer used in the experiment was aerobically composted cow
manure and mushroom residue, where the organic matter (OM) was 25.10%, total nitrogen
(TN) was 11.32 g·kg−1, available phosphorus (AP) was 275.15 mg·kg−1, available potassium
(AK) was 2657.13 mg·kg−1 and water content (WC) was 1.02%. Organic fertilizer was
collected from the experimental base of Shaanxi Institute of Microbiology and was applied
as base fertilizer (4.0 kg·m−2) in March before the cultivation of American ginseng, followed
by an equal amount of topdressing in March every year. Soil water content was adjusted
to a range of 40–50% (w/w). Good Agricultural Practice (GAP) was followed during the
cultivation process [22]. The whole American ginseng plants would be transplanted into
new soil blocks after 2 years of cultivation.

Ginseng rhizosphere and non-rhizosphere soil was collected at the beginning of
September 2021. The ginseng rhizosphere soil was defined as tightly attached to plant roots.
Ten to fifteen healthy plants with green leaves and stems without spots, and ginseng roots
without markings and rot were randomly selected. The taproot was vigorously shaken to
collect the adhering soil from non-rhizosphere soil samples, followed by vortex oscillation
for collection of tightly attached soil for ginseng rhizosphere samples. In this study, ginseng
rhizosphere and non-rhizosphere soil was referred as “microhabitats”. In total, 20 samples
were collected and each sample was subjected to three rounds of liquid nitrogen treatment
before being kept on ice and immediately stored at −80 ◦C until further analysis.

2.2. DNA Extraction, Amplification and Sequence Processing

DNA was extracted from 0.5 g soil using the Fast DNA SPIN Kit for Soil (MP Biomedi-
cals, Solon, OH, USA), and the isolated microbial DNA was used as a template for subse-
quent sequencing. The yield and quality were assessed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Bacterial 16S rRNA (V3-V4) gene amplifi-
cations were amplified using primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R
(5′-GACTACHVGGGTATCTAATCC-3′) [23], while fungal internal transcribed spacer re-
gion ITS2 amplification employed primers ITS1FI2 (5′-GTGARTCATCGAATCTTTG-3′)
and ITS2 (5′-TCCTCCGCTTATTGATATGC-3′) [24]. Next-generation sequencing (NGS)
preparation, Illumina HiSeq NGS library preparations and Illumina HiSeq sequencing were
performed by LC-Bio Technology Co., Ltd, Hangzhou, China. DNA samples were quanti-
fied using a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA), followed by amplicon
generation from 30–50 ng of DNA using the NEBNext® UltraTM DNA Library Prep Kit
for Illumina® (New England Biolabs, Beverly, MA, USA), according to the manufacturer’s
protocol. The total DNA was eluted in 50 µL of Elution buffer and stored at −80 ◦C until
PCR measurement.

The Usearch10 [25] and Vsearch 2.8.1 [26] pipelines were employed for sequence
analysis. Forward and reverse sequences were joined, assigned to respective samples based
on barcodes and truncated through the removal of the barcode and primer sequences.
Quality filtering on joined sequences was performed, and sequences with ambiguous bases
and expected errors per base rate ≤0.01 were discarded. Subsequently, the sequences were
dereplicated, and singletons (with a minuniquesize < 8) were removed. The sequences
were clustered into Amplicon sequence variants (ASVs) using the exact sequence variants
algorithm [27,28] (Unoise3), and chimeric sequences were simultaneously removed. The
effective sequences were used in the final analysis. The taxonomic identities of the bacterial
and fungal ASVs were determined via the clustering program VSEARCH 2.8.1 against the
Ribosomal Database Program (RDP, http://rdp.cme.msu.edu/) (accessed on 13 January
2022) and UNITE (https://unite.ut.ee) (accessed on 28 January 2022) at 97% sequence
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identity, and the confidence threshold for the RDP classifier for ASVs is 0.8 [29]. The
raw data of bacterial and fungal sequences were available at the National Center for
Biotechnology Information under BioProject ID PRJNA975712.

2.3. Soil Physico-Chemical Properties and Morpho-Physiological Parameters

Physico-chemical properties of soil were assessed using five replicates per group. For
each sample, soil was collected from the top layer (0–30 cm) at five random locations. Then,
the soils were thoroughly mixed and transported from field to laboratory in sterile ice
containers. In the laboratory, samples were sieved (2 mm mesh) to remove plant debris
and air-dried in a designated soil drying room and analyzed for organic matter (OM), total
nitrogen (TN), amino nitrogen (AN), total phosphorus (TP), Olsen-P (OP), total potassium
(TK) and available potassium (AK) [30]. Dried samples were mixed with deionized water
(volume ratio 1:2.5), shaken at 200 rpm for 30 min, and then centrifuged at 12,000 rpm for
5 min to determine pH and electrical conductivity (EC) [31]. OM was quantified through
sulfuric acid-potassium dichromate wet oxidation, followed by titration with ferrous sulfate
according to the Walkley–Black procedure [30]. TN was determined using the Kjeldahl
method [32]. Soil AN was measured via diffusion methods [33]. Soil TP was assessed using
the Mo-Sb anti spectrophotometric method [34]. The OP in the soil was measured using
the Olsen method [35]. The TK and AK in the soil were determined via ammonium acetate
extraction followed by flame photometry [36]. Concurrently, the morpho-physiological
parameters of American ginseng in each group were measured. The fresh weight of ginseng
root (GW) and stem (SW) was weighed. The length and diameter of taproot (TL, TD), as
well as the height and diameter of stem (SH, SD), were measured. The number of branches
(BN), stems (SN) and leaves (LN) per plant was recorded.

2.4. Statistical Analysis

Statistical analysis and graphic display were performed using R software version 4.1.2,
Auckland, NZ and ImageGP (version 2.0, https://www.bic.ac.cn/ImageGP/ (accessed on
14 July 2022), Chen T., Beijing, China) [37]. Alpha diversity was assessed using the Shannon
index with the “vegan” package (version 2.5-6, https://CRAN.R-project.org/package=
vegan (accessed on 28 June 2022), Helsinki, Finland) [38], and Faith’s phylogenetic diversity
index (Faith’s PD index) with the “picante” package (version 1.8.2, https://CRAN.R-project.
org/package=picante (accessed on 28 June 2022), Eugene, OR, USA) (accessed on 28 June
2022) [39]. Phylogenetic tree analysis of soil was carried out using cluster_agg of Usearch10.
The alpha diversity indices were calculated through one-way analysis of variance (ANOVA)
and Tukey’s multiple comparison tests.

The beta diversity of bacteria and fungi was evaluated through principal coordinate
analysis (PCoA) based on Bray–Curtis distance. The significance of the effect of transplant-
ing and microhabitats on community dissimilarity was tested using PERMANOVA with
the adonis function in the “vegan” package. To investigate the assembly processes and mul-
tifunctionality of soil and ginseng rhizosphere microbiota, we quantified the Normalized
stochasticity ratio (NST) index, beta nearest taxon (βNTI) index and niche breadth under
American ginseng transplanting. Nearest-taxon index (NST) [40] and β-nearest taxon
index (βNTI) [41] were calculated with the “picante” package (version 1.8.2) to explore the
community assembly processes and quantify phylogenetic structure. Niche breadth index
was calculated according to Levin’s niche breadth [42] equation using the “spaa” package
(version 0.2.1, https://CRAN.R-project.org/package=spaa (accessed on 6 July 2022), Hong
Kong, China).

To further characterize the impact of transplanting on microbiota in different micro-
habitats, we evaluated the composition and co-occurrence patterns of bacterial and fungal
communities. For taxonomic analysis, a class-level stacking bar chart was generated to
check relative abundance of species. The co-occurrence network was estimated using the
“igraph” package (version 1.2.5, https://CRAN.R-project.org/package=igraph (accessed
on 7 July 2022), Oxford, GB). A valid co-occurrence was considered a statistically robust
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correlation between ASVs when the correlation threshold exceeded 0.8 and the p value
was below 0.01. The microbial co-occurrence network graphs were visualized using Gephi
(version 0.9.2, https://gephi.org/ (accessed on 7 July 2022), Paris, France) [43].

To evaluate the impact of transplanting on microbial community structure and func-
tion, we employed two classifications: microbial biomarkers filtered with the random forest
algorithm and functional microorganisms selected based on niche breadth. To identify
the microbial biomarkers, a random forest classifier (RFC) model was constructed and a
10-fold cross-validation on the RFC model was performed to detect unique ASV-based
microbial biomarkers. The filtering criteria for functional microorganisms were as follows:
ASVs set with the niche breadth index larger than the mean value were selected; ASVs
set with a contribution rate higher than the average and significant p-value according
to SIMPER analysis were also selected; The intersection of these two sets of ASVs was
considered as the functional microorganism. The random forest algorithm [44] of the “ran-
domForest” package (version 4.6-14, https://CRAN.R-project.org/package=randomForest
(accessed on 11 Augest 2022), Berkeley, CA, USA) was used to quantify classification of
biomarker ASVs, and the percentage of increase in mean square error (increase in MSE
(%)) was used to show the importance of the biomarker ASVs. Additionally, the similarity
percentage (SIMPER) algorithm was calculated with the ‘vegan’ package. To investigate
the interrelationships among soil properties and American ginseng growth, correlation
analysis was employed to demonstrate the associations between these three variables
sets. The correlation between the soil properties and growth variables was evaluated
using Spearman’s rank correlation test. Prior to correlation analysis, the “Hmisc” package
(https://cran.r-project.org/package=Hmisc (accessed on 12 August 2022), Nashville, TN,
USA) was used to eliminate collinear factors. To evaluate their associations with ASVs,
factors were transformed and normalized before application of the Mantel test [45]. The
ASVs with relative abundances below 0.01% of total sequences were defined as “rare”
ASVs [46,47]. Partial least squares path modeling (PLS-PM) [48] was employed to quantify
the relationships between soil properties, ASVs and American ginseng growth variables.

3. Results
3.1. Soil and Ginseng Rhizosphere Microbiota Harbor Distinct Communities after Transplanting

We first compared the differences in bacterial and fungal communities between soil
and ginseng rhizosphere samples pre- and post- transplanting. After transplantation,
there was a significant decrease in the phylogenetic diversity, richness and evenness of
the bacterial community (Figure 1A, Faith’s PD index: F1,18 = 9.527, p < 0.01, Shannon
index: F1,18 = 19.2, p < 0.001), while no significant difference was observed in the alpha
diversity indices of the fungal community (Figure 1B, Faith’s PD index: p = 0.613, Shannon
index: p = 0.838). Moreover, a significant reduction in the alpha diversity of bacterial
communities within soil microhabitat was observed after transplantation (Figure 1A, Faith’s
PD index: F1,8 = 6.19, p = 0.0376, Shannon index: F1,8 = 8.946, p = 0.0173), while no such
reduction was detected in ginseng rhizosphere microhabitat (Supplementary data: Table S1).
These findings suggested that the transplanting process primarily impacted soil bacterial
community diversity, and the bacterial community in ginseng rhizosphere microhabitat
remained relatively stable post-transplantation. No discernible differences were detected
in soil fungal communities in the transplanting process.
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Figure 1. Comparison of microbial diversity and evenness in different microhabitats before and
after transplanting. (A) Faith’s PD and Shannon indices of bacterial community. (B) Faith’s PD and
Shannon indices of fungal community. ANOVA and Tukey’s multiple comparison tests were carried
out for each group, and the statistical significances (p < 0.05) were indicated by different letters.

3.2. Different Structures and Variation of Soil and Rhizosphere Microbiota in
Transplanting Process

In principle coordinate analysis (PCoA) of bacterial Bray–Curtis distance across all
samples, ginseng rhizosphere samples exhibited clustering while soil samples shifted
away from the rhizosphere after transplanting in the second coordinate axis. Addition-
ally, a significant decrease was observed in the Bray–Curtis distance between pre- and
post-transplantation samples (Figure 2A). Interestingly, the fungal community structure
exhibited the opposite trend, in that a significant separation was observed among ginseng
rhizosphere fungi samples along the first coordinate axis after transplantation, while there
was no significant alteration in the Bray–Curtis distance of soil samples before and after
transplanting. Our study also found that the Bray–Curtis dissimilarity index of the bacterial
communities in soil microhabitat decreased significantly after transplanting, as compared
to fungal communities (Figure 2B).
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Figure 2. Comparison of community composition and variation degree between soil and ginseng
rhizosphere microbiota before and after transplanting based on ASVs. (A) Beta diversity measurement
with Principal coordinate analysis (PCoA; pairwise comparisons based on PERMANOVA). (B) Bray–
Curtis distances before and after transplanting between soil and ginseng rhizosphere microbiota.

Generally, significant differences were found in NST, βNTI and niche breadth of
bacterial communities before and after transplanting, but not in fungal communities. The
NST of the bacterial community increased significantly after transplanting, indicating that
the proportion of randomness increased, and the increase was mainly attributed to the
contribution of soil microhabitat. The βNTI of the bacterial community was >2 before
and after transplantation, suggesting that the community assembly was a deterministic
process. However, the βNTI decreased after transplantation, revealing a trend towards
stochasticity in the rhizosphere microhabitat bacterial community (Figure 3A). These results
suggest that the assembly of the bacterial community after transplanting was stochastic,
especially in the ginseng rhizosphere microhabitat. Additionally, the niche breadth of the
bacterial community decreased significantly after transplanting, indicating that decreased
environmental adaptability caused by this reduction could ultimately lead to a decline in
deterministic processes of bacterial community assembly. Although there was no significant
difference in the fungal community before and after transplanting, NST significantly
decreased and βNTI significantly increased after transplanting in ginseng rhizosphere
microhabitat (Figure 3B). This suggests an increase in the deterministic trend of fungal
community assembly in ginseng rhizosphere microhabitat after transplanting. In addition,
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we also observed that the niche breadth of the fungi community in the ginseng rhizosphere
microhabitat was significantly lower compared to that in the soil microhabitat, regardless
of transplanting (Figure 3B). This result suggested that the fungi in the ginseng roots were
composed of specific taxa and tended to be conservative in function.

Agronomy 2023, 13, x FOR PEER REVIEW 8 of 18 
 

 

 

Figure 3. Comparison of assembly processes and multifunctionality of microbiota 
between soil and ginseng rhizosphere microbiota in transplanting process. (A) 
Normalized stochasticity ratio (NST) index, beta nearest taxon (βNTI) index and niche 
breadth of bacterial community. (B) NST index, βNTI index and niche breadth of fungal 
community.Black asterisks represented significant differences between groups with 
Wilcoxon or Kruskal−Wallis test. Asterisk (*) represented p < 0.05; double asterisk (**) 
represented p < 0.01; triple asterisk (***) represented p < 0.001. 

3.3. Composition and Co-Occurrence Network of Microbial Communities in Different Microhabi-
tats before and after Transplanting 

Overall, the bacterial community was dominated by Alphaproteobacteria, Gammap-
roteobacteria, Actinobacteria, Gemmatimonadetes and Betaproteobacteria with the rela-
tive abundance exceeding 60% (Figure 4A). Furthermore, there were notable variations in 
the abundance of certain classes in different microhabitats after transplanting. Gammap-
roteobacteria and Sphingobacteriia exhibited a significant decrease, whereas Gemmati-
monadetes and Betaproteobacteria demonstrated a marked increase in the ginseng rhizo-
sphere microhabitat (Supplementary Materials Table S2). In co-occurrence networks, bac-
terial classes in soil microhabitat demonstrated a higher network connectivity (as charac-
terized by the degree distribution) but a lower aggregation (as characterized by the clus-
tering coefficient) than those observed in the ginseng rhizosphere, regardless of trans-
planting. Additionally, ASVs belonging to Gammaproteobacteria in soil microhabitat 
were the main hub nodes of the network, whereas classes with high abundance such as 
Alphaproteobacteria, Gemmatimonadetes and Betaproteobacteria in the ginseng rhizo-
sphere microhabitat were not in the dense area of the network. Meanwhile, we observed 
a significant increase in the number of nodes (99 to 129) and edges (528 to 932) above the 

Figure 3. Comparison of assembly processes and multifunctionality of microbiota between soil and
ginseng rhizosphere microbiota in transplanting process. (A) Normalized stochasticity ratio (NST)
index, beta nearest taxon (βNTI) index and niche breadth of bacterial community. (B) NST index,
βNTI index and niche breadth of fungal community.Black asterisks represented significant differences
between groups with Wilcoxon or Kruskal−Wallis test. Asterisk (*) represented p < 0.05; double
asterisk (**) represented p < 0.01; triple asterisk (***) represented p < 0.001.

3.3. Composition and Co-Occurrence Network of Microbial Communities in Different
Microhabitats before and after Transplanting

Overall, the bacterial community was dominated by Alphaproteobacteria, Gammapro-
teobacteria, Actinobacteria, Gemmatimonadetes and Betaproteobacteria with the relative
abundance exceeding 60% (Figure 4A). Furthermore, there were notable variations in the
abundance of certain classes in different microhabitats after transplanting. Gammapro-
teobacteria and Sphingobacteriia exhibited a significant decrease, whereas Gemmatimon-
adetes and Betaproteobacteria demonstrated a marked increase in the ginseng rhizosphere
microhabitat (Supplementary Materials Table S2). In co-occurrence networks, bacterial
classes in soil microhabitat demonstrated a higher network connectivity (as characterized
by the degree distribution) but a lower aggregation (as characterized by the clustering
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coefficient) than those observed in the ginseng rhizosphere, regardless of transplanting.
Additionally, ASVs belonging to Gammaproteobacteria in soil microhabitat were the main
hub nodes of the network, whereas classes with high abundance such as Alphaproteobacte-
ria, Gemmatimonadetes and Betaproteobacteria in the ginseng rhizosphere microhabitat
were not in the dense area of the network. Meanwhile, we observed a significant increase
in the number of nodes (99 to 129) and edges (528 to 932) above the average degree of
distribution in the ginseng rhizosphere microhabitat after transplantation, while there was
an obvious decrease in the number of edges (1052 to 897) in the soil habitat (Figure 4B).
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Figure 4. Relative abundance and correlation networks of microbiota before and after transplanting
in different microhabitats at class level. (A) The relative abundance of the top 10 members of the
bacterial community. (B) Different effects of transplanting on the networks of bacterial communities
in soil and ginseng rhizosphere microhabitat. (C) The relative abundance of top 10 members of the
fungal community. (D) Different effects of transplanting on the networks of fungal communities
in soil and ginseng rhizosphere microhabitat. Black asterisks (*) represent classes with significant
differences (p < 0.05) in relative abundance based on the ANOVA test. The lines between the points
represent correlation coefficients (red, positively correlated; blue, negatively correlated). The points
enclosed by the green dotted lines represent classes with higher than average degree distribution.
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Overall, the fungal community and correlations remained stable before and after
transplantation. The combined relative abundance of Sordariomycetes, Agaricomycetes,
Mortierellomycetes and Leotiomycetes accounted for over 75% (Figure 4C). Sordari-
omycetes increased significantly in the ginseng rhizosphere microhabitat after trans-
planting (Supplementary Materials Table S2). The fungal correlation network had fewer
edges and lower distribution after transplanting. Additionally, ASVs belonging to Sor-
dariomycetes in soil microhabitat were the main hub nodes in the network, but were not
distributed in the dense network of the ginseng rhizosphere microhabitat. We also found
that the proportion of nodes (23.9% to 45.3%) and edges (53.2% to 72.9%) above the average
distribution of soil microhabitats increased significantly after transplanting, while those of
ginseng rhizosphere microhabitats decreased markedly (Figure 4D, nodes: 49.3% to 35.7%;
edges: 73.4% to 68.6%). In summary, these results showed that the transplanting process
reduced the connectivity of fungal communities in different microhabitats and weakened
the relationship between taxa. Interestingly, our analysis also revealed certain taxa in the
microbial correlation network that were not among the top 10 classes, including Bacilli,
Thermomicrobia, Spartobacteria, Acidobacteria_Gp16 and Acidobacteria_Gp3 in bacteria,
as well as Pezizomycetes and Spizellomycetes in fungi.

3.4. Association of Microbial Biomarkers and Functional Microorganisms with Soil Properties and
Growth of American Ginseng

We observed that, although the proportion of ASVs exceeded 50% (55.3% in bacteria
and 57.8% in fungi), functional microorganisms exhibited differential distribution before
and after transplanting. In the fungal biomarkers screened, we opted for fewer ASVs
(156 ASVs) rather than enhancing model accuracy. Finally, through the intersection of
microbial markers and functional microorganisms, we identified three subgroups of ASVs
(Figure 5): functional ASVs (Bacteria: 232 ASVs, 39.1%; Fungi: 28 ASVs, 15.2%), important
ASVs (Bacteria: 255 ASVs, 43.0%; Fungi: 132 ASVs, 71.7%), and important functional ASVs
(Bacteria: 106 ASVs, 17.9%; Fungi: 24 ASVs, 13.0%).
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and TP. Height of stem (SH) was negatively correlated with both OM and TN. Diameter 
of taproot (TD) and TN were significantly negatively correlated. Only soil available phos-
phorus (AP) demonstrated a positive correlation with growth variables (Figure 6). 

Figure 5. Filtering strategy of microbial biomarkers and functional microorganisms in different
microhabitats and definitions of different types of ASVs. (A) Bacterial ASV filtering and definition.
(B) fungal ASV filtering and definition. The diagonal numbers and colors represent the accuracy of
the RF classifier with top features. The redder color represented higher correct rate.
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Overall, a negative correlation was observed between soil properties and growth vari-
ables. In soil properties, pH exhibited a significant positive correlation with organic matter
(OM), total nitrogen (TN), and total potassium (TK). Conversely, the growth weight (GW)
of American ginseng displayed a significant negative correlation with soil OM, TN and TP.
Height of stem (SH) was negatively correlated with both OM and TN. Diameter of taproot
(TD) and TN were significantly negatively correlated. Only soil available phosphorus (AP)
demonstrated a positive correlation with growth variables (Figure 6).
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Figure 6. Relationships between soil properties, growth variables and subgroups of important
functional ASVs, functional ASVs, important ASVs and other ASVs. (A) Bacterial subgroups in
soil and ginseng rhizosphere microhabitats. (B) Fungal subgroups in soil and ginseng rhizosphere
microhabitats. The upper right matrix represented the correlation coefficient matrix diagram between
soil properties and growth variables, and the right bar was the correlation coefficient contrast color.
Significant Spearman correlation coefficients were marked with an asterisks (*) (p < 0.05) and double
asterisks (**) (p < 0.01).

To determine the relationship between microbiota in different microhabitats and Amer-
ican ginseng growth, we profiled the correlation between ASV subgroups and variables
with the Mantel test. We observed that the bacterial ASVs in the soil microhabitat and
the fungal ASVs in the ginseng rhizosphere microhabitat were more strongly correlated
with soil properties and American ginseng growth. Within the bacterial ASVs subgroups,
important functional ASVs and functional ASVs were significantly correlated with soil pH,
OM, TN, AP and TK, as well as American ginseng GW and SH in the soil microhabitat.
Additionally, functional ASVs were also significantly correlated with TD, and important
ASVs were significantly correlated with pH, OM, TN and GW (Figure 6A). Interestingly,
although other ASVs subgroup were significantly correlated with some soil properties (pH,
OM, TN, AP and TK), this subgroup was not significantly correlated with growth variables
of American ginseng. In the ginseng rhizosphere microhabitat, all bacterial subgroups
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were not significantly correlated with growth variables of American ginseng. Conversely,
important functional ASVs and functional ASVs were strongly significantly correlated with
soil pH and OM (Mantel’s r > 0.3, p-value < 0.001). The results indicated that the bacterial
communities in soil microhabitats mainly interacted with soil properties and had little
effect on the growth of American ginseng.

In the fungal subgroups, important functional ASVs, functional ASVs and important
ASVs were significantly correlated with soil pH, OM and TN as well as American ginseng
GW and TD in the ginseng rhizosphere microhabitat (Figure 6B). Notably, OM and TN
showed strong correlations with all subgroups of ASVs (Mantel’s r > 0.3, p-value < 0.01).
We observed that important ASVs were significantly strongly correlated with American
ginseng TD, while other ASVs were strongly significantly correlated with SD (Mantel’s
r > 0.3, p-value < 0.01). In the soil microhabitat, functional ASVs showed significant
correlations with pH, OM and TN, while important functional ASVs were significantly
correlated only with OM. Only important ASVs were strongly significantly correlated with
American ginseng SH (Mantel’s r > 0.3, p-value < 0.01). In general, fungal communities
mainly interacted with soil properties in the root rhizosphere microhabitat. It was also
noteworthy that different subgroups of fungal ASVs, including important ASVs and other
ASVs, had a greater impact on the growth of American ginseng.

3.5. Driving Forces for American Ginseng American Growth

Recent studies have increasingly emphasized the importance of rare taxa and studied
the responses of rare sub-communities to the cropping process [47,49]. In this study, PLS-
PM analysis was conducted to assess the direct and indirect effects of soil properties,
bacterial ASVs and fungal ASVs on growth variables in soil and ginseng root microhabitat
of American ginseng. According to the previous results, we combined three types of ASV
into NW-RF ASVs, and divided the other ASVs into intermediate and rare ASVs (Figure 7).
PLS-PM analysis showed that soil properties had significant positive effects on bacterial
and fungal ASVs in the soil microhabitat (Figure 7A). In the ginseng root microhabitat,
all soil properties had positive effects on bacterial ASVs and negative effects on fungal
ASVs (Figure 7B). It was found that bacterial and fungal sub-group ASVs showed different
effects in different microhabitat. Bacterial NW-RF ASVs showed negative total standardized
effects in soil microhabitat, but a positive one in ginseng root microhabitat, while fungal
NW-RF ASVs displayed positive total standardized effects in both microhabitats. Bacterial
intermediate ASVs showed positive and rare ASVs showed negative total standardized
effects on the American ginseng growth in both microhabitats (Figure 7A). In fungal ASVs,
intermediate ASVs exhibited negative effects in soil microhabitats but positive effects in
ginseng root microhabitats. Conversely, rare ASVs displayed the opposite trend and had
the largest total standardized effects (Figure 7B).
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Figure 7. The partial least squares path models showing the effects of soil properties, bacterial ASVs,
fungal ASVs on growth variables in soil (A) and ginseng root (B) microhabitat of American ginseng.
Solid and dashed lines indicate positive and negative effects, respectively. Numbers adjacent to
each arrow denote partial correlation coefficients (significance codes: *** ≤ 0.001, ** ≤ 0.01, * ≤ 0.05).
R2 values displayed the proportion of variance explained for each factor. The bar chart shows the
standardized total effect of each factor on the American ginseng growth variables soil and ginseng
root microhabitat.

4. Discussion

Our initial hypothesis was that transplanting pattern was an important factor af-
fecting American ginseng rhizosphere soil properties and microbiota. To adapt to soil
environmental disturbances, plants were able to recruit functional microorganisms and
alter microbial interactions in the rhizosphere soil by changing chemical conditions and
releasing root-derived compounds [18,50]. To verify this hypothesis, the rhizosphere–soil
microbial community was investigated before and after transplanting, Further, their effects
on soil properties and American ginseng growth was examined. We observed that the
transplanting process mainly affected the diversity and structure of the bacterial commu-
nity, and the fungal community was relatively stable. The bacterial community in soil
microhabitat was more active and had a stronger correlation with soil properties, whereas
the fungal community of the ginseng rhizosphere microhabitat was more closely related to
soil properties and American ginseng growth.

4.1. Response of Soil and Rhizosphere Microhabitat Microbial Communities to Transplanting of
American Ginseng

Changes in soil properties of American ginseng have been reported as being the main
factor causing disturbance in microbial community structure and composition [51,52]. In
this study, significant changes were observed in the structure, variation, assembly process,
niche breadth and composition of bacteria compared to fungi before and after transplanting
(Figures 1–4). These results suggest that transplanting had little effect on the diversity
and structure of fungal communities, consistent with previous studies [10,53]. Moreover,
microhabitats had more significant effects on the bacterial community. After transplant-
ing, the Faith’s PD and Shannon indices of the soil microhabitat bacterial community
decreased significantly, and the Bray–Curtis distances of ginseng root microhabitat were
larger (Figures 1 and 2). In agro-ecosystems soils, plant roots established interactions with
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rhizosphere microorganisms during growth [16,54]. This effect might contribute to the
establishment of a stable bacterial community in the ginseng root microhabitat, while the
bacterial community in the soil microhabitat was more dynamic and significantly associ-
ated with soil properties and American ginseng growth (Figure 6). Microbial community
abundance distributions in the environment could provide a broad reservoir of ecological
function and resiliency [55]. Significant changes in soil microhabitat bacteria might be
due to the species migration of the adjacent bulk soil microbiota. However, this effect
was not observed in fungi. The Bray–Curtis dissimilarity and deterministic process of
fungal community in ginseng root microhabitat increased significantly after transplanting
(Figures 2 and 3). These results indicated that the ginseng rhizosphere bacterial commu-
nity structure tended to be conserved after transplantation, while the fungal community
structure changed significantly because of the selectivity of American ginseng roots. The
composition of plant-colonizing microbial communities was mainly influenced by the selec-
tive pressure of plants [56]. In general, these results indicated that the bacterial community
was mainly affected by soil properties and mediated rhizosphere activities though soil
microhabitats [6]. The fungal community was mainly affected by ginseng root growth, and
the root microhabitat provided a favorable environment for the enrichment of rhizosphere
fungi [17,18].

4.2. Microbial Composition Exhibited Distinct Correlation Network Patterns in Different
Microhabitats before and after Transplanting

The soil physicochemical properties and soil microbial communities interactions
shifted with the growth of American ginseng plants [53]. In this study, different microhabi-
tat greatly altered the distribution, the clustering and interactions among hub nodes of differ-
ent microbial classes of the co-occurrence network (Figure 4; Supplementary data: Table S3).
One interesting finding was that Alphaproteobacteria, which exhibited the highest relative
abundance, displayed a weak association with the bacterial network (Figure 4). Keystone
species belonging to Gammaproteobacteria were more connected with other taxa in soil
microhabitat than in ginseng root microhabitat, while Gemmatimonadetes in ginseng root
microhabitat showed higher connectivity in the correlation network. The fungal keystone
species belonging to Sordariomycetes were more conservative, maintaining high abun-
dance and connectivity in the network (Figure 4), which implied the fungal co-occurrence
network was more stable. This study further found that the connectivity of the fungal com-
munity network in the ginseng root microhabitat was greatly reduced after transplanting
compared with bacteria (Supplementary data: Table S3). After transplanting, soil habitat
microbes were more loosely connected, but fungal classes of hub nodes were more closely
connected than bacteria (Figure 4). After transplanting, the bacterial network in ginseng
root microhabitat was more complex and more connected, while fungal networks had
shorter average paths length, more network modules and a higher degree of modularity
(Supplementary data: Table S3). The findings suggested that the ginseng rhizosphere mi-
crohabitat had a recruitment effect on the bacterial community, promoting the aggregation
of bacterial taxa, and maintained this feature even after transplanting. While the fungi in the
ginseng root microhabitat showed small-world characteristics after transplanting, which
allowed the effects of a disturbance to be transmitted quickly throughout the network,
making the fungal system efficient [57].

4.3. Effects of Microbial Communities and Soil Properties on Growth Variables in Soil and Ginseng
Root Microhabitats

The similarity percentage (SIMPER) could evaluate the contribution of different species
to inter-group variations, while niche breadth was indicative of a species’ utilization of
environmental resources [58,59]. In this study, we defined functional ASVs based on the
niche breadth and contribution rate, and identified important ASVs using a random forest
algorithm. Our study revealed that distinct types of ASVs exhibited significant associations
with diverse soil properties and growth variables (Figure 6; Supplementary data: Table S4).
We observed that important functional bacterial ASVs with high relative abundance were
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bASV_11 (Rhodanobacter), bASV_31 (Bradyrhizobium) and bASV_10 (Acidobacterium). Rho-
danobacter was reported to exhibit antagonistic effects against ginseng root rot pathogen
Fusarium solani [60]. Additionally, it was previously positively correlated with the soil pH
and N, which could impact soil denitrification [61]. Bradyrhizobium could protect plants
growing in a natural soil against abiotic stress, as it is a known nitrogen-fixing bacteria
commonly found in plant soils [62]. As a endophytic and rhizosphere bacterium, Aci-
dobacterium could be used as a candidate microorganism to reflect soil fertility and plant
health [63]. Mizugakiibacter and Gemmatimonas was observed in high relative abundance in
important (bASV_16, bASV_75) and functional ASVs (bASV_2, bASV_40). Mizugakiibacter
have commonly been found in abundance at low pH in crop fields [64], and Gemmatimonas
has been reported to be abundant in healthy Panax ginseng soil, as it has a greater ability to
use available C sources [50,65]. In fungal ASVs, Fusarium, the main soil-borne pathogen
causing root rot disease in American ginseng [10,53], was highly abundant in important
functional (fASV_31) and important ASVs (fASV_1), particularly after transplanting. Mean-
while, potential disease-suppressive fungi Mortierella was found in high relative abundance
in all three types of ASVs (fASV_113 in important functional ASVs, fASV_70 and fASV_121
in important ASVs, fASV_14 and fASV_34 in functional ASVs) [52]. In general, different
types of abundant bacterial ASVs primarily regulated soil physiological and biochemical
properties like pH, OM and TN, providing a stable growth environment for American
ginseng. Fungal ASVs primarily impacted ginseng root growth and played an important
role in both the generation and antagonism of soil-borne diseases.

The composition of the microbial community is considered an important component
of the plant–soil feedback process [47,66]. Below-ground biomass of plants could affect
microbial biomass in soil and further affect microbial diversity and multifunctionality [67].
In our study, soil properties had negative effects on the fungal community in the ginseng
root microhabitat. This might be due to the antagonistic effect of American ginseng on
pathogenic fungi such as Fusarium (fASV_1 and fASV_31; Supplementary data: Table S4),
which were highly ranked among NW-RF ASVs, during its growth. Previous studies also
showed that root exudates like phenolic acids had antagonistic effects on fungi during
the growth of American ginseng [4]. The effect of bacterial NW-RF ASVs on growth was
microhabitat-dependent, suggesting that the American ginseng roots were enriched with
functional bacteria, including nutrient uptake and pathogen antagonism [6]. Additionally,
rare ASVs showed the largest total standardized effects on the growth of American ginseng
and the effects of intermediate and rare ASVs varied across different habitats, indicating
that fungal communities with low abundance could serve as a reservoir of diversity and
function and be enriched in diverse environments [55]. It is worth noting that the influence
of microbiota and soil properties on American ginseng growth was not significant, indicat-
ing that soil enzyme activity, climate conditions, above-ground plants, and other factors
might have an impact on its growth. Overall, this study enhanced our comprehension
of the dynamics of rhizosphere microorganisms in American ginseng roots during the
transplanting process, thereby providing new insights into the regulation of continuous
cropping obstacles in agro-ecosystems under a transplanting pattern.

5. Conclusions

This study revealed the succession of bacterial and fungal communities throughout
the transplanting process of American ginseng, which showed different interactions on
soil properties and growth in both soil and ginseng root microhabitats. In particular,
significant differences were observed in bacterial diversity, NST, βNTI and niche breadth
before and after transplantation. However, highly correlated bacterial networks were
microhabitat-conserved. Specific bacterial taxa defined by different characteristics appeared
to be driving changes in soil properties within the soil microhabitat. The response of
fungal Bray–Curtis dissimilarity, NST and βNTI to transplanting was microhabitat-specific,
particularly after transplanting. Moreover, specific fungal ASVs mainly affected the growth
of American ginseng. Soil properties primarily influenced all microbial ASVs; however,
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the total effects on the fungal ASVs were opposite in soil and ginseng root microhabitats,
showing the habitat specificity of soil properties on fungal community effects. In addition,
it was found that rare ASVs had the largest total effect on American ginseng growth
despite their low relative abundance. This study greatly expands our understanding of
the interactions between microbial communities and soil properties during the American
ginseng transplanting process, which also provides new insights into microbial regulation
of rhizosphere microhabitat.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13071876/s1, Table S1: Shannon and Faith’s PD in-
dices before and after transplanting in different microhabitats. All values were an average from
all replicates ± standard deviations. Black asterisks represent significant differences based on the ANOVA
test. Values with the same letters within a column did not significantly differ based on the Tukey’s multiple
comparisons test. Table S2: The relative abundance of top 10 class level before and after transplanting
in different microhabitats. All values were an average from all replicates± standard deviations. Black
asterisks represent significant differences based on the ANOVA test. Values with the same letters
within a column did not significantly differ based on the Tukey’s multiple comparisons test. Table S3:
Properties of the microbiota association networks before and after transplanting in different micro-
habitats. Table S4 Different types of ASVs, species classification, and average relative abundance in
different groups. The bold numbers represented the relative abundance of ASV within the top 30 of
the group.
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Abstract: Plant species and cropping systems influence rhizospheric fungal communities’ composi-
tion, diversity, and structure. The fungus community is one of the main factors behind soil health and
quality. Yet, there is insufficient evidence and research on the effect of plant species with continuous
cropping histories on the rhizospheric fungal community. In order to investigate how the fungal
community responds to the various plant species and cropping systems, we have chosen one field
that is left fallow along with eight continuously farmed areas to research. Among the eight phyla, the
relative abundance of Ascomycota was significantly higher in Polygonum multiflorum, which was contin-
uously cropped in fields for two years (P2). Basidiomycota was considerably higher in the fallow field
(CK). Among the 1063 genera, the relative abundance of Fusarium was significantly higher in maize
continuous-cropped fields for six years (M6), followed by Fritillaria thunbergii continuous-cropped
fields for two years (F2), and found lower Fusarium abundance in CK. The alpha diversity observed
in taxa, Chao1, and phylogenetic diversity indices were significantly higher in M2. β-diversity found
that the fungal communities in the samples clustered from the fields in the same year were quite
similar. In all the soil samples, the saprotrophic trophic type was the most common among the
OTUs that had been given a function. Our studies have proved that continuous cropping and plant
species changed the fungal community’s composition, diversity, and structure. This research may
serve as a guide for overcoming significant agricultural challenges and advancing the industry’s
sustainable growth.

Keywords: fungal community; composition; diversity; structure; cropping system; next generation
sequencing

1. Introduction

Due to limited land and rising market demand for food and cash crops, producers
typically adopt continuous cropping systems [1]. Continuous cropping produced consid-
erable plant production and quality changes, as well as the occurrence of different root
rot diseases, for a long period of time [2]. In addition to plants and soil, soil microbial
community composition and diversity are also altered by the continuous cropping system,
as previously reported by the researcher [1–3]. However, in several studies, rotational
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diversity has been shown to provide below-ground advantages, such as increases in soil or-
ganic matter stocks. The advantages of plant diversity below ground have been connected
to microbial community shifts in natural systems. This is also true for agroecosystems,
which may function at many geographical and temporal dimensions. Microbial community
composition, diversity, and structure vary significantly in fallow or continuous cropping
soils [4–6]. Fallow or crop rotation has recently been used to fix continuous farming difficul-
ties, lowering the presence of dangerous bacteria. By enhancing the soil microenvironment,
technologies have been enhanced to reduce ongoing agricultural challenges [1,7–11].

Soil fungal communities are an integral factor in the soil ecosystem’s processes of
the material cycle and the transformation of energy, and they are different in bulk and
rhizosphere soils due to a variety of biotic and abiotic variables. Changes in the com-
position, diversity, and organization of the soil fungus community directly impact soil
health and quality. Fungal populations in the rhizosphere are linked to plant development,
nutrient absorption, and soil-borne illnesses [8,11,12]. Soil fungi often vary in response to
changing plant species, altering the composition and productivity of plant communities.
Plant roots also create complex chemicals, generating resource-rich hotspots with unique
properties from the bulk soil and recruiting microbial communities in the rhizosphere
preferentially [1,7,9–11,13]. Other soil physical and chemical indices are less susceptible
to changes in external variables such as plant rotation, land management, and cultivation
methods than soil microorganisms. As a result, the biomass, composition, and diversity of
microbial communities are often utilized as markers of changes in soil quality [14–16].

Previous studies have reported the effect of cropping systems on soil fungal com-
munities in some specific crops and cash crops. However, less attention has been paid
to comparing plant species with cropping histories, and it is still unclear whether plant
species affect the composition and diversity of the fungal community or not. In this study,
we have selected eight fields that have been continuously cropped with different plant
species, such as Coptis chinensis Franch for six years, maize for 2 and 6 years, P. multiflorum
for 2 and 6 years, sweet potato for 2 years, F. thunbergia for 2 years, cabbage for 2 years, and
fallow fields as controls. This study aims to find the relationship between plant species and
fungal community composition and diversity, find a suitable crop rotation for C. chinensis
(one of the most important medicinal plants in the area) and other cash crops, and mitigate
the continuous cropping obstacles.

2. Material and Methods
2.1. Soil Sampling and Soil Physicochemical Property Analysis

Soil samples were collected from eight distinct fields situated in Lichuan City, Hubei
Province, China. These fields exhibited variations in terms of plant types, cropping years,
and fallow areas. The predominant soil types encountered were sandy and clay, and the
region experienced an average annual rainfall ranging from 1198 to 1650 mm with a yearly
temperature of 12.7 ◦C. This particular research project focused on different types of fields:
maize continuous-cropped fields referred to as M2 and M6, continuous-cropped C. chinensis
fields known as C6, sweet potato continuous-cropped fields labeled as S2, P. multiflorum
continuous-cropped fields termed P2 and P6, cabbage continuous-cropped fields denoted
as CB2, F. thunbergii continuous-cropped fields identified as F2 and fallow fields simply
called CK. Within each field, four soil samples were collected from the rhizospheres of ten
randomly selected plants: C. chinensis, maize, P. multiflorum, sweet potato, F. thunbergii,
and cabbage. Carefully, the roots of these plants were shaken to eliminate loosely attached
soil particles. Additionally, four soil samples were obtained from the fallow fields, each
consisting of five cores. All soil samples were then transported to the laboratory in ice
boxes. To ensure the removal of debris and rocky components, a 2 mm sieve was employed
to sieve each soil sample. Following the homogenization of the samples, 10 g of soil was
placed in sterile tubes and preserved at −80 ◦C for subsequent DNA extraction [17].

In the analysis of soil physicochemical properties, the pH of the soil was measured
using a Mettler-Toledo TE 20 instrument (Mettler-Toledo, Columbus, OH, USA). A soil
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suspension was prepared by mixing the soil with deionized distilled water in a ratio of 1:20
(weight/volume). The determination of soil organic matter (OM) was carried out using
the potassium dichromate internal heating technique. For the assessment of total nitrogen
(TN) and phosphorus (TP) levels, a Smartchem 200 discrete analyzer (Unity Scientific,
Milford, MA, USA) was employed. The total potassium (TK) content was determined using
an FP series multielement flame photometer (Xiang Yi, Hunan, China). To analyze the
soil-available nutrients, specific extraction and measurement methods were utilized. The
alkali hydrolyzed diffusion method was employed for determining soil-available nitrogen
(AN). The sodium bicarbonate extraction molybdenum antimony anti-colorimetry method
was used to assess soil-available phosphorus (OP). The ammonium acetate extraction flame
photometer was utilized to measure soil-available potassium (AK). Lastly, the boiling water
extraction curcumin colorimetry technique was employed to determine the soil-available
boron (AB). These analytical techniques and instruments allowed for the comprehensive
assessment of soil physicochemical properties, enabling the understanding of important
nutrient levels and pH conditions in the soil [17].

2.2. Soil Enzyme Activities

Sucrase activity (S_SC) was assessed using the 3,5-Dinitrosalicylic acid colorimetry
method, and the results were reported as the amount of glucose produced per gram of soil
after 1 h. Urease activity (S_UE) was determined through indigo blue colorimetry, and the
values were expressed as the quantity of NH3-N generated per gram of soil after 1 h. To
measure phosphatase activity (S_ACP), disodium phenyl phosphate was utilized, and the
activity was quantified accordingly [5].

2.3. 18S rRNA Gene Amplification and Sequencing

The PowerSoil Kit (MO BIO Laboratories, Carlsbad, CA, USA) was able to extract DNA
from 0.5 g of dry soil samples (weight). The concentration of the DNA was measured using
a Thermo Scientific Nanodrop 2000C Spectrophotometer (which is located in Wilmington,
DE, USA). Before it was put to use, the soil DNA was kept at a temperature of −80 ◦C.

The primers SSU0817F (5′-TTAGCATGGAATAATRRAATAGGA-3′) and 1196R
(5′-TCTGGACCTGGTGAGTTTCC-3′) of the V5–V7 regions of the 18S rRNA gene of fun-
gus were used in this study. The following procedures were used to conduct the PCR
reaction: 3 min of denaturation at 95 ◦C, followed by 30 cycles of 30 s at 95 ◦C, 30 s of
annealing at 55 ◦C, 45 s of elongation at 72 ◦C, and then extension at 72 ◦C for 10 min
and triplicated in a 20 µL mixture that included FastPfu Buffer 4 µL, dNTPs2.5 mM 2 µL,
each primer (5M) 0.8 µL, FastPfu Polymerase 0.4 µL, BSA 0.2 µL, and template DNA 10 µg.
Purified PCR products were measured using QuantiFluorTM-ST (Promega, Madison, WI,
USA) and purified using the DNA gel extraction kit AxyPrep (Axygen Biosciences, Union
City, CA, USA) [6].

We sequenced the pooled pure amplicons using an Illumina MiSeq (Illumina, San
Diego, CA, USA) according to Illumina’s standard procedures. The proportions of the
purified amplicons in the pool were equal. The quality of the raw FASTQ was improved by
using Trimomatic [18] and FLASH [19] to filter them according to the following criteria:
(1) Any site that had an average quality score of 20 or below over a sliding window of
50 base pairs was used to truncate the 300 base pair reads, and any truncated reads that
were shorter than 50 base pairs were removed from the analysis. Additionally, reads
that included N-bases were thrown out. (2) Sequences were merged according to their
overlaps, regardless of whether there was a mismatch of more than 2 base pairs, or if the
overlaps were longer than 10 base pairs. (3) The sequences of each sample were identified
by using barcodes (exactly matching), primers (allowing for two nucleotide mismatching),
and readings with ambiguous bases. Barcodes and primers were both used to ensure
that each sample’s sequences were identical. Quantitative insights into microbial ecology
(QIIME) [20] were used to develop operational taxonomic units (OTUs) by similarity using
Mothur version 1.31.1 [21] with 97 percent cutoff points, and chimeric sequences were
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removed from the dataset. A degree of confidence of 70% was assigned to the results of
comparing the taxonomy of each gene sequence to the Silva (SSU123) database.

For fungal functional prediction, the fungal OTUs were formatted into text and sent
to the FUNGuild (https://github.com/UMNFuN/FUNGuild, (accessed on 10 Decem-
ber 2021)) [22].

2.4. Statistical Analyses

For the purpose of conducting multiple comparisons, a one-way analysis of variance
(ANOVA) was done, followed by Tukey’s (honestly significant difference) multiple-range
tests. The Pearson correlation coefficients between soil parameters and fungal phylum
abundances were computed using SPSS v20.0 (provided by SPSS Inc., Chicago, IL, USA).
The OTU was used as a basis for establishing all of the other alpha diversity evaluations.
The maximum amount of dissimilarity that may exist across clusters is 3%. Calculations of
Chao, Simpson, Shannon, and phylogenetic diversity were performed on each sample in
order to quantify its inherent richness and diversity. The Mothur Version 1.35.1 program
was used to construct rarefaction curves by comparing the relative quantities of fungal
OTUs based on the average number of OTUs that were found. The nine distinct field soils
contributed to the overall variety. In order to create PCoA plots, both the weighted and
unweighted UniFrac distance metrics were used, both of which were determined by the
phylogenetic structure. Finally, Venn diagrams were used to illustrate species that were
shared by more than one sample.

3. Results
3.1. Composition of Fungal Community

The rarefaction curves were generated by picking sequences at random from among
the altered sequences and then graphing the sequences against the OTUs that each se-
quence represented (Figure S1). The curves became more uniform in shape as the number
of sequences and OTUs increased. In addition to this, the number of reads found in M2 was
the greatest. The nine soil samples included OTUs that belonged to 16 phyla, 70 classes,
179 orders, 432, 1063, 1963, and 9443 OTUs. Eight phyla and one unclassified phylum were
classified among the phyla, which accounted for over 99.32% of the fungal sequences. The
nine most dominant phyla were Ascomycota (46.50%), Basidiomycota (22.67%), Mortierellomy-
cota (15.84%), unclassified fungi (9.41%), Rozellomycota (2.74%), Chytridiomycota (1.44%),
Glomeromycota (0.72%), and Olpidiomycota (0.7%) (Figure 1).
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Figure 1. Fungal community composition at the phylum taxonomic level under different cropping
systems C6; continuous cropping of Coptis chinensis Franch for 6 years, M2 and M6; maize for 2 and 6
years, P2 and P6; Polygonum multiflorum for 2 and 6 years, S2; sweet potato for 2 years, F2; Fritillaria
thunbergia for 2 years, CB2; cabbage for 2 years, and CK; fallow field.
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Mortierellaceae, Piskurozymaceae, Nectriaceae, and Trichosporonaceae were the most abun-
dant fungal families among the 432 fungal families. The relative abundance of Russulaceae
was higher in CK (23.50%), followed by CB2 (0.62%). At the genus taxonomic level,
Mortierella, Solicoccozyma, Saitozyma, Trichoderma, Exophiala, Apiotrichum, Penicillium, Tri-
chocladium, and Fusarium were identified in the soil samples. Among the 1063 genera, the
relative abundance of Fusarium was significantly higher in M6 (4.67%), followed by F2
(2.96%), and lower in CK (0.01%) (Table S1).

The findings of several comparisons revealed that the mean percentage of Ascomycota
was substantially more significant in (P2) (58.31%). The relative abundance of Basidiomycota
was markedly higher in (CK) (38.37%). The Mortierellomycota phylum was significantly
higher in S2 (22.04%) and lower in P2 (13.74%). Rozellomycota and Chytridiomycota were
considerably more abundant in CB2 (6.03% and 6.03%, respectively). C6 had the highest
mean proportion of Glomeromycota (2.80%), followed by P6 (1.22%) and CK (0.74%). The
relative abundance of Olpidiomycota was considerably higher in CB2 (1.87%) than in the
other fields (Figure 2 and Table S2).

Agronomy 2023, 13, x FOR PEER REVIEW 6 of 18 
 

 

 
Figure 2. Multiple comparisons of soil fungal phyla in different cropping fields C6; continuous crop-
ping of Coptis chinensis Franch for 6 years, M2 and M6; maize for 2 and 6 years, P2 and P6; Polygonum 
multiflorum for 2 and 6 years, S2; sweet potato for 2 years, F2; Fritillaria thunbergia for 2 years, CB2; 
cabbage for 2 years, and CK; fallow field. Asterisks (** and ***) show significant differences as p-
values < 0.01, and 0.001, respectively. 

Venn diagrams illustrate the degree of similarity and overlap between several sam-
ples of a species. There were 56, 46, 40, 40, 40, 37, 39, 26, and 111 unique species that were 
present in the C6, M2, M6, P2, P6, S2, F2, CB2, and CK fields, respectively. 148 (7.66%) 
species were common among the nine treatments, with CK (111) having the highest spe-
cies number (Figure 3). 

Figure 2. Multiple comparisons of soil fungal phyla in different cropping fields C6; continuous
cropping of Coptis chinensis Franch for 6 years, M2 and M6; maize for 2 and 6 years, P2 and P6;
Polygonum multiflorum for 2 and 6 years, S2; sweet potato for 2 years, F2; Fritillaria thunbergia for
2 years, CB2; cabbage for 2 years, and CK; fallow field. Asterisks (** and ***) show significant
differences as p-values < 0.01, and 0.001, respectively.
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Venn diagrams illustrate the degree of similarity and overlap between several samples
of a species. There were 56, 46, 40, 40, 40, 37, 39, 26, and 111 unique species that were
present in the C6, M2, M6, P2, P6, S2, F2, CB2, and CK fields, respectively. 148 (7.66%)
species were common among the nine treatments, with CK (111) having the highest species
number (Figure 3).
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Figure 3. The Venn diagram shows the unique and shared fungal species numbers in different fields
with different plant species. C6; continuous cropping of Coptis chinensis Franch for 6 years, M2 and
M6; maize for 2 and 6 years, P2 and P6; Polygonum multiflorum for 2 and 6 years, S2; sweet potato for
2 years, F2; Fritillaria thunbergia for 2 years, CB2; cabbage for 2 years, and CK; fallow field.

3.2. Fungal Community Diversity

The alpha diversity provides a measurement of the variety that exists within the fungal
community and may be used in the process of comparing the diversity that exists among
fungal communities found in various fields that practice continuous cropping. Alpha
diversity indicators such as Chao and Shannon, as well as observed species (Sobs) and
Phylogenetic diversity (Pd), were used in order to conduct an analysis of the richness and
diversity of the community contained within the samples. The alpha diversity of Sobs,
Chao, and PD was significantly higher in M2. Compared with C6, the Chao and observed
species’ (Sobs) diversity was more elevated in M2, M6, and F2 and lower in S2, CB2, CK,
P2, and P6. The Shannon index was higher in M2, P2, P6, and F2 and lower in M6, S2, CB2,
and CK. It indicates that the plant’s type and continuous cropping were the major factors
affecting the fungal community’s diversity (Figure 4).
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Figure 4. Alpha diversity of the rhizosphere fungal community under different cropping systems
with different plant species C6; continuous cropping of Coptis chinensis Franch for 6 years, M2 and
M6; maize for 2 and 6 years, P2 and P6; Polygonum multiflorum for 2 and 6 years, S2; sweet potato for
2 years, F2; Fritillaria thunbergia for 2 years, CB2; cabbage for 2 years, and CK; fallow field. Asterisks
(*, **, and ***) show significant differences as p-values < 0.05, 0.01, and 0.001, respectively.

The fungal ß-diversity was evaluated based on an unweighted UniFrace matrix in
order to provide a more accurate assessment of the distance connection between a variety
of soil samples and plant species. The principal coordinate analysis (PCoA) provides
a graphical representation of the fact that the fungal community compositions differed
significantly across the various soil samples. The biological replicates clustered together;
samples from the C6 soil clustered with M2, M6, and CK soil samples, which showed that
the fungal species in these soil samples were more similar than other samples, and samples
from the other sites (P2, P6, CB2, F2, and S2) clustered together. The first two axes explain
40.9% and 18.11% of the total variation. Importantly, significant divergences in β-diversity
were identified between maize-cropped fields and other fields. Moreover, the plant types
affected the community composition and were marginally influenced by the sampling
sites (Figure 5).

β-diversity indicated that fungal communities in soil samples gathered from fields in
the same year were more comparable to plant kinds in soil samples collected from different
years. For instance, the fungal communities in soil from C. chinensis continuous cropping
fields (C6), maize cropped fields (M2, M6), and fallow fields (CK) were more comparable
within fields than between fields.
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Figure 5. Principal Coordinate Analysis (PCoA) shows soil fungal community structure. C6; con-
tinuous cropping of Coptis chinensis Franch for 6 years, M2 and M6; maize for 2 and 6 years, P2 and
P6; Polygonum multiflorum for 2 and 6 years, S2; sweet potato for 2 years, F2; Fritillaria thunbergia for
2 years, CB2; cabbage for 2 years, and CK; fallow field.

3.3. The Correlation Coefficient Analysis of Environmental Factors and Soil Fungal Community

The link between soil physicochemical parameters, soil enzymatic activities, and
fungal phyla relative abundance was evaluated using Spearman’s correlation coefficient.
The Mucoromycota relative abundance showed a negative correlation with soil physico-
chemical properties, and the correlation coefficient was obtained in pH, TP, AK, TK, and
AB. Glomeromycota was negatively correlated with TK, TP, OP, and AB. Chytridiomycota
showed a positive correlation with TK, AK, and AB. Rozellomycota phyla relative abun-
dances were positively correlated with TK, AK, TP, OP, and AB (p-values ≤ 0.01, <0.01,
<0.01, <0.01, and <0.01, respectively) and not significantly negatively correlated with OM
(p-value = 0.385). Olpidiomycota phyla had a positively significant correlation with TK,
TP, OP, and AB. Mortierellomycota phyla are abundant and showed a significant positive
correlation with TP, OP, AB, TN, AN, and OM and a negative correlation with TK, AK, and
P.H. Zoopagomycota phyla showed a positive relationship with TP and OP and a negatively
correlated relationship with TK and AB (Figure 6 and Tables S3 and S4).

148



Agronomy 2023, 13, 1827Agronomy 2023, 13, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 6. Spearman correlation analysis of soil fungal phyla and soil physicochemical properties 
under different cropping fields OM; soil organic matter, AN; soil-available nitrogen, TN; total nitro-
gen, AB; soil-available boron, OP; soil-available phosphorus, TP; total phosphorus, pH; the potential 
of hydrogen, AK; soil-available potassium, TK; total potassium. Asterisks (*, **, and ***) show sig-
nificant differences as p-values < 0.05, 0.01, and 0.001, respectively. 

Ascomycota phyla abundance was positively correlated with S_SC (p-value < 0.01), 
and Basidiomycota phyla abundance was significantly negatively correlated with S_SC (p-
value < 0.01). Mortierellomycota, Zoopagomycota, and Mucoromycota were significantly neg-
atively correlated with S_ACP (p-values = 0.01, <0.01, and 0.05, respectively). Chytridiomy-
cota was significantly correlated with S_UE (p-value < 0.01), while Olpidiomycota was pos-
itively correlated with S_SE and had a negative correlation with S_SC (p-values = 0.01 and 
0.01, respectively). Glomeromycota phyla are significantly positively correlated with S_SC 
and significantly positively correlated with S_UE (Figure 7 and Table S5). 

Figure 6. Spearman correlation analysis of soil fungal phyla and soil physicochemical properties
under different cropping fields OM; soil organic matter, AN; soil-available nitrogen, TN; total nitrogen,
AB; soil-available boron, OP; soil-available phosphorus, TP; total phosphorus, pH; the potential of
hydrogen, AK; soil-available potassium, TK; total potassium. Asterisks (*, **, and ***) show significant
differences as p-values < 0.05, 0.01, and 0.001, respectively.

Ascomycota phyla abundance was positively correlated with S_SC (p-value < 0.01),
and Basidiomycota phyla abundance was significantly negatively correlated with S_SC
(p-value < 0.01). Mortierellomycota, Zoopagomycota, and Mucoromycota were significantly
negatively correlated with S_ACP (p-values = 0.01, <0.01, and 0.05, respectively). Chytrid-
iomycota was significantly correlated with S_UE (p-value < 0.01), while Olpidiomycota was
positively correlated with S_SE and had a negative correlation with S_SC (p-values = 0.01
and 0.01, respectively). Glomeromycota phyla are significantly positively correlated with
S_SC and significantly positively correlated with S_UE (Figure 7 and Table S5).
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of the fungus community. The total concentration of phosphorus (TP) exhibited the great-
est r2 value among the soil physicochemical values (r2 = 0.3507, p-value < 0.01), which in-
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matic activity exhibited the greatest r2 value (r2 = 0.2885, p-value < 0.01) across all of the 
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Figure 7. Spearman correlation analysis of soil fungal phyla and soil enzyme activities in different
cropping fields S_UE: urease activity; S_SC: sucrase activity; S_ACP: phosphatase activity. Asterisks
(*, **, and ***) show significant differences as p-values < 0.05, 0.01, and 0.001, respectively.

Different patterns of fungal community structure were found in different soil samples
based on the RDA of the most dominant phylum and soil physico-chemical properties.
The first two RDA components, which are referred to as RDA1 and RDA2, explain 37.35
and 12.27% of the total variation in the soil’s physicochemical characteristics, respectively
(Figure 8B), whereas they represent 21.85 and 6.69% (Figure 8A) of the total variance in
the soil’s enzymatic activities, respectively. We determined the r2 and p-values in order to
investigate the importance of environmental influences in the soil on the composition of
the fungus community. The total concentration of phosphorus (TP) exhibited the greatest r2

value among the soil physicochemical values (r2 = 0.3507, p-value < 0.01), which indicates
that TP had the biggest influence on the fungal community composition. Among the soil
physico-chemical properties, TP showed the highest r2 value. The S_SC soil enzymatic
activity exhibited the greatest r2 value (r2 = 0.2885, p-value < 0.01) across all of the soil
enzymatic activities.
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6 years, S2; sweet potato for 2 years, F2; Fritillaria thunbergia for 2 years, CB2; cabbage for 2 years, 
and CK; fallow field. OM; soil organic matter, AN; soil-available nitrogen, TN; total nitrogen, AB; 
soil-available boron, OP; soil-available phosphorus, TP; total phosphorus, pH; the potential of hy-
drogen, AK; soil-available potassium, TK; total potassium. S_UE; urease activity; S_SC; sucrase ac-
tivity; S_ACP; phosphatase activity. 

3.4. Prediction of Fungal Community Function 
FUNGuild identified pathotroph, saprotroph, and symbiotroph major trophic modes 

and six functional guilds. The unassigned OTUs dominated sequence richness. In as-
signed OTUs with functions, the animal pathogen was the most dominant functional guild 
in all soil samples in the identified functional guild and was higher in M6 (22.50%). The 
lowest abundance was observed in CK (2.22%). The plant pathogen was detected in higher 
abundances in P6 (11.05%) and lower abundances in CK (1.15%). The Dung Saprotroph 
functional guild was most abundant in F2 (3.29%) and least abundant in CK (0.43%). C6, 
compared to other fields, had a lower number of functional guilds following the CK, 
which meant that cropping systems in C. chinensis and other species directly affected the 
abundance of functional fungi (Figure 9A). 

Figure 8. Redundancy analysis (RDA) shows the correlation between soil enzyme activities (A),
physicochemical properties (B), and soil fungal phyla. C6; continuous cropping of Coptis chinensis
Franch for 6 years, M2 and M6; maize for 2 and 6 years, P2 and P6; Polygonum multiflorum for 2
and 6 years, S2; sweet potato for 2 years, F2; Fritillaria thunbergia for 2 years, CB2; cabbage for 2
years, and CK; fallow field. OM; soil organic matter, AN; soil-available nitrogen, TN; total nitrogen,
AB; soil-available boron, OP; soil-available phosphorus, TP; total phosphorus, pH; the potential of
hydrogen, AK; soil-available potassium, TK; total potassium. S_UE; urease activity; S_SC; sucrase
activity; S_ACP; phosphatase activity.

3.4. Prediction of Fungal Community Function

FUNGuild identified pathotroph, saprotroph, and symbiotroph major trophic modes
and six functional guilds. The unassigned OTUs dominated sequence richness. In assigned
OTUs with functions, the animal pathogen was the most dominant functional guild in
all soil samples in the identified functional guild and was higher in M6 (22.50%). The
lowest abundance was observed in CK (2.22%). The plant pathogen was detected in higher
abundances in P6 (11.05%) and lower abundances in CK (1.15%). The Dung Saprotroph
functional guild was most abundant in F2 (3.29%) and least abundant in CK (0.43%). C6,
compared to other fields, had a lower number of functional guilds following the CK,
which meant that cropping systems in C. chinensis and other species directly affected the
abundance of functional fungi (Figure 9A).

The saprotroph dominated the trophic type in the samples, while the phototroph was
the most dominant fungal trophic mode in CB2 (31.11%), followed by M6 (30.62%), and
the least abundant was observed in CK (5.51%). Saprotroph trophic type was higher in S2
(48.48%), followed by F2 (42.08%), which was the least abundant in CK (28.48%). Moreover,
the somatotrophic trophic mode was the most abundant in CK (30.72%) (Figure 9B).
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Continuous cropping significantly changed the diversity and richness of the fungal 

community, thereby affecting soil quality, function, and productivity [5,6,23]. Meanwhile, 
soil microorganisms are essential for plant health, and the microbial population surround-
ing them is added to the plant’s second genome [24–28]. In this study, alpha diversity Sobs 
and Chao indices estimate species richness, which refers to the total number of different species 
present in a given area. M2, M6, and F2 plant species have higher alpha diversity indices, suggesting 
that these species have a greater number of unique species or higher species richness compared to 

Figure 9. Functional guild (A) and trophic mode (B) of the fungal community under different
rotational cropping patterns C6; continuous cropping of Coptis chinensis Franch for 6 years, M2 and
M6; maize for 2 and 6 years, P2 and P6; Polygonum multiflorum for 2 and 6 years, S2; sweet potato for
2 years, F2; Fritillaria thunbergia for 2 years, CB2; cabbage for 2 years, and CK; fallow field.

4. Discussion

Continuous cropping significantly changed the diversity and richness of the fungal
community, thereby affecting soil quality, function, and productivity [5,6,23]. Meanwhile,
soil microorganisms are essential for plant health, and the microbial population surround-
ing them is added to the plant’s second genome [24–28]. In this study, alpha diversity Sobs
and Chao indices estimate species richness, which refers to the total number of different
species present in a given area. M2, M6, and F2 plant species have higher alpha diversity
indices, suggesting that these species have a greater number of unique species or higher
species richness compared to other species mentioned. This could be due to specific ecologi-
cal characteristics, habitat preferences, or historical factors that have led to a higher diversity
of species in these particular plant species. The Shannon index takes into account both
species richness and evenness, which refer to the relative abundance of different species.
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Higher Shannon index values in M2, P2, P6, and F2 indicate that these species not only have
a higher number of species but also a more even distribution of individuals among those
species. This suggests that these plant species have a balanced representation of different
species, contributing to higher diversity indices. Similarly, Alami et al. (2020) found that
soil microbial diversity had almost disappeared after five years of continuous cropping of
C. chinensis. One-year-old plants had a higher value than five-year-old plants [6]. Similar
findings have also been recorded in cucumber and potato, thereby suggesting that plant
species and cultivation systems significantly impact the diversity of fungal communities in
the rhizosphere. Soil fungus diversity influences soil quality, health, and the soil ecosystem.
Root rot diseases are related to a decline in soil fungal diversity [29,30]. A more comprehen-
sive analysis of the specific characteristics, interactions, and environmental factors related
to each plant species would be needed to ascertain the exact reasons behind the observed
differences in alpha diversity indices.

Continuous cropping and fallow soils had a significant effect on the composition and
structure of the fungal population in the field. This study has found that the Ascomycota
were significantly higher in P2. Basidiomycota was higher in CK, indicating that Basidiomycota
include many important decomposers and mycorrhizal fungi, and their abundance might
have been favored in the absence of continuous crop disturbance. The higher abundance
of Mortierellomycota in S2, which likely had a history of fallow soil, suggests that the
accumulation of organic material during the fallow period provided an ideal environment
for the proliferation of these fungi. Rozellomycota and Chytridiomycota are both groups of
zoosporic fungi that often inhabit aquatic or wetland environments. The higher presence of
these fungal phyla in CB2 indicates that this area might have had high soil moisture content
or experienced periods of water saturation, creating suitable conditions for the growth
of these aquatic fungi. The dominance of Glomeromycota in C6 suggests that continuous
cropping practices in this area likely promoted the establishment and colonization of
mycorrhizal fungi, as these fungi form symbiotic relationships with plant roots and are
commonly found in agricultural soils. Olpidiomycota is a recently discovered fungal phylum,
and its ecological role is still being investigated. The higher presence of Olpidiomycota in CB2
suggests that this particular environment might have provided unique ecological niches
or specific conditions that favored the growth and prevalence of these newly identified
fungi. Overall, the results indicate that continuous cropping and plant species significantly
changed the composition of fungal phyla in the field, which was consistent with the results
of previous research [5,25,28,31].

The UniFrac-weighted principal coordinate analysis (PcoA) (Figure 5) indicated a
significant disparity in the structural composition of the fungal communities present in
the eight fields that alternated between fallow and continuous cropping. The C6 soil
samples were grouped together and set apart from the other soil samples in their own
little cluster. The distance between each field of continuous cropping was quite far apart,
whereas the distance between individual plants of the same species was only somewhat
spread out. The findings showed that continuous cropping had a considerable impact on
the structure of the fungal population in the rhizosphere; Li et al. also reported findings
that were comparable to these [32]. They conducted a 454-pyrosequencing study to get
to the conclusion that the makeup of the soil microbial community and the architecture
of that community altered dramatically across the three peanut fields due to the distinct
monoculture histories. According to Venn diagrams (Figure 3), the number of distinct
fungus species altered as one moved from one kind of continuous cropping area to another.
According to research that was conducted similarly, the number of distinct fungal OTUs
reduced with time in vanilla monoculture [33].

Soil environmental factors such as soil physicochemical properties and soil enzymatic
activities closely correlate with certain rhizospheric fungi. The negative correlation between
Mucoromycota and soil physicochemical properties suggests their ecological preferences
and nutrient requirements. Mucoromycota prefers a slightly acidic to neutral pH, indicating
a decrease in abundance with increasing alkalinity. Lower levels of total phosphorus favor
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their abundance, indicating their adaptation to phosphorus-limited environments. Mu-
coromycota shows reduced abundance in potassium-rich soils, likely due to lower potassium
requirements or competition. Similarly, elevated levels of available boron led to lower
Mucoromycota abundance. Glomeromycota exhibits similar patterns, with reduced abun-
dance in nutrient-rich soils, preferences for phosphorus-limited environments, and lower
boron availability. Chytridiomycota exhibited a positive correlation with total potassium,
soil-available potassium, and soil-available boron, indicating a potential adaptation to envi-
ronments with higher levels of these nutrients. Rozellomycota showed positive correlations
with total phosphorus, soil-available potassium, total potassium, soil-available phosphorus,
and soil-available boron, suggesting a preference for nutrient-rich soils. Olpidiomycota
displayed positive correlations with various nutrients such as total potassium, total phos-
phorus, soil-available phosphorus, and soil-available boron, indicating their reliance on
these nutrients for growth. Mortierellomycota exhibited a positive correlation with several
nutrients, including total phosphorus, soil-available phosphorus, soil-available boron, total
nitrogen, soil-available nitrogen, and soil organic matter, while being negatively correlated
with total potassium, soil-available potassium, and pH. Lastly, Zoopagomycota showed a
positive relationship with total phosphorus and soil-available phosphorus while negatively
correlating with total potassium and soil-available boron, suggesting specific nutrient
preferences within this fungal group. This finding was consistent with previous studies,
which showed that the composition and structure of the rhizospheric soil fungal population
were significantly influenced by the number of continuous cropping years [34–40].

FUNGuild is a valuable online database for the functions of members within the fungal
community. It may be possible to obtain data on the biological processes of fungi through
trophic guilds instead of individual taxa [41,42]. The undefined saprotroph dominated
the functional guilds (Figure 9B). After the fallow field (CK), the C6 had a less functional
guild than other fields, thereby suggesting that continuous cropping of C. chinensis directly
affected the abundance of functional fungi. OTUs with similar functions had different
distributions in different continuous cropping fields and plant species, thereby indicating
that the plant species significantly influenced the selection of the fungal community in
the rhizosphere.

5. Conclusions

The consistent cultivation of C. chinensis, maize, and other plant species had a sub-
stantial impact on the diversity, composition, and organization of the fungal community. It
was discovered that the fungal communities in the fallow fields were more diverse than
those in the continuously cropped fields and that the plant species had a substantial impact
on the selection of the fungal community. We have found that the richness and diversity
of fungal communities were higher in maize continuous cropping fields; the Ascomycota
genus is more accumulated in P. multiflorum continuous-cropped fields; and after the fallow
field, the C. chinensis continuous cropping fields had less functional guild than other fields.
Our results, therefore, provide a foundation for future agricultural research that aims to
boost microbial activity and crop or cash crop output in continuous cropping areas, which
are critical for C. chinensis and other cash crops.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13071827/s1. Figure S1: Rarefaction curves C6, M2, M6,
P2, P6, S2, F2, CB2, and CK; Table S1: The composition of the fungal community at the family level;
Table S2: The composition of the fungal community at the phylum level; Table S3: Spearmen correlation
analysis of soil fungal phyla and soil physicochemical properties; Table S4: Spearmen correlation p-value
for soil physicochemical properties and fungal phyla; Table S5. Spearmen correlation analysis soil
physicochemical properties and fungal phyla.
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Abstract: The root-knot nematode (RKN) disease is a highly destructive soilborne disease that signifi-
cantly affects peanut yield in Northern China. The composition of the soil microbiome plays a crucial
role in plant disease resistance, particularly for soilborne diseases like RKN. However, the relationship
between the occurrence of RKN disease and the structure and diversity of bacterial communities
in peanut fields remains unclear. To investigate bacterial diversity and the community structure of
peanut fields with severe RKN disease, we applied 16S full-length amplicon sequencing based on the
third high-throughput sequencing technology. The results indicated no significant differences in soil
bacterial α-diversity between resistant and susceptible plants at the same site. However, the Simpson
index of resistant plants was higher at the site of peanut-wheat-maize rotation (Ro) than that at the site
of peanut continuous cropping (Mo), showing an increase of 21.92%. The dominant phyla identified
in the peanut bulk soil included Proteobacteria, Acidobacteria, Actinobacteria, Planctomycetes, Chloroflexi,
Firmicutes, and Bacteroidetes. Further analysis using LEfSe (Linear discriminant analysis effect size)
revealed that Sulfuricellaceae at the family level was a biomarker in the bulk soil of susceptible peanut
compared to resistant peanut. Additionally, Singulisphaera at the genus level was significantly more
enriched in the bulk soil of resistant peanut than that of susceptible peanut. Soil properties were
found to contribute to the abundance of bacterial operational taxonomic units (OTUs). Available
phosphorus (AP), available nitrogen (AN), organic matter (OM), and pH made a positive contribution
to the bacterial OTUs, while available potassium (AK) made a negative contribution. The metabolic
pathway of novobiocin biosynthesis was only enriched in soil samples from resistant peanut plants.
Eleven candidate beneficial bacteria and ten candidate harmful strains were identified in resistant and
susceptible peanut, respectively. The identification of these beneficial bacteria provides a resource
for potential biocontrol agents that can help improve peanut resistance to RKN disease. Overall, the
study demonstrated that severe RKN disease could reduce the abundance and diversity of bacterial
communities in peanut bulk soil. The identification of beneficial bacteria associated with resistant
peanut offered the possibility for developing biocontrol strategies to enhance peanut resistance to
RKN disease.

Keywords: peanut (Arachis hypogaea L.); root-knot nematode disease; bulk soil; bacterial community
structure

1. Introduction

Arachis hypogaea L. (peanut or groundnut), commonly known as peanut or groundnut,
holds great economic importance as both economic crop and oil crop across the world [1].
It is cultivated worldwide in tropical and subtropical regions. Taxonomically, peanut is
considered a legume and is believed to have originated in Central and South America,
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with cultivation spread to other parts of the world [2]. In many countries, peanut provides
a significant nutritious contribution to the diet due to their rich protein, lipid, and fatty
acid content [3], and peanut is grown for oil production, peanut butter, confectionary,
snacks, and protein extenders globally [4]. Plant-parasitic nematodes are considered one of
the major obstacles to the production of peanut crops [5], and one of the most influential
nematodes is the root-knot nematode [6].

The root-knot nematode (Meloidogyne hapla Chitwood, RKN) can cause significant
yield losses in the cultivated peanut and has become an important factor influencing
peanut production in Northern China [7]. On the one hand, different peanut varieties have
different resistance to RKN. Most peanut cultivars are highly susceptible to RKN [8]. It is
well known that the wild diploid peanut relatives showed strong resistance to RKN [9].
But our preliminary tests found that HY9810 was more resistant to RKN than HY20
(Figure 1). They can be used as a good material to study peanut RKN disease. On the other
hand, different planting methods have a great influence on RKN. Long-term continuous
cropping of peanuts will undoubtedly aggravate the occurrence of RKN disease [10], and
the traditional approach tends to use crop rotation to control RKN [11].
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Bacterial community and structural changes are closely related to RKN disease. Bac-
teria are the most abundant and widely distributed microorganisms in soil. They play
an important role in maintaining the healthy decomposition of organic matter in the soil,
promoting material circulation, and maintaining the balance of the soil ecosystem [12]. Cao
et al. observed that RKN infection changed the α-diversity and microbial composition of
root microorganisms and drove the transformation of microorganisms [13]. Lu et al. found
that the community structure and function of the plant rhizosphere were significantly
correlated to the RKN disease [14]. Li et al. demonstrated that community variation and
assembly of root endophytic microbiota were significantly affected by RKN [15]. Rani et al.
revealed that the bacterial bioagents, namely B. amyloquefaciens, B. megaterium, P. fluorescens,
and P. putida, showed the potential for controlling RKN [16].
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In general, different peanut genotypes and cropping patterns had a great influence
on RKN disease. The interaction of bacteria−pathogens is the theoretical basis for im-
proving colonization and controlling the effect of biocontrol bacteria [13]. To explore the
relationships between bacterial communities, soil environments, and plant health, bacterial
communities were analyzed using the third high-throughput sequencing technology of the
16S full-length rDNA amplicons in peanut samples with different peanut genotypes and
cropping patterns. It would provide a theoretical basis for the exploitation and utilization
of microbial resources for controlling RKN disease in peanut.

2. Materials and Methods
2.1. Soil Samples Collection and Processing

Two peanut germplasms (HY9810 and HY20) and two planting sites were chosen in
this experiment. HY9810 (R-) was an advanced line developed by the disease-resistant
breeding team in Shandong Peanut Research Institute (SPRI), which is resistant to RKN
(Figure 1). HY20 (S-) was released in 2002 by SPRI, which is susceptible to RKN (Figure 1).
One of two planting sites called Mo (35◦30′13′′ N, 119◦11′43′′ E) was located at Jiajiagou,
Shanzhuan Town, Rizhao City, Shandong Province, and the soil type was sandy loam;
another one designated as Ro (36◦48′37′′ N, 120◦30′03′′ E) was an experimental base of
SPRI, located at Wangcheng Town, Laixi City, Shandong Province, and the soil type was
sandy loam. Peanut was planted continuously for seven years at the Mo site which had
severe RKN disease. Peanut, wheat, and maize were planted alternatively at the Ro location
which had light RKN disease. The two peanut varieties were sown in May 2019. In mid-
September, the bulk soils of peanut fields were collected by the five-point sampling method.
In each site, the surface soil was removed, and five soil cores at a depth of 5~20 cm near
the peanut plants were collected and mixed into one bulk soil. Twelve composite samples
were obtained by repeated sampling three times. The samples were sieved through two
mm mesh and divided into two groups, with one group stored at room temperature for
measurement of soil physicochemical properties, and the other group frozen at −80 ◦C for
DNA extraction of bacteria community. Mo.R and Mo.S stand for soil samples of HY9810
and HY20 from the field of severe RKN disease, respectively. Ro.R and Ro.S were soil
samples of HY9810 and HY20 from fields of light RKN disease, respectively.

2.2. 16S rDNA Full-Length Amplification and Sequencing

The soil bacterial diversity and community structure were detected by 16S rDNA
full-length sequencing. All the operation processes, including total soil DNA extraction,
amplification, library construction, and sequencing, were performed by Novogene (Beijing,
China); data analysis was carried out by Gene Denovo (Guangzhou, China). Total genome
DNA from soil samples was extracted by the CTAB method. DNA concentration and
purity were determined by 1.0% agarose gel and ultraviolet spectrophotometry [17]. The
DNA was diluted with sterile water to 1 ng/L, according to the concentration. The specific
primers were 16S F (forward primer, 5′-CCTACGGGNGGCWGCAG-3′) and 16S R (reverse
primer, 5′-GACTACNVGGGTATCTAATCC-3′) with barcode [18]. The amplified library
was sequenced using a PacBio SMRT RS II DNA sequencing platform (Pacific Biosciences,
Menlo Park, CA, USA). Low quality was filtered by PacBio circular consensus sequencing
technology [19], and the chimera sequences were removed [20] using the UCHIME algo-
rithm [21]. Sequences with ≥97% similarity were assigned to the same OTU (Operational
taxonomic unit) by analyzing sequences performed by Uparse software (Uparse v7.0.1001,
http://drive5.com/uparse/ accessed on 26 September 2021) [22,23]. The species that were
selected to rank top 10 in terms of mean abundance in all samples were visualized using
stacked plots, other known species were categorized as others, and unknown species were
marked as unclassified with the R project ggplot2 package (version 2.2.1). To identify
differences of bacterial communities among the four soil groups, Venn diagrams were
plotted with the VennDiagram package [24]. The PCA analysis was performed on the
community composition structure of four soil groups at the OTU level to reduce the dimen-
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sion of the original variables to explore the similarity and differences among groups using
the QIIME software package, v. 2 [25]. UPGMA (Unweighted pair-group Method with
Arithmetic Mean) is a commonly used clustering analysis method, which mainly refers to
the hierarchical clustering analysis method using any distance to evaluate the similarity
among the soil groups [25,26]. A species accumulation boxplot was used to investigate the
species composition of a sample and predict species abundance in a sample [27]. LEfSe
(LDA Effect Size) analysis was used to find biomarkers with statistical differences between
groups [28,29], and the Lefse analysis parameter set to the alpha value of factorial Kruskal
Wallis test between classes was <0.05, and the threshold value of logarithmic LDA score for
distinguishing features was >2.0. Multiple direct gradient regression was used to analyze
the correlation between microflora and environmental factors based on soil basic physi-
cal and chemical properties and OTU annotation data. The R software language Vegan
package, v. 2.6-4, was used for Canonical correlation analyses (CCA), and Pearson, the
maximum correlation coefficient between environmental factors and differences in sample
community distribution, was used to judge the significance of CCA analysis. Spearman
rank correlation was used to study the relationship between environmental factors and
bacterial species richness to obtain the correlation and significant p-value between each
other. Based on the species and environmental factors, the R language vegan package was
used for variance partitioning analysis (VPA) of the contribution (percentage) of each group
of environmental factor variables to the species distribution. The relative abundance of
screened beneficial and harmful bacteria is displayed using the R language circlize package.

2.3. Determination of Soil Physical and Chemical Properties

Soil basic physicochemical properties of each sample were determined, including
alkali-hydrolyzed nitrogen (AN), available phosphorus (AP), available potassium (AK) [30],
organic matter (OM) [31], and pH [32]. AN content was determined by the alkali diffusion
method [33]. AP content was determined by the molybdenum antimony colorimetric
method with a UV-visible spectrophotometer (Shimadzu UV-2700, Kyoto, Japan) [34].
The AK was digested by CH3COONH4 and measured by flame atomic absorption spec-
trophotometry with flame spectrometry (Sherwood M410 Britain, Sherwood scientific Ltd.,
Cambridge, UK) [33]. OM content was analyzed using dichromate oxidation [31]. Soil pH
was measured with a pH meter at a soil to water ratio of 1:2.5 (Meter 3100C, Licor, Lincoln,
NE, USA) [33].

2.4. Statistical Analysis

Analysis of variance (ANOVA) with Least-Significant Difference (LSD tests) and
Tukey’s HSD test were applied to distinguish significant differences between each treatment.
All statistics were carried out in IBM-SPSS 22.0 software, and significance was set at p < 0.05.

3. Results
3.1. Bacterial Community Diversity of Bulk Soil in Peanuts Field
3.1.1. Sequence Data of 16S Full-Length rDNA

To investigate the bacterial structure and diversity in peanut bulk, we sequenced the
16S full-length amplicon of 12 soil samples. Low-quality reads were corrected or removed,
SSR filtered, primers removed with the Cutadapt software v. 4.4, and chimera sequences
removed to obtain high-quality reads. Overall, a total of 164,184 raw reads were obtained;
162,706 high-quality clean reads were finally obtained (Table S1), which were used to cluster
the analysis of operational taxonomic units (OTUs) with 97% identity (Figure 2).

A total of 3739 OTUs were found in high-quality reads, belonging to 2 domains,
25 phyla, 62 classes, 121 orders, 172 families, 360 genera, and 547 species (File S1). A total
of 258 OTUs were common among the 4 groups of soil samples, while 220, 138, 287, and
249 OTUs were unique to Mo.R, Mo.S, Ro.R, and Ro.S, respectively. A total of 53 OTUs
were uniquely found in Mo.R and Ro.R, and 61 OTUs were uniquely found in Mo.S and
Ro.S (Figure S1).
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3.1.2. Alpha Diversity

Through alpha diversity analysis, the community diversity of bacteria was examined
by the Simpson and ACE indices. The larger the Simpson implies higher species diver-
sity [35]. The Simpson index analysis showed an extremely significant difference (p < 0.01)
and ACE indices showed a significant difference (p < 0.05) between the Ro site and Mo
site; no significant difference in the alpha diversity index was observed between different
genotypes (p > 0.05) (Table S2). The box plot of α diversity index was drawn and the
significance of the difference between every two groups was done by Tukey’s HSD test
(Figure 3). A comparative analysis of the four groups using the Simpson index revealed
that the Mo.R increased by 1.06% compared to Mo.S, the Ro.R increased by 0.15% compared
to Ro.S, the Ro.R increased by 1.13% compared to Mo.R, and the Ro.S increased by 2.05%
compared to Mo.S. A comparative analysis of the ACE of the four groups revealed that the
Mo.R increased by 0.36% compared to Mo.S, the Ro.R increased by −5.61% compared to
Ro.S, the Ro.R increased by 21.92% compared to Mo.R, and the Ro.S increased by 29.64%
compared to Mo.S (Figure 3 and Table S3).
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3.1.3. Beta Diversity

Principal component analysis (PCA) and clustering analysis were used to observe the
similarities among the four soil groups. The first two principal components (PC1 and PC2)
of PCA explained 59.02% and 18.22% of the total variation, respectively (Figure 4a). Cluster
analysis also revealed that soil samples from the same planting sites were classified into a
group (Figure 4b).
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3.1.4. Bacterial Community Structure of Peanut Bulk Soil Influenced by RKN

In order to further analyze the structure of the bacterial community, the abundance
distribution of each group at the levels of phylum, class, order, family, genus, and species
was shown according to the results of taxonomic annotation (Figure 5).

All OTUs were classified into 25 phyla, and there were 8 phyla in each group with a rel-
ative abundance >1% (Table S4). Proteobacteria, Acidobacteria, Actinobacteria, Planctomycetes,
Chloroflexi, Firmicutes, and Bacteroidetes were the seven dominant phyla in the peanut bulk
soil, accounting for about 90% of all bacterial taxa in each group (Figure 5a). Compared
to Mo.S, the relative abundance of Actinobacteria, Planctomycetes, and Chloroflexi increased
by 1.12%, 38.22%, and 3.24% in Mo.R, respectively; compared to Ro.S, that increased by
14.84%, 16.96%, and 20.39% in Ro.R, respectively. Conversely, compared to Mo.S, the
relative abundance of Proteobacteria, Firmicutes, Bacteroidetes, and Nitrospirae decreased by
8.46%, 12.17%, 53.34 and 8.11% in Mo.R, respectively; compared to Ro.S, that decreased by
2.14%, 13.51%, 6.40% and 18.23% in Ro.R, respectively (Figure 5a).

At the class level, most of the bacteria belonged to Acidobacteria, Gammaproteobac-
teria, Alphaproteobacteria, Ktedonobacteria, Rubrobacteria, Betaproteobacteria, Planctomycetia,
Phycisphaerae, Acidimicrobiia, and Chitinophagia (Table S5). The most dominant bacterial pop-
ulations in Mo.R, Mo.S, Ro.R, and Ro.S accounted for 80.84%, 80.98%, 72.49%, and 76.34%,
respectively. Compared to Mo.S, the relative abundance of Ktedonobacteria, Planctomycetia,
and Phycisphaerae increased by 2.01%, 48.40%, and 15.46% in Mo.R, respectively; compared
to Ro.S, that increased by 14.57%, 9.07% and 23.64% in Ro.R, respectively. In contrast,
compared to Mo.S, the relative abundance of Gammaproteobacteria, Alphaproteobacteria, and
Chitinophagia decreased by 21.33%, 4.67%, and 65.56% in Mo.R, respectively; compared to
Ro.S, that decreased by 18.21%, 1.57% and 11.80% in Ro.R, respectively (Figure 5b).
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Figure 5. The top 10 species distribution in the average abundance of bacterial communities in peanut
bulk soil at the levels of phylum (a), class (b), order (c), family (d), genus (e), and species (f). Other
known species are classified as others, and unknown species are marked as unclassified.

Acidobacteriales was the most abundant bacterial order, which accounted for 23.96%,
20.34%, 16.97%, and 21.27% in Mo.R, Mo.S, Ro.R, and Ro.S, respectively (Figure 5c). Com-
pared to Mo.S, the relative abundance of Ktedonobacterales, Bryobacterales, and Tepidisphaerales
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increased by 1.27%, 1.67%, and 8.79% in Mo.R, respectively; compared to Ro.S, that in-
creased by 20.76%, 18.19% and 21.76% in Ro.R, respectively. While compared to Mo.S, the
relative abundance of Xanthomonadale, Rhodospirillales, and Rhizobiales decreased by 27.69%,
8.61%, and 4.41% in Mo.R, respectively; compared to Ro.S, that decreased by 25.41%, 1.84%,
and 11.90% in Ro.R, respectively (Figure 5c).

Acidobacteriaceae and Xanthomonadaceae were the most abundant families in the four
groups collectively (Figure 5d). Compared to Mo.S, the relative abundance of Bryobacteraceae
and Tepidisphaeraceae increased by 1.67% and 8.79% in Mo.R, respectively; compared to
Ro.S, that increased by 18.81% and 21.76% in Ro.R, respectively. In contrast, compared to
Mo.S, the relative abundance of Xanthomonadaceae, Chitinophagaceae, and Acetobacteraceae
decreased by 33.04%, 65.64%, and 4.27% in Mo.R, respectively; compared to Ro.S that
decreased by 30.14%, 12.39%, and 2.86% in Ro.R, respectively (Figure 5d).

A thorough investigation at the genus level showed that 360 taxa were classified from
the 4 bulk soil communities, whereas most genera were <15%, implying high bacterial
diversity in the 4 soil groups (File S2). As shown in Figure 5e, the predominant identifiable
genera were Acidicapsa, Chujaibacter, Gaiella, and Occallatibacter, which accounted for 9.80%,
13.21%, 5.69%, and 5.02% in Mo.R, Mo.S, Ro.R and Ro.S, respectively. Compared to Mo.S,
the relative abundance of Tepidisphaera increased by 9.13% in Mo.R; compared to Ro.S, that
increased by 20.83% in Ro.R. In contrast, compared to Mo.S, the relative abundance of
Chujaibacter, Acidobacterium, and Gemmatimonas decreased by 32.99%, 9.85%, and 2.03% in
Mo.R, respectively; compared to Ro.S, that decreased by 35.65%, 19.58% and 30.22% in
Ro.R, respectively (Figure 5e and Supplementary File S2).

Chujaibacter soli was the most abundant species in Mo.R and Mo.S, which accounted
for 8.85% and 13.21%, respectively; Gaiella occulta was the most abundant species in Ro.R
and Ro.S, which accounted for 5.65% and 5.17%, respectively (Figure 5f). Compared to
Mo.S, the relative abundance of Acidicapsa acidisoli increased by 137.21% in Mo.R; compared
to Ro.S, that increased by 19.89% in Ro.R. While compared to Mo.S, the relative abundance
of Chujaibacter soli, Acidobacterium capsulatum, Bradyrhizobium valentinum, and Acidisphaera
rubrifaciens decreased by 32.96%, 18.17%, 25.67%, and 13.49% in Mo.R, respectively; com-
pared to Ro.S, that decreased by 35.73%, 23.63%, 18.90%, and 4.86% in Ro.R, respectively
(Figure 5f).

3.2. Analysis of the Microbiological Biomarkers in the Peanut Bulk Soil

In order to analyze the biomarkers between different groups, LEfSe (LDA Effect Size)
analysis was employed in the four groups of peanut bulk soil. Statistical analysis was
performed from the phylum to the genus level in cladograms, and LDA scores of 2 or greater
were confirmed by LEfSe between resistant and susceptible peanut (Figures 6 and S2). As
can be seen from Figure 6, 17 biomarkers were pointing to susceptible peanut, while
Chujaibacter and Xanthomonadaceae had LDA scores ≥ 4.0, and 43 biomarkers pointing
to resistant peanut, while Planctomyceteria, Acidobacteria, Acidicapsa, Acidobacteriaceae, and
Acidobacteriia had LDA scores ≥ 4.0 at the Mo site; 17 and 20 biomarkers were pointing to
susceptible and resistant peanut at the Ro site, respectively.

Sulfuricellaceae at the family level as the specific biomarker was both pointing to
susceptible peanut at the same site, which suggested that Sulfuricellaceae can be used as
biomarkers of the susceptible peanut. Singulisphaera at the genus level as the specific
biomarkers were both pointing to resistant peanut at the same site, which suggested that
Singulisphaera can be used as biomarkers of resistant peanut.
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Figure 6. LEfSe Bar of different abundance between resistant and susceptible peanut at Mo site (a)
and Ro site (b) by linear discriminant analysis (LDA). The yellow horizontal bars are the biomarkers
enrichment in bulk soil of RKN-resistant peanut, which had a negative LDA score; the blue horizontal
bars are that of RKN susceptible peanut, which had a positive LDA score. The blue frame box is the
common biomarker of RKN resistant peanut. The red frame box is the common biomarker of RKN
susceptible peanut.

3.3. Relationship between Bacterial Community Structure and Environment Factors in Peanut
Bulk Soil

Spearman correlation analysis was used to study the relationship between the com-
position of bacterial community structure and environmental factors. Soil physical and
chemical factors were determined, including pH, organic matter (OM), alkali-hydrolyzed
nitrogen (AN), available phosphorus (AP), and available potassium (AK) (Table 1). The
results showed that the levels of OM, AN, and AP at the Mo site was higher than that
at the Ro site, while the pH of the Ro site was higher than that at the Mo site. However,
no significant patterns were observed between the soil physicochemical traits and the
susceptibility or resistance of the peanut.
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Table 1. Environmental chemical characteristics in four groups of peanut bulk soil.

Item Mo.S Mo.R Ro.S Ro.R

pH 4.5 ± 0.1 a 4.6 ± 0.1 a 4.8 ± 0.2 a 5.1 ± 0.2 a
Organic matter (OM, g/kg) 13.5 ± 0.7 a 14.9 ± 0.7 a 12.1 ± 0.3 a 10.9 ± 0.7 a

Available nitrogen (AN, mg/kg) 82.9 ± 10.8 a 85.5 ± 10.4 a 60.7 ± 5.7 a 54.6 ± 6.3 a
Rapidly available phosphorus

(AP, mg/kg) 103.4 ± 8.2 a 121.1 ± 13.3 a 94.3 ± 1.3 a 81.1 ± 6.3 a

Available potassium (AK, mg/kg) 46.1 ± 0.0 a 53.6 ± 14.2 a 61.2 ± 3.3 a 42.3 ± 6.5 a
Note: The same lowercase letters in the table indicate that the differences of each item among different groups are
not significant p > 0.05.

Multiple direct gradient regression was used to analyze the relationships among
sampling points, microflora, and environmental factors, and canonical correspondence
analysis (CCA) was constructed. As shown in Figure 7a, the descending order of influences
on the distribution of bacterial species in the peanut bulk soil were OM, AP, pH, AN, and
AK (the corresponding r2 were 0.8326, 0.8002, 0.6000, 0.7220, and 0.1579, respectively).
OM, AP, and AN had extremely significant effects (Pr < 0.01), pH had significant effects
(Pr < 0.05), but AK had no significant effects (Pr > 0.05). AP, AN, OM, and pH made a
positive contribution to the OTUs of bacterial, while AK made a negative contribution
(Figure 7b).
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Figure 7. (a) Canonical correspondence analysis (CCA) of species information between the peanut
bulk soil and environmental factors. Blue spots indicate the top 20 bacterial species. (b) Contribution
map of environmental factors.

Spearman correlation analysis was performed to study the mutual change relationship
between environmental factors and species based on the measured data of soil environment
factors and the OTU data of each sample. As seen in Figure 8, OM was the most significant
environmental factor in the top 20 of the bulk soil bacteria at specific levels; next were
AN and AP, and the last was pH. Moreover, the four environmental factors showed an
extremely significant correlation with the abundance of Acidibacter ferrireducens, Acidicapsa
acidisoli, and Acidiferrimicrobium australe.
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3.4. Analysis of Beneficial and Harmful Bacteria in the Peanut Bulk Soil

Beneficial bacteria are defined as those that can promote plant growth, help prevent
pathogen invasion, and improve plant adaptability to abiotic or biological stresses; they
are also called plant growth-promoting rhizobacteria (PGPR) [36,37]. In order to further
analyze the bulk soil bacterial diversity of R-cultivars on the basis of relevant literature
studies, 11 bacterial species were chosen to draw a Circos diagram. The results showed that
the relative abundance of RKN-resistant peanut was higher than that of RKN susceptible
peanut (Mo.R-Mo.S ≥ 0 and Ro.R-Ro.S ≥ 0) (Figure 9a). Among them, the large proportion
included Burkholderia cepacia, Jatrophihabitans soli, Arthrobacter dokdonellae, Rhodanobacter
lindaniclasticus, and Nitrosospira multiformis. The relative abundance of Mucilaginibacter
ximonensis and Ferruginibacter alkalilentus in susceptible and resistant plants at the same
planting site was a leap from absence to present, although the difference in value was not
significant.
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bulk soil; (a) beneficial bacteria, (b) harmful bacteria.

Harmful bacteria are defined as the opposite of beneficial bacteria, which inhibit
plant growth, help pathogens to invade, and reduce plant adaptation to abiotic or bi-
otic stresses [38,39]. To further analyze the bulk soil bacterial diversity of S-cultivars,
10 bacterial species were chosen to draw the Circos diagram, which indicated that the rela-
tive abundance of RKN-susceptible peanut was higher than that of RKN-resistant peanut
(Mo.R-Mo.S≤ 0 and Ro.R-Ro.S≤ 0) (Figure 9b). The large proportions were Bradyrhizobium
valentinum, Bacillus funiculus, Niastella hibisci, Ramlibacter solisilvae, and Rhodoplanes elegans.
It is worthy of note that the relative abundance of Cutibacterium acnes from resistant to sus-
ceptible peanut in the same planting site was a qualitative leap from nothing to something,
although there was little difference in value.

3.5. Prediction of Bacterial Functional Potential in the Peanut Bulk Soil

To explore the functional roles of bacteria in peanut bulk soil, PICRUSt2 was used to
predict their function based on KEGG metabolic pathways and the relative frequencies of
predicted functions. A total of 171 metabolic pathways in KEGG were annotated (File S3).
Among the 6 primary pathways, the number of metabolic pathways annotated was at
most (118); the next was genetic information processing annotated to 18; the third was
cellular processes annotated to 9. In the second level of the metabolic pathway, Xeno-
biotics biodegradation and metabolism, Carbohydrate metabolism, and the metabolism
of terpenoids and polyketides were the 3 most annotated pathways, with 17, 15, and
14 annotated pathways, respectively. Some representative pathways were selected for
demonstration and analysis. Seven pathways were both increased in Mo.R compared to
Mo.S and Ro.R compared to Ro.S (Figure 10). These seven metabolic pathways mainly
focus on the first level of Genetic information processing, Human diseases and metabolism,
and the secondary level of Transcription, Translation, Immune diseases, Biosynthesis of
other secondary metabolites, and Metabolism of terpenoids and polyketides. Three of
the seven metabolic pathways belong to the Metabolism of terpenoids and polyketides.
Interestingly, the abundance of novobiocin biosynthesis was over 300 in both resistant
peanut, but 0 in both susceptible peanut at the same planting site.
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Figure 10. The column chart of KEGG enrichment terms of four groups. Purple frame box is the
abundance of novobiocin biosynthesis in four groups.

4. Discussion
4.1. Effect of Severe RKN Disease on the Bacterial Diversity in Peanut Bulk Soil

The structure and function of the root microbiome play an important role in plant
immunity and development and are closely related to plant health [40,41]. Some studies
have shown that the suppression and outbreak of soilborne diseases are closely related
to soil bacterial communities [42,43]. The increase of bacterial quantity and community
structure diversity in soil is one of the main reasons to inhibit soilborne plant diseases [44].
Plants regulate their microbiome under biological stresses [45,46]. Our study found that
the bacterial diversity of peanut bulk soil in the Ro site was higher than that in the Mo site;
and RKN susceptible peanut showed a downward trend compared with RKN resistant
peanut at the same planting site, but the difference was not significant (Figure 2). This
result is consistent with previous studies that planting area can have a significant impact
on bacterial community composition [47,48]. The results of this study supported that the
bacterial diversity in bulk soil of RKN susceptible peanut was decreased compared with
that of RKN resistant peanut.

We also found that Acidobacteria, Proteobacteria, Actinobacteria, Planctomycetes, Chlo-
roflexi, Firmicutes, and Bacteroidetes were the most dominant phyla in peanut fields (Figure 3),
which was broadly consistent with previous reports on peanut rhizosphere soil micro-
biota [22]. It was also found that samples at the same planting site were clustered together
by β-diversity analysis (Figure 4). Distinct differences in bacterial communities can be ob-
served between the two different sites, which indicates that cropping pattern or the severity
of RKN disease has more influence on a bacterial community than peanut genotypes. It
also been found that the abundance of Actinobacteria, Planctomycetes, and Chloroflexi in RKN-
resistant peanut bulk soil, and similarly, Cao found that Actinobacteria and Planctomycetes
were also present in healthy tobacco soils compared to RKN-susceptible tobacco soils [49].
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4.2. Differential Bacterial Communities between Peanut Bulk Soils of Resistant and Susceptible
to RKN

The result showed that Sulfuricellaceae at the family level was detectable as a specific
biomarker in the bulk soil of RKN susceptible peanut compared to RKN resistant peanut at
the same planting site (Figure 6). All members of Sulfuricellaceae utilize inorganic sulfur
compounds as their energy source and use oxygen or nitrate as terminal electron acceptors
for respiration. Its subordinate genus Sulfuricella [50,51] is also an indicator of a biomarker
in Mo.S compared to Mo.R, and its subordinate genus Sulfuriferula is an indicator of a
biomarker in Ro.S compared to Ro.R. It seems that the sulfur-like bacteria in the bulk soil
of RKN-susceptible peanut are more prominent compared to that of RKN-resistant peanut.

Singulisphaera at the genus level was recognized as the specific biomarker in the bulk
soil of RKN-resistant peanut compared to RKN-susceptible peanut at the same planting
site (Figure 6). Representatives of this Singulisphaera genus are common inhabitants of
soils and wetlands [52]. The Singulisphaera genus showed remarkable responses to pectin
and xylan [53]. Moreover, xylan and pectin are important components of plant cell wall
polysaccharides [54], which can prevent invasion and colonization of pathogenic microor-
ganisms [55]. Although Singulisphaera seems to be inextricably related to peanut anti-KNF,
further study is needed to provide more information on the mechanism.

4.3. The Role of Environment Factors in Bacterial Communities of Peanut Bulk Soil

Soil physicochemical properties are closely related to the bacterial communities of
bulk soil [56]. Soil physical and chemical properties have a direct regulatory effect on plant
root microenvironment and affect the composition and structure of root bacterial commu-
nities [57]. In this study, soil physical and chemical properties displayed an important
factor affecting soil bacterial community structure (Figures 7 and 8), which was consistent
with previous studies. In addition, we found that AP, AN, OM, and pH made a positive
contribution to the OTUs of bacteria, while AK made a negative contribution; pH, OM, AN,
and AP all had extremely significant differences along with bacteria Acidibacter ferrireducens,
Acidicapsa acidisoli, and Acidiferrimicrobium australe (Figures 7 and 8).

4.4. Bacterial Potential Function in Peanut Bulk Soil

Soil microorganisms are an important part of the farmland ecosystem, which can
promote the recycling of matter and energy in soil, especially the recycling and transforma-
tion of nutrient elements [58]. In our study, the highest functional enrichment of bacterial
communities in peanut bulk soil was the first level of metabolism, and the second level
xenobiotic biodegradation and metabolism. Seven metabolic pathways were selected as
they were all increased in the resistant peanut bulk soil compared to the susceptible at the
same planting site. Notably, we found that the novobiocin biosynthesis pathway differed
300-fold between resistant and susceptible peanut. It is presumed that RKN-resistant
peanut could be involved in the biosynthesis of some novobiocin.

4.5. Beneficial and Harmful Bacteria in Peanut Bulk Soil

Beneficial microorganisms in soil can not only promote the transformation of soil
organic matter into nutrients that can be absorbed and utilized by plants and improve the
soil microecological environment but also produce a variety of bacteriostatic or bactericidal
active substances, enhance the resistance of crops to a variety of diseases, and reduce the
incidence of soilborne diseases [59]. Nitrifying has a profound effect on the form of mineral
nitrogen that plants take up, use, and retain in the soil or lose to the environment [60]. Other
beneficial bacteria had similar results, such as Planctomyces, Gemmata, Flavisolibacter [61].
It was found that Arthrobacter is a beneficial bacterium in corn fields [62], Inquilinus has
the function of promoting the growth of ginseng [63], and Nocardioides belonging to the
phylum actinomycetes can promote the growth of ginseng root [64]. Harmful bacteria,
which have the opposite function of beneficial bacteria to plants, also deserve our attention.
Literature stated that the relative abundance of beneficial bacteria such as Sphingomonas,
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Pseudomonas, and Aspergillus increased significantly, while the relative abundance of the
pathogen Pythium decreased significantly after crop rotation [65]. Rhodoplanes and Kaisto-
bacter were the main bacteria in healthy roots of American ginseng, while Sphingobium
was the main bacterial group in rotten roots [66]. In soil microorganisms, there are many
promoting bacterial populations for plant growth and disease control, which are known as
plant growth-promoting rhizobacteria (PGPR). PGPR has a certain biological control effect
on soil-pathogenic microorganisms and nonparasitic rhizosphere harmful microorgan-
isms [67]. The relative abundance of beneficial bacteria antagonistic to pathogenic bacteria,
such as Planctomyces, Bradyrhizobium, and Burkholderia increased significantly, resulting in a
low incidence under pineapple−banana rotation [68]. Bacillus bacterial agents can increase
the abundance of the beneficial bacteria Nitrospirae, Variovorax, Rhodanobacter, Nitrosospira,
Rhodopseudomonas, and Mesorhizobium [69]. It also showed that the family Pseudomonadaceae
is beneficial to the control of root-knot nematodes [70].

Moreover, some studies have shown that Bradyrhizobium, Rhizobia, Burkholderia, and
Achromobacter have the potential to biofix nitrogen with cowpea roots [71]. Non-pathogenic
Pseudomonas fluorescens (WCS417r) and Moringa oleifera leaf extracts were effective against
wheat aphids [70]. Stenotrophomonas Maltophilia, Serratia Plymuthica, Pseudomonas Trivialis,
P. Fluorescens, B. subtilis, and Burkholderia cepacia can produce volatile organic compounds
(VOCs) that inhibit the growth of plant pathogenic fungi hyphae [16]. In the research of bio-
logical control of plant diseases, the biological control of soilborne diseases has made great
achievements. The bacteria used for biocontrol mainly belong to Trichonderma, Streptomyces,
Gliocladium, Bacillus, Pseudomonas, Agrobacterium, Flavobacter, and Enterobacter [72,73].

Referring to the beneficial and harmful bacteria of other plants studied by previous
reports, in this study, 11 candidate beneficial bacteria and 10 harmful bacteria were obtained
for peanut resistance to RKN (Figure 9). Burkholderia cepacia accounted for the largest
proportion of beneficial bacteria, and it may benefit from Burkholderia cepacia producing
volatile organic compounds (VOCs) that inhibit the growth of plant pathogenic fungi
hyphae [16]. Burkholderia cepacia could be used as a biological agent for peanut resistance to
RKN in the future. Bradyrhizobium is generally beneficial for plants that can fix nitrogen,
and it is also beneficial and antagonistic to pathogenic bacteria in banana rotation [68].
However, in our study, Bradyrhizobium valentinum is the largest percentage of potentially
harmful bacteria for peanut resistance to RKN. It may be two-sided: it can fix nitrogen and
is also pathogenic to peanut resistance to RKN.

5. Conclusions

Our findings strongly indicate that the planting site has more influence on the bac-
terial community of peanut bulk soil than the peanut genotype. Singulisphaera at the
genus level was a biomarker in the bulk soil bacteria of RKN-resistant peanut compared to
RKN-susceptible peanut in the same planting site and Sulfuricellaceae at the family level
was detected to be a biomarker in that of RKN susceptible peanut. AP, AN, OM, and
pH made a positive contribution to the OTUs of bacteria, while AK made a negative con-
tribution. All pH, OM, AN, and AP had extremely significant differences on Acidibacter
ferrireducens, Acidicapsa acidisoli, and Acidiferrimicrobium australe. The function of the novo-
biocin biosynthesis pathway plays an important role in peanut resistance to RKN. A total
of 11 candidate-beneficial and 10 harmful bacteria were obtained for peanut resistance to
RKN, and Burkholderiacepacia, as a beneficial bacterium against RKN in peanut could be
used as a potential bioagent in the future.

These results highlight the significance of planting site, specific bacterial taxa, soil
properties, and functional pathways in peanut resistance to RKN. The identification of
candidate beneficial bacteria, including Burkholderia epacia, suggests the possibility of
utilizing them as bioagents in future for RKN management strategies in peanut.
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Abstract: Soil nitrogen cycling microbial communities and functional gene α−diversity indicate soil
nitrogen cycling ecological functions and potentials. Crop rotation plans affect soil nitrogen fractions
and these indicators. We sequenced soil samples from four crop rotation plans (fallow, winter wheat
monoculture, pea-winter wheat-winter wheat-millet rotation, and corn-wheat-wheat-millet rotation)
in a long-term field experiment. We examined how microbial communities and functional gene
α−diversity changed with soil nitrogen fractions and how nitrogen fractions regulated them. Planting
crops increased the abundance and richness of nitrogen cycling key functional genes and bacterial
communities compared with fallow. The abundance and richness correlated positively with nitrogen
fractions, while Shannon index did not. The abundance increased with soil total nitrogen (STN) and
potential nitrogen mineralization (PNM), while Shannon index showed that nitrogen cycling key
functional genes increased and then decreased with increasing STN and PON. Introducing legumes
into the rotation improved the α−diversity of nitrogen cycling key functional genes. These results
can guide sustainable agriculture in the Loess Plateau and clarify the relationship between nitrogen
fractions and nitrogen cycling key functional genes.

Keywords: nitrogen cycling genes; nitrogen fractions; microbial community; crop rotation; loess Plateau

1. Introduction

The abundance of functional genes is an important indicator for evaluating ecosystem
functionality [1]. Nitrogen cycling functional genes, including amoA, amoB, and amoC
for nitrification, nirS, nirK, and nosZ for denitrification, and ureC for ammonification,
have been applied to gauge the nitrogen transformation capacity in agricultural soils at
varying stages [2–4]. Several studies have demonstrated that agricultural management
practices alter functional gene abundance, for instance, reducing tillage or implementing
no-till practices, which increase the abundance of amoA, nirK, and nosZ [5–7]. Addition-
ally, the application of organic fertilizers can boost the abundance of ureC, amoA, nirS,
nirK, and nxrB in nitrogen cycling [8,9]. In recent years, functional gene diversity has
also evolved as an essential factor for assessing the functional potential of soil microbial
communities in ecosystems [10,11]. Researchers have explored the functional gene diver-
sity in different ecosystems, such as grasslands, forests, and agricultural lands, to obtain
knowledge on the functional potential of soil microbial communities [12–14]. Moreover,
Chukwuneme et al. [15] used metagenomic sequencing to investigate the impact of differ-
ent agricultural management practices on the diversity of carbon cycle genes in the corn
rhizosphere soils, while a meta-analysis by You et al. [16] revealed that nitrogen addition
affects the diversity of crucial functional genes linked to N2O emission in agricultural
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ecosystems. Hence, exploring the abundance and diversity of functional genes is essential
in understanding the ecological functions and potential of soil microbial communities.

The Loess Plateau is facing severe soil nutrient deficiency due to long-term soil erosion.
To address this issue, crop rotation has been widely used to enhance the soil nitrogen
pool [17,18]. Fu et al. [19] conducted research indicating that long-term diversified crop ro-
tation can effectively improve soil nitrogen fractions and sustain dryland planting regimes.
The corn-legume-wheat rotation, for example, can increase soil particulate organic nitrogen
and mineralized nitrogen [20], while rice-rape rotation can increase soil particulate organic
nitrogen and microbial nitrogen [21]. Additionally, crop rotation can improve soil structure,
the living environment for microorganisms, and increase microbial diversity [22]. Addition-
ally, long-term crop rotation can increase crop diversity, and the input of diversified crop
residues and litter can result in changes to the substrate available to soil microbes, leading to
an increase in microbial α−diversity [23–25]. Nonetheless, studies suggest that long-term
crop rotation may lead to the continuous accumulation of high-C/N crop residues in the
soil [26], which could result in a decrease in microbial diversity [27]. Therefore, introducing
crops with different C/N ratios, such as legumes or non-legumes, into long-term crop
rotation plans may have varying effects on microbial α−diversity.

Changes in soil microbial communities can result in alterations in functional genes
involved in nitrogen cycling [28,29]. Several studies have demonstrated that crop rota-
tion can regulate the abundance of denitrification genes (nirK, nosZ, and nirS), thereby
influencing N2O emissions [30,31]. However, soil nitrogen fractions, as important factors
reflecting soil productivity and nitrogen status [32], can also affect changes in nitrogen
cycling functional genes [4,33], but there are few studies in this direction. In crop rotation
plan, different crops have varied litter properties that can impact soil nutrient content [22].
Legumes, for instance, release nutrient-rich, juicy, and protein- and sugar-rich residues,
which result in faster nutrient release than the more stable organic matter derived from the
fibrous plant residues of crops such as corn and cereals [34]. Therefore, further research
is necessary to assess the impact of nitrogen fractions in different long-term crop rotation
plans on functional gene α−diversity.

This study aims to investigate the impact of different planting plans on soil nitrogen
fractions, key functional genes and related microbial communities’ α−diversity through
36 years of field experiments. It is hypothesized that: (1) crop rotation plans can increase the
abundance of key functional genes for nitrogen cycling and the richness of related microbial
communities; (2) long-term crop residue from rotation plans may result in differences in
nitrogen cycling key functional genes and related microbial communities’ diversity due
to varying C/N ratios. The objectives of this study are to elucidate the effects of different
crop rotation plans on key functional genes and related microbial communities involved
in nitrogen cycling and to explore the regulatory modes of soil nitrogen fractions on key
functional genes α−diversity.

2. Materials and Methods
2.1. Experimental Site and Treatments

A long-term field experiment was established in September 1984 at the Changwu
Agroecological Station (35◦12′ N, 107◦44′ E) in Changwu County, Shaanxi Province, China.
The study area is representative of a typical rainfed farming system in the Loess Plateau
of China. The experimental site has a continental monsoon climate, with a mean annual
temperature of 9.1 ◦C and a frost-free period of 194 d. The long-term (1984–2020) average
annual precipitation is 580 mm, half of which occurs from July to September. The soil is a
Heilutu silt loam (Calcarid Regosol according to the FAO classification system or Ultisol
according to the U.S. soil taxonomy), with 45 g kg−1 sand, 656 g kg−1 silt, 309 g kg−1 clay,
8.4 pH, 105 g kg−1 CaCO3, 10.5 g kg−1 organic C, 1.0 g kg−1 total N, and 1.4 Mg m−3 bulk
density at the 0–30 cm depth at the beginning of the experiment.

There were four cropping designs for the study, including (1) fallow (F); (2) winter
wheat monoculture (W); (3) 1 year of pea, 1 year of winter wheat, and 1 year of winter wheat
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and millet (PWWM); (4) 1 year of corn, 1 year of winter wheat, and 1 year of winter wheat
and millet (CWWM). A randomized block design was used in this experiment with three
replications. Each plot had 10.3 m by 6.5 m size separated by 0.5 m strip, and each block
was separated by 1 m strips. Crops were planted by hand under conventional tillage using
animal-drawn (first 16 yr) and hand tractor-drawn (second 18 yr) plows to a depth of 10 cm.
Crops were planted at 20 cm row spacing, except for corn which was planted at 70 cm
spacing. Plant populations were 2.23, 0.60 and 0.04 million plants ha−1 for winter wheat,
pea and corn, respectively, and the seeding rate was 28 kg ha−1 for millet, respectively.
At planting, chemical fertilizers were broadcasted to winter wheat, corn and millet using
urea (46% N) and monoammonium phosphate (11% N, 23% P) at rates of 120 kg N ha−1

and 20 kg P ha−1. Pea received N and P from monoammonium phosphate at 10 kg N ha−1

and 20 kg P ha−1, respectively. Because of the high soil potassium content, no potassium
fertilizer was applied. Weed management was carried out by hand before, during, and
after crop growth. Pesticides were applied as needed to control pests.

2.2. Soil Samplings

In September 2020, samples were collected after peas and corn were harvested and
before wheat was planted. Soil samples were collected from a depth of 15 cm from three
places in central rows of each plot using a hand probe (5 cm inside diameter) in September
2020. A separate undisturbed soil core (5 cm inside diameter) was collected simultaneously
at 0–15 from each plot for the bulk density. The collected soil samples were immediately
stored in sterile plastic bags, placed in iceboxes, and brought back to the laboratory immedi-
ately. Then, all the samples were sifted through a 2 mm mesh, crop residues, root materials,
and stones were removed. and were thoroughly homogenized to be further divided into
three parts: one part was air-dried to analyze the nitrogen fractions, another part was
stored at −4 ◦C for determination of MBN (microbial biomass nitrogen), while the rest of
the samples were stored at −80 ◦C until DNA extraction and metagenomic sequencing.

2.3. Analyses of Soil Nitrogen Fractions

The soil total nitrogen (STN) concentration was determined by the combustion method
using a high induction furnace N analyzer (Euro Vector EA3000, Manzoni, Italy) [35]. The
particulate organic nitrogen (PON) was determined with the sodium hexametate separation
method [36]. The potential nitrogen mineralization (PNM) concentration was determined
by the incubation method modified by Haney et al. [37]. The NH4

+-N and NO3
−-N

concentrations in the extract were determined using the modified Griess-Ilosvay method
with an autoanalyzer (Lachat Instruments, Loveland, CO) [35]. The soil water content
(SWC) and bulk density (BD) were measured from the gravimetric weight of the core
before and after oven drying at 105 ◦C for 24 h. The other container with moist soil was
subsequently used for determining MBN concentration using the modified fumigation-
incubation method for airdried soils [38].

2.4. DNA Extraction, Sequencing, and Data Processing

Total genomic DNA was extracted from 0.5 g soil samples using the E.Z.N.A.® Soil
DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to manufacturer’s instructions.
Concentration and purity of extracted DNA was determined using TBS-380 and Nan-
oDrop2000, respectively. DNA extract quality was checked on 1% agarose gel. There were
three replicates for each soil sample to obtain sufficient DNA for shotgun metagenome
sequencing. The metagenome was sequenced in an Illumina HiSeq 2000 platform (Per-
sonal, Shanghai, China) to generate 150 bp paired-end reads at a greater sequencing
depth. Reads aligned to the human and vegetation genome were removed, and the lengths
were trimmed using Sickle. Sequence data associated with this project have been de-
posited in the NCBI Short Read Archive database (Accession Number: PRJNA985043;
https://www.ncbi.nlm.nih.gov/sra/PRJNA985043 accessed on 4 June 2022).
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2.5. Metagenomic Analysis

To enhance the reliability and quality of subsequent analysis, we removed adapter
sequences, and discarded those quality-trimmed reads of less than 50 bp in length or con-
taining N (ambiguous) bases [39]. Megahit software (https://hku-bal.github.io/megabox/,
accessed on 15 April 2021) was used to obtain high-quality reads [40], MetaGeneMark
(http://exon.gatech.edu/GeneMark/metagenome, accessed on 20 April 2021) was used to
predict genes in contigs longer than 200 bp [41]. Gene abundance for each sample was the
trans per million values [TPM: (Reads Number/Gene Length)_Relative] × 1,000,000) [42].

According to the results of the KEGG database search, functional annotation and
taxonomic assignment of each sample were carried out for further analysis using eggNOG-
mapper v2, a tool based on precomputed orthology assignments. Based on a previous
study, 17 N-cycling functional genes were defined as nitrogen cycling genes, associated
with the processes of Nitrification, Denitrification, Dissimilatory Nitrate Reduction (DNR),
Assimilatory Nitrate Reduction (ANR), Ammoniation, and Assimilation [43]. Detailed
information on N-cycling functional genes is listed in Table S1.

2.6. Screening Key N-Cycling Functional Genes

We screened key N-cycling functional genes using network analysis and random
forests [44]. Firstly, the 17 N-cycling functional genes were screened based on the KEGG
databases. To explore the relationships among N-cycling functional genes, Spearman cor-
relation analyses were performed using the “Hmisc” and “igraph” packages [45], genes
with a relative abundance higher than 0.1% were kept for network construction. A valid
co-occurrence was considered a statistically robust correlation (|r| > 0.6, p < 0.05). The
network was visualized by Gephi platform [46]. We combined the overall samples and used
the network analyses to select 11 genes with respect to hub nodes in network, including
amoA, amoC, napA, nirK, nirS, norB, nasA, nasB, nirA, ureC and gdh (Supplementary
Materials Figure S1A) according to degree (degree > 0). Secondly, we used random forests
to disentangle the contributions of N-cycling functional genes to variations in different
nitrogen fractions (Supplementary Materials Figure S1B) using the ‘randomforest’ pack-
age [47]. Finally, on the basis of the results of co-occurrence network and random forest
analyses, 6 genes, including amoC, nirS, norB, nasA, nasB, gdh, were selected as the key
N-cycling functional genes in our study.

2.7. Statistical Analyses

All statistical analyses were conducted in the R environment (v4.0.5; http://www.
r-project.org/, accessed on 30 April 2021). One-way analysis of variance (ANOVA) was
performed based on the ‘stats’ package to assess the effect of different crop rotation plans
on nitrogen fractions content, abundance and the Shannon index of N-cycling genes, and
abundance and Shannon index of microbial functional community at the 0.05 level of
significance. Diversity of Shannon index and richness index (Chao1, ACE) were calculated
using “phyloseq” package [48]. Nonlinear regression and spearman correlation analyses
were performed using the “survival” and “basicTrendline” packages, respectively [49].
Heatmaps were used to illustrate the Z-score-normalized relative abundance of N-cycling
functional genes using the “pheatmap” package [50]. Other graphs were drawn using the
“ggplot2” package [51].

3. Results
3.1. Soil Nitrogen Fractions

Different crop rotation plans have been found to affect the nitrogen fractions in soil
(Figure 1). Compared with F, other cropping plans significantly increased the content of
total nitrogen (STN) and potential mineralizable nitrogen (PNM) in the soil. Compared
with W, CWWM significantly increased STN by 23.9%, while PNM decreased by 12.7%
(p < 0.05); Compared with W, PWWM or CWWM significantly increased the content of
microbial nitrogen (MBN) by 47.4% and 60.3%, respectively (p < 0.05). Compared with
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PWWM, CWWM increased STN by 28.6% and particulate organic nitrogen (PON) by 88.2%
(p < 0.05). In addition, the content of ammonium nitrogen and nitrate nitrogen in the soil
did not show significant differences in different crop rotation plans.
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3.2. Alpha Diversity of Key Function Genes in Nitrogen Cycling

There were significant differences in the abundance and α−diversity of key functional
genes under different crop rotation plans in our investigation. The abundance of key
functional genes varied significantly in different crop rotation plans. The abundance of
amoC and nasA in F was significantly lower than in other treatments. Moreover, the
abundance of norB and nasB in F was significantly lower than in PWWM. PWWM had a
significantly higher abundance of nasB than CWWM. In addition, there was no significant
difference in the abundance of nirS and gdh among different crop rotation plans (Table 1).
Furthermore, compared with W, PWWM and CWWM significantly increased the abundance
of amoA and nirK (Table S1). The abundance and α−diversity of key functional genes also
differed under different crop rotation plans. The total abundance of key functional genes in
F was significantly lower than in other treatments (Figure 2A). There was no significant
difference in the total abundance of key functional genes among PWWM, CWWM and W.
The Shannon of F was significantly lower than that of PWWM (Figure 2B); the Shannon
of W and PWWM was significantly higher than that of CWWM; there was no significant
difference in Shannon between PWWM and W.

Table 1. Effects of different crop rotation plans on the abundance of nitrogen cycle key genes values.

Processes Nitrification Denitrification ANR (Assimilatory Nitrogen Reduction) Assimilation

Crop Rotation Planss amoC norB nirS nasA nasB gdh

(NH4
+→NH2OH) (NO→N2O) (NO2−→NO) (NO3−→NO2−) (NO3−→NO2−) (NH4

+→Org)

F 124.67 ± 7.33 b 714.67 ± 18.56 b 57.33 ± 8.11 a 1149.33 ± 53.07 b 99.33 ± 10.73 bc 1720.67 ± 70.70 a
W 184.00 ± 7.57 a 753.33 ± 20.80 ab 39.33 ± 11.79 a 1351.33 ± 28.99 a 127.33 ± 5.81 ab 1906.67 ± 75.10 a

PWWM 174.00 ± 9.17 a 858.67 ± 20.34 a 44.67 ± 2.40 a 1362.67 ± 35.63 a 154.67 ± 10.48 a 1960.67 ± 16.18 a
CWWM 170.00 ± 2.00 a 788.00 ± 69.41 ab 56.00 ± 2.00 a 1473.33 ± 34.57 a 88.00 ± 7.21 c 2004.67 ± 134.39 a

Note: F, fallow; W, wheat monoculture; PWWM, pea-wheat-wheat-millet rotation; CWWM, corn-wheat-wheat-
millet rotation. Values within the same column followed by different letters indicate significant differences
(p < 0.05, ANOVA, Tukey HSD). are mean ± standard deviation (n = 3).
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Figure 2. Values of α−diversity of N-cycling key functional genes in different crop rotation plans.
(A) the abundance of key N-cycling functional genes; (B) the Shannon of key N-cycling functional
genes. Mean values ± standard deviation of the abundance and the Shannon of nitrogen cycle genes.
Different small letters indicate significant differences among crop rotation plans (p < 0.05, ANOVA,
Tukey HSD).

3.3. Alpha Diversity of Microbial Communities Related to Key Functional Genes

In species related to key functional genes in the nitrogen cycle at the phylum level, the
relative abundance of Proteobacteria in CWWM was higher than that in W, while the relative
abundance of Actinobacteria was lower in CWWM than in PWWM (Figure 3; Table S3).
There were no significant changes in the relative abundance of other species. However,
there was no significant difference in the relative abundance of microorganisms between
CWWM and PWWM at class, order, family, and genus levels (Figure S2). In this study, a
total of 546 microbial species related to key functional genes in the nitrogen cycle were
detected, and there were differences in bacteria α−diversity among different crop rotation
plans. Compared with the W, the Chao1 index of the rotation plans was significantly
increased, and the ACE index of CWWM was significantly increased compared with the F.
However, there was no significant difference in the richness index (Chao1, ACE) between
PWWM and CWWM. In addition, there was no significant difference in the Shannon index
of microbial communities among different crop rotation plans (Table 2).
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Table 2. Effects of different crop rotation plans on α−diversity of microbial community. Values are
mean ± standard deviation (n = 3).

Kingdom Bacteria Archaea

Crop Rotation Planss Shannon Chao1 ACE Shannon Chao1 ACE

F 6.94 ± 0.04 a 297.33 ± 3.53 bc 7.47 ± 0.12 b 0.94 ± 0.08 a 3.67 ± 0.67 a 0.91 ± 0.09 a
W 6.87 ± 0.08 a 292.33 ± 8.51 c 7.79 ± 0.13 a 1.08 ± 0.03 a 4.67 ± 0.33 a 1.06 ± 0.03 a

PWWM 6.89 ± 0.01 a 313.33 ± 2.60 ab 7.78 ± 0.06 ab 1.00 ± 0.04 a 3.67 ± 0.33 a 0.89 ± 0.05 a
CWWM 6.97 ± 0.05 a 325.67 ± 4.33 a 7.95 ± 0.02 a 0.98 ± 0.01 a 4.00 ± 0.58 a 0.97 ± 0.08 a

Note: F, fallow; W, wheat monoculture; PWWM, pea-wheat-wheat-millet rotation; CWWM, corn-wheat-wheat-
millet rotation. Values within the same column followed by different letters indicate significant differences
(p < 0.05, ANOVA, Tukey HSD). Bold values indicate significant differences.

3.4. The Regulatory Modes of Soil Nitrogen Fractions on Key Functional Genes and Microbial Communities

As the key functional genes that affect the changes of nitrogen fractions, their abun-
dance changes must be positively correlated with nitrogen fractions, which was shown by
Spearman correlation analysis and confirmed by regression models in this study (Table 3;
Figure 4A,B). However, Spearman correlation analysis revealed that The Chao1 index
of the bacteria community was significantly positively correlated with PON and MBN.
Furthermore, nitrogen fractions had no significant effect on the Shannon index of the key
functional genes and microbial community. In addition, the results of the regression model
also showed that the Shannon index of the key functional genes increased first and then
decreased with the increase in STN and PON, and higher levels of STN and PON led to a
decrease in the Shannon index of the key functional genes.

Table 3. Spearman correlation coefficients between the N fractions andα−diversity of microbial community.

Key Functional Genes Bacteria Archaea

Crop Rotation Plans Abundance Shannon Shannon Chao1 ACE Shannon Chao1 ACE

STN 0.720 ** −0.399 −0.05 0.482 0.557 0.02 0.177 0.234
PON 0.698 * −0.407 0.053 0.583 * 0.455 −0.03 0.155 0.2
PNM 0.273 0.476 −0.27 0.1 0.564 0.531 0.298 0.288
MBN 0.706 * −0.238 0.146 0.809 ** 0.52 −0.249 −0.209 −0.231
NH4

+ 0.259 0.42 −0.402 −0.212 −0.006 −0.039 −0.003 −0.164
NO3

− −0.399 −0.448 0.375 0.365 0.1 −0.225 −0.303 −0.284

Note: ** Correlation is significant at p < 0.01; * Correlation is significant at p < 0.05.
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4. Discussion
4.1. Variations in Soil Nitrogen Fractions under Different Crop Rotation Plans

Soil nitrogen (N) plays a central role in soil quality and biogeochemical cycles [52],
and is available in various chemical fractions, including soil total N (STN), particulate
organic matter (PON), potential nitrogen mineralization (PNM), microbial biomass N
(MBN), ammonium N (NH4

+-N), and nitrate N (NO3
−-N) [53]. Different nitrogen fractions

could better reflect changes in soil quality and nitrogen supply potential that alter nutrient
dynamics in agroecosystems [54]. Therefore, it is essential to study the transformations of
nitrogen fractions under different agricultural management measures for assessing changes
in soil quality and function [55].

The results showed that corn-based crop rotation significantly increased STN and PON
compared to winter wheat monoculture, while pea-based crop rotation had no significant
effect. However, both corn-based and pea-based crop rotations increased PNM compared
to winter wheat monoculture. The higher STN and PON under corn−based crop rotation
may be attributed to the quality and quantity of crop residue. Corn produces more biomass
than leguminous crops, which can provide more external nitrogen input to the soil [56,57].
Moreover, corn residue has a high C/N ratio, which can slow down its decomposition
rate and increase soil nitrogen accumulation [58]. On the other hand, leguminous crops
have a lower C/N ratio, which can increase soil mineralization rate and PNM. This is
consistent with previous studies that reported higher PNM after legume rotation than after
corn rotation [59].

The increase in PNM under both corn-based and pea-based crop rotations may also
be related to the symbiotic nitrogen fixation by leguminous crops. Legumes can enhance
soil nitrogen fixation by establishing a symbiotic relationship with rhizobia bacteria. This
can increase the availability of nitrogen for subsequent crops and improve soil fertility.
Previous studies have also reported that rotation with legumes can increase PNM compared
to monocropping [60]. The results of this study also indicated that crop rotation plans
can increase microbial biomass nitrogen (MBN) compared to monocropping. This may
be due to the increased diversity and quantity of crop residues and root exudates under
rotation plans, which can provide more substrates for microbial growth and activity [61].
This finding is in agreement with other studies that reported higher MBN under rotation
plans than under monocropping [62,63].

The findings of this study suggest that corn-based crop rotation can improve soil
nitrogen status and fertility more than pea-based crop rotation or winter wheat monoculture.
However, this study has some limitations that need to be addressed. First, the study was
conducted in a single site with a specific soil type and climate condition, which may
limit the generalizability of the results. Second, the study only measured soil nitrogen
parameters at one time point after harvest, which may not reflect the seasonal dynamics of
soil nitrogen processes.

4.2. Effects of Different Crop Rotation Plans on Alpha Diversity of Key Functional Genes

Environmental factors can effectively regulate the abundance of soil nitrogen cycling
genes [64]. In this study, compared with F, the total abundance of key functional genes
in other treatments was significantly increased, which may be related to the increased
organic matter input and PNM by planting crops (Figure 1C); moreover, crop roots can also
improve soil bulk density (BD) and provide a more diversified living space for microbial
communities, thereby increasing microbial richness [65]. Brandan et al. [66] reported a
significant negative correlation between soil BD and the abundance of nitrogen cycling
functional gene in a long-term rotation study, so the higher BD in F may also be one of
the reasons for its lower key functional gene abundance than other treatments (Table S2).
In addition, soil pH and soil water content (SWC) are also the main factors affecting the
abundance of soil nitrogen cycling genes [67,68]. However, due to the factors such as
climate, tillage and rainfall in the Loess Plateau, there were no significant differences in pH,
BD and SWC between monoculture and two rotation plans, which was also an important
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reason for the lack of significant difference in the total abundance of key functional genes
among these three treatments.

Soil functional gene diversity reflects the potential of soil microorganisms to perform
various metabolic activities and respond to environmental changes, which is important for
maintaining soil health and function [69]. In this study, we found that CWWM significantly
reduced the Shannon index of key functional genes compared with W and PWWM, indicat-
ing that introducing maize into rotation reduced the functional potential of nitrogen cycling
in the ecosystem, while introducing legumes into rotation had more positive effects on the
functional potential of nitrogen cycling in the ecosystem. Soil functional gene diversity
can also influence the stability and resilience of soil ecosystems, as it can buffer against
disturbances and enhance functional redundancy [70]. Especially in the Loess Plateau
region, introducing legumes into rotation can more effectively improve the risk resistance
of soil ecosystems. We speculate that the main reasons for the difference in key gene
diversity between the two different rotation systems are as follows: first, legume crops
can form symbiotic relationships with specific bacteria (i.e., Actinobacteria) during their
growth, resulting in increased abundance of specific genes (i.e., nasB) [71]; second, legume
crop residues have a lower C/N, which makes them easier to decompose and provide
nutrients for microorganisms faster [72]; meanwhile, in practical agricultural management,
the nitrogen application rate for legume crops is only 1/6 of that for maize crops, and
crop residue amount is also lower than that for maize crops, resulting in soil nitrogen
deficiency, leading to a competitive relationship between microorganisms and crops, with
microorganisms having an advantage [73,74]. After long-term introduction of maize into
rotation, although it can increase yield and economic benefits, the risk of reducing key gene
diversity should be considered. Hence, future studies should explore the combination of
ecological agriculture measures, such as organic fertilization or introduction of legume into
rotation, with introduction of maize into rotation to enhance the ecosystem sustainability.

4.3. Effects of Different Crop Rotation Plans on Alpha Diversity of Microbial Communities

The quality and quantity of crop residues may be the main driving factor affecting
the composition of microbial communities [75]. Among the microbial communities related
to key functional genes, the relatively high abundance of Proteobacteria and Actinobacteria
changes in different crop rotation plans. The relative abundance of Proteobacteria in crop
rotation is higher than that in single cropping, which is similar to the law of STN content.
Li et al. and Wang et al. [76,77] also confirmed that the relative abundance of Proteobacte-
ria is related to organic matter content because Proteobacteria can decompose recalcitrant
carbon sources into small intermediate molecules to provide nutrition for other microor-
ganisms [78]. Therefore, the relative abundance of Proteobacteria in CWWM is significantly
higher than that in monoculture. However, the relative abundance of Actinobacteria in
CWWM is significantly lower than that in PWWM and W. The refractory corn residue
makes it difficult for Actinobacteria to grow in the soil, as Actinobacteria mainly use available
carbon sources for growth [79]. This can also explain why there is no difference in STN and
PON content between PWWM and W.

The α−diversity of microbial communities plays an important role in ecosystem
processes [80]. Numerous studies have demonstrated that crop rotation plans can effectively
increase the α−diversity of soil microbial communities [81,82]. This is because both legume-
wheat and corn-wheat rotations can provide diverse substrates for microbial utilization
through diverse plant residues and root secretion, respectively; Moreover, the growth of
different crops can alter soil nutrient conditions and soil environment, which can directly
or indirectly enhance the diversity and abundance of soil microbial communities [83–86].
In this study, crop rotation improved the richness of microbial communities but did not
change the Shannon index of microbial communities. This may be due to the dominant
role of long-term fertilizer inputs and mechanical cultivation in regulating soil biodiversity
in farmland [87,88]. Additionally, the sampling period in this study was after crop harvest,
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and the farmland soils were in a fallow state, which may have led to non-significant changes
in the Shannon index of microbial communities.

4.4. Effects of Nitrogen Fractions on the α−Diversity of Key Functional Genes and Associated
Microbial Communities

The richness of microbial communities is closely related to the quantity and quality
of their available resources [89,90], with soil nitrogen content being a limiting factor for
microbial growth, and soil microbial community richness increasing as soil nitrogen accu-
mulated [91,92]. In the crop rotation plan, the input of different crop residues can increase
the availability of substrates, thus increasing microbial community richness [93]. This study
also showed a significant positive correlation between microbial community richness and
STN, PON (Table 3). However, while exogenous input of crop residues may change soil
microbial community richness, different species can have the same ecological function in
an ecosystem [94], and so changes in microbial communities may not necessarily result in
the corresponding changes in functional genes.

We found a significant positive correlation between the abundance of key functional
genes and nitrogen fractions, but the Shannon index showed an initial increase followed
by a decrease with an increase in STN and PON, which is consistent with our hypothesis.
Compared with F, different agricultural cropping plans lead to an increase in soil organic
matter, which will provide a food source for microorganisms participating in nutrient
cycling during mineralization [95]. Different crop rotation plans change the microbial
community and also regulate nitrogen cycling functional genes [96]. Therefore, in this
study, the abundance of key functional genes was positively correlated with STN and
PNM (Table 3). However, the change in the Shannon index of the key functional genes
may be related to the nitrogen environment and crop residue quality (Figure 4). When the
soil STN or PON content is low, the Shannon index of key functional genes in nitrogen
cycling increases with an increase in STN, as diversified crop residue inputs in crop rotation
plans will provide more ecological niches for microorganisms, thereby increasing microbial
diversity [97,98]. However, when the STN or PON content is high, the Shannon index of key
functional genes in nitrogen cycling decreases. Similar findings have been reported, such as
a significant increase in soil organic matter and total nitrogen content in long-term organic
management but a decrease in soil microbial diversity [99,100]. This may be because higher
soil nitrogen provides abundant resources for microorganisms, allowing microorganisms
with lower resource utilization efficiency to occupy the main ecological niche [76]. This may
lead to a reduction in the diversity of key functional genes. In addition, the excessive input
of high C/N ratio crop residues into the soil in the CWWM causes a disturbance in the
soil C/N, affecting the metabolic activities of microorganisms towards carbon sources [93].
Therefore, although introducing corn into the wheat planting can effectively increase the
soil nitrogen fractions, long-term crop residue input will have a negative impact on the
potential of nitrogen cycling function in soil on the Loess Plateau.

5. Conclusions

Based on a 36-year field experiment in the Loess Plateau, the results showed that
compared with wheat monoculture, maize rotation contributed to the accumulation of
soil STN and PON, while legume rotation effectively maintained the soil STN and PON
contents. Crop rotation did not change the Shannon index of microbial communities in the
Loess Plateau but increased the microbial biomass nitrogen and also increased the Chao1
of bacterial communities related to key functional genes involved in nitrogen cycling. As
different crop rotation plans have different effects on STN and PON content, introducing
peas or corn into crop rotation could have completely different regulatory effects on the
Shannon index of nitrogen cycling key functional genes. Specifically, compared with wheat
monoculture, the corn-based crop rotation reduced the Shannon index of key functional
genes involved in the nitrogen cycle; however, the pea-based crop rotation significantly
increased the Shannon index of these genes compared to the corn-based crop rotation.
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Therefore, in order to enhance the ecological potential of soil nitrogen cycling and sustain
agricultural development in the Loess Plateau region, it is recommended to introduce
leguminous crops into the crop rotation plan.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13071769/s1, Table S1. Effects of different planting
regimes on the abundance of nitrogen-cycling functional genes (n = 3). Values are mean ± standard
deviation. Table S2. Effects of different planting regimes on pH, BD and SWC (n = 3). Values are mean
± standard deviation. Table S3. Effects of distinct planting regimes on the relative abundance of
species related to key functional genes (n = 3). Values are mean ± standard deviation. Figure S1. Key
functional genes associated with N-cycling processes in different planting regimes. (A) Co-occurrence
network of N-cycling functional genes. The circle size represents the degree centrality. (B) Random
forest analyses show the significant predictors of functional genes for different nitrogen fractions.
MES (%) means the percentage of increase of mean square error. STN, soil total nitrogen; PON,
particulate organic nitrogen; PNM, potential nitrogen mineralization; MBN, microbial biomass N;
NH4+, ammonium nitrogen; NO3−, nitrate nitrogen; PON/STN, ratio of PON to STN; PNM/STN,
ratio of PNM to STN; MBN/STN, ratio of MBN to STN. Figure S2. Relative abundance of the other
level classification of species related to key functional genes.
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Abstract: Due to long-term cultivation in greenhouses, cucumbers are susceptible to root-knot nema-
tode (RKN), resulting in reduced yield and quality. The objective of this study was to investigate the
effect of RKN on the rhizosphere microbial community of cucumber. Understanding the composition
of rhizosphere bacterial and fungal communities and the possible interaction between microorgan-
isms and RKN is expected to provide a reference for the eco-friendly control of M. incognita in the
future. Three different groups were selected for sampling based on the RKN incidence and root
galling scale (NHR, 0%, no root galling; NR, 5–15%, root galling scale 1–2; NS, 60–75%, root galling
scale 4–5). Soil properties were determined to evaluate the effect of M. incognita on rhizosphere
soil. High-throughput sequencing was used to examine the bacterial and fungal communities in
rhizosphere soil. The results showed that the contents of soil nutrients and enzyme activities were
significantly lower in the NS than in the NHR. The alpha diversity showed that M. incognita had
a greater effect on rhizosphere soil bacteria than on fungi. In beta diversity, there were significant
differences among the three groups by PCoA (p = 0.001). Furthermore, bacteria and fungi with
significant differences in relative abundance were screened at the genus level for a correlation anal-
ysis with soil factors, and a correlation analysis between the bacteria and fungi was performed to
study their relationships. A redundancy analysis (RDA) of rhizosphere microorganisms and soil
properties showed a negative correlation between nematode contamination levels and soil nutrient
content. Finally, we predicted the interaction among RKN, soil factors, and the rhizosphere microbial
community, which provided evidence for the prevention of RKN via microecological regulation in
the future.

Keywords: Cucumis sativus; root-knot nematode; soil properties; high-throughput sequencing;
rhizosphere microbial community

1. Introduction

The cucumber (Cucumis sativus L.) is widely cultivated and provides a high number of
vitamins and minerals and a high amount of fiber and roughage [1]. China plays an essential
role in the cultivation and consumption of cucumbers. In terms of planting methods,
greenhouse planting accounts for a considerable proportion, and it is still increasing year
by year [2,3]. However, greenhouses with a single crop and a high multiple cropping
index provide a suitable place for a variety of cucumber diseases and pests, among which,
root-knot nematode (RKN) disease is the major disease affecting the yield and quality of
cucumber [4]. RKN (Meloidogyne arenaria, M. enterolobii, M. incognita, and M. javanica) has
been reported to cause large economic losses [5]. Among them, the southern root-knot
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nematode (SRKN, M. incognita) is particularly harmful, and it is known to be parasitic in
cucumbers, tomatoes, watermelons, and many other plants [6]. Nematodes invade plant
root cells, absorb nutrients, and suppress plant immune systems [7]. They will generate
a large number of galls, which affects the absorption of nutrients by the host, causing a
significant decrease in quality and yield [8].

Until now, conventional chemical nematicides have been used to control nematode
diseases, whereas the massive use of nematicides has caused problems in food safety and
environmental pollution and has ultimately affected human health and the sustainable
development of agriculture. Therefore, it is very important and urgent to develop an envi-
ronmentally friendly nematode control strategy to ensure food safety and crop production.
By isolating plant endophytes and soil microorganisms, the development of biocontrol
methods utilizing beneficial antagonists as a promising option has received increasing
attention. In recent years, researchers have isolated many microorganisms from plant tissue
or soil that are able to suppress different plant pathogens. For example, Bacillus subtilis
YB-15 was isolated from wheat roots and soil and has been shown to be effective in reducing
the growth of Fusarium graminearum [9]; Flavobacterium TRM1 isolated from rhizosphere
soil can effectively inhibit Ralstonia solanacearum [10]; and Pseudomonas aeruginosa NXHG29
isolated from soil can also reduce the occurrence of tobacco bacterial wilt caused by
R. solanacearum [11]. An increasing number of rhizosphere bacterial, fungal, and endo-
phytic bacteria have been demonstrated to successfully reduce plant disease incidence [12].
In addition, some studies have confirmed that the interaction among various microor-
ganisms may also be an important condition for plants to enhance their resistance to
diseases [13]. Recent studies have shown that plant microbiota can confer a broad range
of immune functions to plant hosts and that this process is strongly dependent on the
interaction between soil nutrient status and the plant immune system [ss,sss]. The root
microbial-mediated innate immune stimulation of plants can develop resistance to various
pathogens. In Arabidopsis, the transcription factor MYB72 plays a key role in the regulation
of induced systemic resistance triggered by Trichoderma spp. fungi and the bacterium
Pseudomonas simiae [14,15]. Interestingly, MYB72 is also involved in the Arabidopsis response
to iron deficiency [16], suggesting a direct interaction between nutritional stress and im-
munity. The direct suppression of pathogens by members of the microbiota in the plant
root system has been reported several times [17,18]. Modalities include the secretion of
antimicrobial compounds [19], hyperparasitism [20], and competition for resources such as
nutrients or space to suppress pathogenic microorganisms [21].

Consequently, to develop biological agents for the biological control of M. incognita, it
is essential to comprehend the microbial composition of the cucumber rhizosphere infected
with M. incognita. However, research in this field is relatively limited. Based on the evidence
obtained thus far, we speculated that the rhizosphere microbial community structure of
M. incognita-infected cucumbers would be significantly changed. Moreover, RKN infection
may have various influences on cucumber rhizosphere bacteria and fungi, to different
degrees. To validate our hypotheses, different plots of rhizosphere soil were collected to
explore the effect of M. incognita on the rhizosphere microbial community structure. Our
findings will contribute to a better understanding of how M. incognita affects microbial
communities in cucumber rhizosphere soils and provide a reference for the biological
control of M. incognita.

2. Materials and Methods
2.1. Study Area and Experimental Description

Cucumber cultivar BoJie616 was planted in greenhouse facilities of Beiwang village
in Luoyang, Henan province, China (34◦66′ N, 112◦52′ E), and the rhizosphere soil was
obtained from different greenhouses. To study the effects of M. incognita on the cucumber
rhizosphere microbial community, we selected greenhouses with different degrees of
RKN incidence for sampling. The specific groups are as follows: NHR (no disease, no
root galling), NR (incidence rate 5%–15%, root galling scale 1–2), and NS (incidence rate
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60%–75%, root galling scale 4–5). The root galling scale was determined at the time of
collection of the rhizosphere soil. Briefly, 10–15 cucumber plants were taken randomly
from each plot to determine the degree of root galling, which was graded according to the
method of Taylor and Sasser (1978) [22]. Consistent field management was applied during
the experiment.

2.2. Soil Sampling

All cucumber seedlings in this study were factory planted to the three-leaf stage
and then uniformly transplanted to different greenhouses for standardized management.
Sampling was carried out in late May of 2022, which was approximately the 80th day
after transplanting the cucumber seedlings to different greenhouses. Each greenhouse
was approximately 8 m in width and 65 m in length, and the distance between adjacent
greenhouses was 2 m. Based on the RKN incidence and root galling scale, the three adjacent
greenhouses were divided into NHR, NR, and NS, and the rhizosphere soil was collected.
Rhizosphere soil was sampled as described in a previous study [23]. Briefly, the roots
were first carefully dug out from the soil, and large pieces of soil around the root system
were removed. After gently shaking off the soil particles attached to the root surface and
removing impurities such as fallen leaves and roots with a 1-mm sieve, the soil was finally
collected into 15 mL centrifuge tubes. Soil tightly adhered to the root surface was referred
to as rhizospheric soil. For each greenhouse, the soil samples were taken in an S-type
sampling trajectory, and 5 soil samples were collected and pooled to make a composite
sample. All soil samples were rapidly frozen in liquid nitrogen for 1 h and then stored in a
−80 ◦C refrigerator for DNA extraction and detection of soil properties.

2.3. DNA Extraction, PCR Amplification, and Sequencing

Rhizosphere soil pellets were removed from the −80 ◦C freezer, and 0.2 g was trans-
ferred into 96-well DNA extraction plates. Microbial genomic DNA was extracted from
18 samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) ac-
cording to the manufacturer’s instructions. Finally, a NanoDrop 2000 UV-vis spectropho-
tometer (Thermo Fisher Scientific, Wilmington, DE, USA) was used to detect the con-
centration and purity of DNA using standard methods. Bacterial 16S rRNA gene ampli-
cons were amplified with universal primers 338F (5′-ACTCCTACGGGAGGCAGCAG-
3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), which anneal to the hypervariable
region V3-V4 of the bacterial 16S rRNA gene. For identification of fungi, the internal
transcribed spacer (ITS) region of nuclear rDNA was amplified using the primer pair ITS1F
(5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′)
using an ABI GeneAmp® 9700 PCR thermocycler (Applied Biosystems, Foster City, CA,
USA). PCR amplification was performed with default parameters. PCR was performed
in triplicate. The PCR product was extracted from a 2% agarose gel, purified using an
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to
the manufacturer’s instructions, and quantified using a Quantus™ Fluorometer (Promega,
Madison, WI, USA). Then, the 16S rRNA gene and the ITS region of fungal ribosomal DNA
were sequenced on the NovaSeq PE250 platform (Illumina, San Diego, CA, USA) with six
repetitions in each soil plot according to standard protocols.

2.4. Bioinformatics Analysis

Paired-end reads were assigned to each sample based on their unique barcode and
truncated by cutting off the barcode and primer sequence. Paired-end reads were merged
using FLASH [24] for 16S rRNA gene sequencing and PEAR (v0.9.6) [25] for ITS sequencing.
To produce high-quality clean tags, raw reads were filtered under specific conditions
using fqtrim (v0.94). Vsearch software (v2.3.4) was used to filter chimeric sequences [26].
DADA2 [27] was used to dereplicate features and obtain the feature sequence and feature
table. Alpha and beta diversity were calculated using QIIME2 [28].
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2.5. Soil Chemical Properties and Enzymatic Activity Assay

Twelve soil properties were measured according to previously reported methods. To deter-
mine soil available nitrogen (AN), alkaline hydrolysis diffusion was used [29]. Soil available
phosphorus (AP) was quantified using molybdenum-antimony anti-spectrophotometry [30].
Available copper (ACu), available iron (AFe) and exchangeable calcium (ECa) were measured
using atomic absorption spectrophotometry [31]. Electrical conductivity (EC) was determined
using a conductivity monitor [32]. Soil organic matter (OM) was determined through oxidiza-
tion [33]. Microbial biomass carbon (MBC) was determined using the chloroform fumigation
extraction method [34]. Soil dehydrogenase (S-DHA) was assessed using a colorimetric proce-
dure [35]. Soil sucrase activity (S-SR) was assayed using the 3,5-dinitrosalicylic acid colorimetric
method [36]. Soil urease activity (S-UR) was assayed using the indophenol blue colorimetric
method [37]. Soil acid phosphatase (S-ACP) was assayed using the standard method [38]. Soil
properties were measured with three repetitions in each soil plot. The above experimental
technology service was provided by Norminkoda Biotechnology Co., Ltd. (Wuhan, China).

2.6. Statistical Analyses

The IBM SPSS software program (IBM Corporation, V.20.0, New York, NY, USA) and
R software (version 3.5.2) were used for statistical analysis. One-way analysis of variance
(ANOVA) with Tukey’s post hoc test was performed for comparisons among multiple
groups. Relative abundance differences at the phylum and genus levels between two
groups were analyzed using the Wilcoxon rank sum test. All statistical tests performed in
this study were considered significant and extremely significant at p < 0.05 and p < 0.01.

3. Results
3.1. Changes in Rhizosphere Soil Properties of Cucumber Infected with M. incognita

To evaluate the effects of M. incognita on the chemical properties and enzymatic activi-
ties of rhizosphere soil, we measured 12 soil properties. Our results revealed significant
differences among the properties. AN, AP, and S-ACP exhibited consistent trends, with
significantly higher levels observed in NR than in NHR, while NS showed significantly
lower levels than NHR. The remaining nine properties showed a significant decrease in
both NR and NS compared with NHR (Figure 1). These results indicated a significant effect
of RKNs on cucumber rhizosphere soil properties.

3.2. Diversities of Rhizosphere Bacterial and Fungal Communities

After data filtering and removing low-quality reads for the bacteria and fungi, the
filtered reads ranged from 73,068 to 80,495 and 68,048 to 104,095, respectively, and the
average reads were 76,632 and 86,007, respectively. The Q30 of 16S rRNA and ITS sequenc-
ing was above 91.2% and 90.66%, respectively (Table S1). The above data indicated that
the quality of the sequencing data was reliable. High-quality paired-end reads were then
connected to tags and clustered into 11,381 and 1922 amplicon sequence variants (ASVs) in
bacteria and fungi, respectively. Among the identified ASVs of the bacteria and fungi, 5027
and 294 were common among the three groups, respectively (Figure 2A,D).

To comprehensively evaluate the alpha diversity of rhizosphere bacteria and fungi, we
used Chao1 and Observed_features to represent the richness, the Shannon, and the Simp-
son indices to indicate the diversity, the Pielou evenness index, and the Goods coverage
(Table S2). The Observed_features and Simpson of the bacteria were significantly dif-
ferent among the three groups with p values = 0.009 and 0.004, respectively. The Ob-
served_features and Simpson of the fungi showed no significant difference among the
three groups, with p values of 0.13 and 0.135, respectively. The Goods coverage showed no
significant difference in either the bacteria or the fungi, with p values of 0.067 and 0.126,
respectively (Figure 2B,E). The beta diversity revealed the distinct clustering of the three
soil groups by PCoA (Figure 2C,F). In brief, the ASV abundance of the NS was separated
from that of the NHR and NS. However, NHR and NS had a small overlap, indicating that
the microbial composition of NHR and NR was closer, which was consistent in the fungi
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and the bacteria. The ANOSIM analysis showed the different compositions of the three soil
groups (R = 0.673, p = 0.001 for bacteria; R = 0.451, p = 0.001 for fungi).
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Figure 1. Effect of M. incognita on rhizosphere soil chemical properties and enzymatic activities.
(A) AN, available nitrogen; (B) AP, available phosphorus; (C) ACu, available copper; (D) AFe,
available iron; (E) ECa, exchangeable calcium; (F) EC, electrical conductivity; (G) OM, organic matter;
(H) MBC, microbial biomass carbon; (I) S-DHA, soil dehydrogenase; (J) S-SR, soil sucrase activity;
(K) S-UR, soil urease activity; (L) S-ACP, soil acid phosphatase. The symbol “*” indicates significant
differences (p < 0.05, n = 3) among three groups, based on one-way ANOVA followed by the LSD test.
* p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. Characterization of Bacterial and Fungal Communities at the Phylum and Genus Levels

To investigate the influence of microbial communities by M. incognita, the relative
abundance of soil bacteria and fungi at the phylum and genus levels was compared
(Figure 3). In bacterial communities, the dominant phyla were Proteobacteria Actinobacteriota,
Acidobacteriota, Chloroflexi, Gemmatimonadota, and Myxococcota (Figure 3A). The dominant
genera were Vicinamibacteraceae, A4b, MND1, Rokubacteriales, and RB41 (Figure 3B). In fungal
communities, the dominant phyla were Ascomycota, Mortierellomycota, Basidiomycota, and
Rozellomycota (Figure 3C). The dominant genera were Chaetomium, Mortierella, Acremonium,
Scedosporium, Alternaria, and Nigrospora (Figure 3D).
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Figure 2. The alpha and beta diversity of rhizospheric bacterial and fungal communities. Venn
diagram of bacterial (A) and fungal (D) ASVs identified in the three groups. Statistical analysis of
differences in alpha diversity indicators (Goods coverage, Observed features, and Simpson index)
of bacteria (B) and fungi (E) based on the Kruskal–Wallis rank sum test with Dunn’s test (* p < 0.05;
** p < 0.01). Principal coordinates analysis (PCoA) shows the beta diversity of bacteria (C) and fungi
(F) based on Bray–Curtis distances. The p value represents the analysis of ANOSIM.
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To further confirm the differences in the microorganism communities at the genus
level, we used the Kruskal-Wallis rank sum test to select microbial communities with
significant differences in rhizosphere soils. A fold change ≥ 2 and p < 0.05 were set as
the thresholds for significantly differential abundance. At the bacterial genus level, the
number of significantly different genera in “NR vs. NHR” and “NS vs. NHR” was 50
and 141, respectively, of which 23 were shared (Figure 4A). A clustering heatmap was
drawn to demonstrate their relative abundance levels (Figure 4B). Similarly, at the level of
fungal genera, a total of four genera were screened. The clustering heatmap is shown in
Figure 4C,D.
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Figure 4. Differential analysis of rhizosphere soil microorganisms at the genus level. Venn diagrams
(A) and clustering heatmap (B) of bacteria with significant differences at the genus level in “NR vs.
NHR” and “NS vs. NHR”. Venn diagrams (C) and clustering heatmap (D) of fungi with significant
differences at the genus level in “NR vs. NHR” and “NS vs. NHR”.

3.4. Potential Relationships among Microbial Community Composition and Soil Properties

We performed a Spearman correlation analysis to investigate the relationship between
microbial community changes and soil properties (Figure 5). At the bacterial genus level, the
relative abundance of seven genera was positively correlated with the soil factor, and eleven
genera were negatively correlated (Figure 5A). At the fungal genus level, the abundance of
three genera was positively correlated with the soil factors, while Pichia showed a lower
level of negative correlation with the soil factors (Figure 5B). Additionally, we performed
a correlation analysis of the relative abundance between the bacteria and the fungi at the
genus level, and the results showed that there was a very significant positive correlation
between Stromatonectria in fungi and Synechococcus_IR11 and Vulcaniibacterium in bacteria
and a very significant negative correlation with Desulfuromonadaceae. Another fungus,
Mortierella, had a very significant positive correlation with the bacteria Marine_Group_II and
a very significant negative correlation with Ruminiclostridium (Figure 5C). A redundancy
analysis (RDA) was conducted to further study the relationship between the community
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composition of microorganisms and soil factors. The detrended correspondence analysis
(DCA1) values of bacteria and fungi were 2.07474 and 0.71634, respectively, both less than
3.0, indicating that the data may be linearly distributed, so we chose to use RDA rather
than CCA as the method of analysis. The first and second axes in the bacterial and fungal
communities of the RDA model explained 50.95% and 14.97% and 55.87% and 34.55% of
the variation, respectively (Figure 5D,E).
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indicates the strength of the correlation; * p < 0.05, ** p < 0.01.

3.5. The Effect of Rhizosphere Microorganism Interactions on M. incognita

Based on the interaction between soil factors and microbial communities and the correla-
tion between microorganisms, we speculated that soil properties, rhizosphere bacteria, and
fungi may have direct effects on the occurrence and development of M. incognita in the cu-
cumber rhizosphere. Then, the difference analysis of Stromatonectria and Mortierella screened
in RDA and the correlation analysis, as well as Desulfuromonadaceae, Synechococcus_IR11,

199



Agronomy 2023, 13, 1726

Vulcaniibacterium, Ruminiclostridium, and Marine_Group_II, were performed (Figure 6A). A
schematic diagram of soil factors and the interactions of rhizosphere microorganisms was
drawn to reveal the possible mechanisms of interroot microbial resistance to M. incognita
(Figure 6B). The results showed that the relative abundance of Stromatonectria and Mortierella in
fungal genera was significantly lower in NHR than in NR and NS. In bacteria, the abundance
of Desulfuromonadaceae and Ruminiclostridium in the NHR was significantly higher than that in
the NR and NS. The abundance of Synechococcus_IR11, Vulcaniibacterium, and Marine_Group_II
in the NR and NS was significantly higher than that in the NHR.
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Figure 6. A predictive model for the synergistic effect of rhizosphere microorganisms combined with
soil factors against M. incognita. (A) Boxplot of the relative abundance of microorganisms. Differences
between groups were analyzed using the Wilcoxon rank sum test. (n = 6. * p < 0.05; ** p < 0.01).
(B) Schematic diagram of the model for synergistic suppression of RKNs by soil factors and rhizosphere
microorganisms. Red arrows indicate elevated microbial abundance and blue arrows indicate decreased
microbial abundance.

4. Discussion

Cucumber is a typical cold-sensitive plant that is usually grown in greenhouses. How-
ever, cucumbers grown in greenhouses are generally planted continuously for many years,
leading to the accumulation of pathogenic microorganisms and nematodes, which can
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easily cause soil-borne diseases. For decades, RKN infestations in crops have been con-
trolled through the application of chemical nematicides. However, the excessive use of
chemical nematicides has a huge negative impact on the environment. Biological control
is usually considered a much more cost-effective alternative with less impact on the envi-
ronment compared with both chemical and physical methods [39]. Previous studies have
also demonstrated that microorganisms play an important role in soil properties and plant
disease resistance. Among them, Streptomyces platensis could inhibit the growth of the
spores of Plasmodiophora brassicae [40]. In addition, single or multiple rhizosphere bacteria
in the soil are separated and made into biological control agents, which can control RKN.
For example, a mix of Bacillus amyloliquefaciens and B. subtilis strains can reduce the amount
of M. incognita in the soil [41]. Therefore, it is of great value to study the composition of mi-
crobial communities in rhizosphere soil and the changes in the composition of bacteria and
fungi with different pathogenicity degrees for the future biological control of M. incognita.
In recent years, with the promotion of high-throughput sequencing technology, researchers
have carried out a large number of studies on the diversity of soil microbial communities,
which can provide an in-depth understanding of the composition of soil and rhizosphere
microbial communities [42].

4.1. Changes in Rhizosphere Soil Properties of Cucumber Infected with M. incognita

Soil properties have an important influence on plant growth. Generally, the richness of
microorganisms is in direct proportion to the nutrients of the soil. [43]. This study showed
that different incidences of M. incognita could significantly reduce organic matter, microbial
biomass carbon, soil fertility (AFe, ACu, ECa, OM, EC), and enzyme activity (S-SR, S-UR,
S-DHA) (Figure 1). Another study also showed that the available phosphorus content in
the soil was negatively correlated with the incidence of Fusarium wilt [44]. It may be that a
higher content of nutrients such as OM, nitrogen, and phosphorus in the soil can promote
plant growth and improve plant disease resistance. Another important factor in the soil is
the activity of various soil enzymes, which is also crucial for the growth and development
of plants [45]. As the incidence of RKN increased, the activities of soil sucrase, urease,
and dehydrogenase were significantly reduced compared with NHR, suggesting that soil
enzyme activities may enhance the protection of plant cells; however, it was unfavorable
for M. incognita to affect plant nitrogen utilization and carbon metabolism.

4.2. Rhizosphere Soil Microbial Diversity and Community Compositions

Maintaining healthy and stable soil microbial diversity has a certain inhibitory effect
on pathogens. The perturbation of the rhizosphere microbial community composition is a
significant contributor to soil-borne diseases. The multifunctionality of ecosystems in soil
is determined by soil biodiversity and microbial composition, which have a suppressive
impact on plant pathogens [46,47]. In general, a more diverse microbial community compo-
sition is associated with a greater capacity to impede pathogens [48]. A study has reported
that there is a significant correlation between the abundance of rhizosphere microbial com-
munities and the ability of plants to suppress pathogens. It was shown that there is a close
correlation between higher bacterial and fungal diversity and a lower incidence of wilt
disease in tomato rhizosphere soils [49]. Similar to previous research, in terms of bacterial
community composition, Proteobacteria, Actinobacteria, and Acidobacteria were the dominant
phyla [50]. In addition, several other dominant bacterial phyla, such as Acidobacteria and
Bacteroidetes, have also been reported to play important roles in element utilization and
the decomposition of organic matter [51]. At the genus level, the results showed that
the major microbial groups were Vicinamibacteraceae, Rokubacteriales, Nitrososphaeraceae,
Bacillus, and Pseudomonas. Rokubacteriales were previously reported to be nitrogen-efficient
bacteria that affect the nitrogen reduction process in rhizosphere soil and accelerate the
loss of nitrogen sources from the rhizosphere soil, thus reducing the nitrogen metabolic
pathways of rhizosphere microorganisms and plants [52]. The results were consistent
with the constant decrease in available nitrogen in the NHR that we observed (Figure 1).
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Pseudomonas are one of the most abundant bacterial genera in the soil and inter-rhizosphere
and play an important role in promoting plant health. It has been demonstrated that
Pseudomonas putida Sneb821 can stimulate resistance to SRKNs in tomato. Pseudomonas
putida Sneb821 was able to suppress the expression of Sly-miR482d, which in turn up-
regulated the expression of its target gene NBS-LRR, promoted H2O2 accumulation in
tomato roots, and regulated SOD and POD enzyme activities, thereby regulating the im-
mune response of tomato to SRKN infestation [53]. Potato scab and blight are two major
diseases that can cause severe crop losses. They are caused by the bacterium Streptomyces
scabies and an oomycete known as Phytophthora infestans, respectively. Studies have confirmed
that Pseudomonas can produce hydrogen cyanide (HCN) and cyclic lipopeptide (CLP), key
compounds that inhibit Streptomyces scab and the disease-causing blight of potato, thereby
suppressing disease development [54]. Moreover, we also observed a significant decrease in
the relative abundance of Bacillus among rhizobacteria as the incidence of RKN increased.
Bacillus spp. can directly inhibit RKN disease and promote other bacteria to inhibit the
occurrence of plant diseases [55]. Another previous study showed that Bacillus spp. can
effectively inhibit various potential plant pathogens, including soil bacterial pathogens, soil
fungal pathogens, soil viruses, and nematodes [56]. Fungal communities are simpler in com-
position than bacterial communities. The main fungal phyla are Ascomycota, Morphomycota,
and Basidiomycota. Similar results were obtained by other investigators [57]. At the fungal
genus level, Trichoderma is an important biocontrol fungus that not only fights and controls
ecologically important plant pathogenic fungi, viruses, and bacteria that are widely present,
but also effectively controls nematodes, especially RKNs. Fungal species of the genus Tricho-
derma are considered as biocontrol agents against plant-associated fungal pathogens and can
suppress root-knot nematodes through competitive action as well as by producing specific
metabolites [58,59].

4.3. Mechanisms of Interactions between Rhizosphere Microorganisms Resisting M. incognita

Furthermore, root-associated microbial communities may play an important role in
modulating root-soil nutrient–nematode interactions [60]. There are several species of
bacteria and fungi that are closely associated with nematodes, and some have been proven
to have harmful effects on them [61]. Some fungi in the soil can secrete toxins or lytic
enzymes to kill or inhibit nematodes, such as the toxin produced by Pleurotus ostreatus,
which is fudecenedioic acid [62]. In addition, Paecilomyces lilacinus and Trichoderma strictum
can control RKN through parasitism [63,64]. Earlier research has demonstrated that some
Mortierella spp. may generate antibiotics, and numerous isolates have been widely used as
prospective antagonistic agents against various pathogens [65]. It has also been discovered
that Acremonium strictum could reduce M. incognita populations in tomato roots, indicating
that some of the identified microbial taxa may be useful for biocontrol strategies [64].
Previous studies focused on bacteria or fungi in the soil, and there has been more research
on bacteria than fungi [18]; hence, fungal communities have sometimes been neglected.
In the correlation analysis of bacteria and fungi in this study, some key bacteria and
fungi had significant positive or negative associations, indicating that they may have
synergistic or antagonistic effects against RKN (Figure 5C). As reported in previous studies,
Mortierella spp. can suppress Fusarium oxysporum in the soil to reduce vanilla Fusarium wilt
disease [66]. In addition, the latest results also prove that symbiotic bacteria in fungi can
help to protect them from nematode attack, suggesting that the interaction with bacteria can
inhibit the development of nematodes [67]. In response to M. incognita, rhizosphere bacteria
and fungi may use the following four pathways: (1) causing parasitic effects on nematodes;
(2) using toxic and harmful substances to nematodes; (3) changes in root exudates to
affect nematode development; and (4) competition with nematodes for nutrition and space
position. There may also be other pathways, such as promoting plant growth and inducing
host resistance (Figure 6B).
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46. van Elsas, J.D.; Chiurazzi, M.; Mallon, C.A.; Elhottovā, D.; Krištůfek, V.; Salles, J.F. Microbial diversity determines the invasion of
soil by a bacterial pathogen. Proc. Nat. Acad. Sci. USA 2012, 109, 1159–1164. [CrossRef]

47. Cameron, W.; Franz, B.S.; Franco, W.; Van der Heijden, M.G.A. Soil biodiversity and soil community composition determine
ecosystem multifunctionality. Proc. Natl. Acad. Sci. USA 2014, 111, 5266–5270.

48. Raaijmakers, J.M.; Paulitz, T.C.; Steinberg, C.; Alabouvette, C.; Moënne-Loccoz, Y. The rhizosphere: A playground and battlefield
for soilborne pathogens and beneficial microorganisms. Plant Soil Fertil. Sci. China 2009, 321, 341–361. [CrossRef]

49. Zhou, X.; Wang, J.; Liu, F.; Liang, J.; Zhao, P.; Tsui, C.K.M.; Cai, L. Cross-kingdom synthetic microbiota supports tomato
suppression of Fusarium wilt disease. Nat. Commun. 2022, 13, 7890. [CrossRef] [PubMed]

50. Delgado-Baquerizo, M.; Oliverio, A.M.; Brewer, T.E.; Benavent-González, A.; Eldridge, D.J.; Bardgett, R.D.; Maestre, F.T.; Singh,
B.K.; Fierer, N. A global atlas of the dominant bacteria found in soil. Science 2018, 359, 320–325. [CrossRef]

51. Eichorst, S.A.; Trojan, D.; Roux, S.; Herbold, C.; Rattei, T.; Woebken, D. Genomic insights into the Acidobacteria reveal strategies
for their success in terrestrial environments. Environ. Microbiol. 2018, 20, 1041–1063. [CrossRef]

52. Becraft, E.D.; Woyke, T.; Jarett, J.; Ivanova, N.; Godoy-Vitorino, F.; Poulton, N.; Brown, J.M.; Brown, J.; Lau, M.C.Y.; Onstott, T.; et al.
Genomic Giants among the Uncultured Bacterial Phyla. Front. Microbiol. 2017, 8, 2264. [CrossRef]

53. Yang, F.; Ding, L.; Zhao, D.; Fan, H.; Zhu, X.; Wang, Y.; Liu, X.; Duan, Y.; Chen, L. Identification and Functional Analysis of Tomato
MicroRNAs in the Biocontrol Bacterium Pseudomonas putida Induced Plant Resistance to Meloidogyne incognita. Phytopathology
2022, 112, 2372–2382. [CrossRef]

54. Pacheco-Moreno, A.; Stefanato, F.L.; Ford, J.J.; Trippel, C.; Uszkoreit, S.; Ferrafiat, L.; Grenga, L.; Dickens, R.; Kelly, N.; Kingdon, A.D.; et al.
Pan-genome analysis identifies intersecting roles for Pseudomonas specialized metabolites in potato pathogen inhibition. Elife 2021, 10,
e71900. [CrossRef] [PubMed]

55. Son, S.H.; Khan, Z.; Kim, S.G.; Kim, Y.H. Plant growth-promoting rhizobacteria, Paenibacillus polymyxa and Paenibacillus lentimorbus
suppress disease complex caused by root-knot nematode and fusarium wilt fungus. J. Appl. Microbiol. 2009, 107, 524–532. [CrossRef]
[PubMed]

56. Kloepper, J.W.; Ryu, C.M.; Zhang, S. Induced Systemic Resistance and Promotion of Plant Growth by Bacillus spp. Phytopathology
2004, 94, 1259–1266. [CrossRef] [PubMed]

57. Bahram, M.; Netherway, T.; Hildebrand, F.; Pritsch, K.; Drenkhan, R.; Loit, K.; Anslan, S.; Bork, P.; Tedersoo, L. Plant nutrient-
acquisition strategies drive topsoil microbiome structure and function. New Phytol. 2020, 227, 1189–1199. [CrossRef]

58. Oyekanmi, E.O.; Coyne, D.L.; Fagade, O.E.; Osonubi, O. Improving root-knot nematode management on two soybean genotypes
through the application of Bradyrhizobium japonicum, Trichoderma pseudokoningii and Glomus mosseae in full factorial combinations.
Crop Prot. 2007, 26, 1006–1012. [CrossRef]

59. Dunlop, R.W.; Simon, A.; Sivasithampara, K.; Ghisalberti, E.L. An antibiotic from Trichoderma Koningii active against soilborne
plant pothogens. J. Nat. Prod. 1989, 52, 67–74. [CrossRef]

60. Toju, H.; Tanaka, Y. Consortia of anti-nematode fungi and bacteria in the rhizosphere of soybean plants attacked by root-knot
nematodes. R Soc. Open Sci. 2019, 6, 181693. [CrossRef]

61. Zhou, D.M.; Feng, H.; Schuelke, T.; De Santiago, A.; Zhang, Q.M.; Zhang, J.F.; Luo, C.P.; Wei, L.H. Rhizosphere microbiomes from
root knot nematode Non-infested plants suppress nematode Infection. Microb. Ecol. 2019, 78, 470–481. [CrossRef]

62. Kwok, O.C.; Plattner, R.; Weisleder, D.; Wicklow, D.T. A nematicidal toxin from Pleurotus ostreatus NRRL 3526. J. Chem. Ecol. 1992,
18, 127–136. [CrossRef] [PubMed]

63. Anastasiadis, I.A.; Giannakou, I.O.; Prophetou-Athanasiadou, D.A.; Gowen, S.R. The combined effect of the application of a
biocontrol agent Paecilomyces lilacinus, with various practices for the control of root-knot nematodes. Crop Prot. 2008, 27, 352–361.
[CrossRef]

64. Goswami, J.; Pandey, R.K.; Tewari, J.P.; Goswami, B.K. Management of root knot nematode on tomato through application of
fungal antagonists, Acremonium strictum and Trichoderma harzianum. J. Environ. Sci. Health 2008, 43, 237–240. [CrossRef] [PubMed]

65. Tagawa, M.; Tamaki, H.; Manome, A.; Koyama, O.; Kamagata, Y. Isolation and characterization of antagonistic fungi against
potato scab pathogens from potato field soils. FEMS Microbiol. Lett. 2010, 305, 136–142. [CrossRef]

66. Xiong, W.; Li, R.; Ren, Y.; Liu, C.; Zhao, Q.Y.; Wu, H.S.; Jousset, A.; Shen, Q.R. Distinct roles for soil fungal and bacterial
communities associated with the suppression of vanilla Fusarium wilt disease. Soil Biol. Biochem. 2017, 107, 198–207. [CrossRef]

67. Büttner, H.; Niehs, S.P.; Vandelannoote, K.; Cseresnyés, Z.; Dose, B.; Richter, I.; Gerst, R.; Figge, M.T.; Stinear, T.P.; Pidot, S.J.; et al.
Bacterial endosymbionts protect beneficial soil fungus from nematode attack. Proc. Natl. Acad. Sci. USA 2021, 37, e2110669118.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

205



Citation: Xiao, J.; Zhang, J.; Gao, Y.;

Lu, Y.; Xie, X.; Fang, C.; Liao, Y.; Nie,

J. Long-Term Chemical Fertilization

Drove Beneficial Bacteria for Rice Soil

to Move from Bulk Soil to the

Rhizosphere. Agronomy 2023, 13,

1645. https://doi.org/10.3390/

agronomy13061645

Academic Editors: Yong-Xin Liu and

Peng Yu

Received: 4 June 2023

Revised: 16 June 2023

Accepted: 18 June 2023

Published: 19 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Long-Term Chemical Fertilization Drove Beneficial Bacteria for
Rice Soil to Move from Bulk Soil to the Rhizosphere
Jian Xiao 1,2,3,†, Jianglin Zhang 2,3,†, Yajie Gao 2,3, Yanhong Lu 2,3, Xue Xie 2,3,4, Changyu Fang 2,3,5,
Yulin Liao 1,2,3,* and Jun Nie 1,2,3,4,*

1 Longping Branch, College of Biology, Hunan University, Changsha 410125, China; xiaojian1997@hnu.edu.cn
2 Hunan Soil and Fertilizer Research Institute, Changsha 410125, China; zhangjianglin@hunaas.cn (J.Z.);

gyj06107048@163.com (Y.G.); luyanhong6376432@163.com (Y.L.); xiexue@hunau.edu.cn (X.X.);
18684663642@163.com (C.F.)

3 Scientific Observing and Experimental Station of Arable Land Conservation (Hunan), Ministry of Agriculture,
Changsha 410125, China

4 College of Resource, Hunan Agricultural University, Changsha 410128, China
5 College of Agronomy, Hunan Agricultural University, Changsha 410128, China
* Correspondence: yulliao2006@126.com (Y.L.); neijun197@163.com (J.N.)
† These authors contributed equally to this work.

Abstract: Overuse of chemical fertilizer (CF) causes damage to soil and the environment. To reveal
the process of the response of crop rhizospheric and bulk soil fertility and the bacterial community
to long-term CF conditions, CF application and nonfertilization (CK, control) treatments were used
in a long-term (12-year) fertilization experiment. Long-term CF application significantly increased
the soil organic matter, total nitrogen, and available phosphorus contents (p < 0.05), increased the
available nitrogen (AN) and potassium (AK) contents to varying degrees, and decreased the soil
pH in both rice rhizospheric soil and bulk soil. In addition, the bacterial Shannon and Ace indices
in rice rhizospheric soil under the CF treatment were all higher than those under the control (CK)
treatment, and the bulk soil bacteria showed the opposite trend. The LEfSe results showed that
unidentified_Gammaproteobacteria and Geobacter (genera) were significantly enriched in the rhizospheric
and bulk soil of rice under the CK treatment, respectively. Gemmatimonadetes (phylum) and
Nitrospirae (phylum) + Thiobacillus (genus) were significantly enriched in the rice rhizospheric and
bulk soil under the CF treatment. Only AK and AN had strong positive correlations with soil
bacteria. Long-term CF application accelerated the migration of soil bacteria from the bulk soil to the
rhizosphere, thus improving soil fertility and nutrient cycling.

Keywords: paddy soil; fertilization; rhizosphere; bulk soil; bacterial community

1. Introduction

Rice (Oryza sativa L.) plays a crucial role in agricultural fields worldwide as one of
the main food crops [1]. China has the second largest cultivation area and is the largest
producer in the world [2]. Yuan et al. [3] and Zhao et al. [4] suggested that the distribution of
grain production will change with increasing population and the improvement of people’s
living standards in the future. However, the increase in crop yield is overdependent on the
use of chemical fertilizers (CFs) in the process of food production in China [5]. To date, in
conventional agricultural fertilizer management, agricultural producers manage fields with
high CF inputs to maintain soil productivity and increase crop yields [2,6]. The amounts
of nutrients required by crops are often far less than the amount of CF (i.e., the amount of
conventional CF input) [6,7]. Potential harms, such as soil acidification [8], declines in soil
organic matter (SOM) and soil fertility [9], and dramatic reductions in soil biodiversity [10],
can be caused by excess nutrients in the soil.

Soil microbes play an important role in maintaining soil fertility and health by decom-
posing litter and recycling nutrients [11]. Wu et al. [10] found that soil microbial community
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structures can be affected by changing soil properties through tilling, irrigating, fertilizing,
etc. For example, fertilization directly changes soil nutrients and then affects the structure
and diversity of soil microbial communities [12].

Previous studies have reported that microbial populations associated with the nitrogen
cycle are positively or negatively affected by long-term chemical or mineral fertilizer appli-
cation [13]. Thus, Wu et al. [10] reported that soil quality, soil fertility, and the soil microbial
community can be negatively affected by repeatedly overusing CFs. Sun et al. [14] reported
that soil pH was significantly reduced, soil bacterial diversity was decreased, and soil
bacterial community composition was significantly changed after long-term CF applica-
tion. However, Geisseler and Scow [15] reported that in comparison with a nonfertilized
treatment, fertilizer application increased soil microbial biomass by 15.1%.

In the rhizosphere, the organic compounds secreted by plants enrich diversified mi-
crobial communities to provide beneficial nutrients for plants [16–18]. Edwards et al. [19]
exhaustively characterized the root-associated microbiome of rice to support a multistep
model for the assembly of a root microbiome from soil. Previous studies reported that the
compositions of soil microbial communities in rhizospheric soil were significantly different
from those in bulk soil [20,21]. In the rhizosphere of plants, their roots coordinate devel-
opment and interact with rhizospheric microorganisms [22]. The structure, composition,
and functioning of plant-associated rhizospheric microbiota can be shaped by free-living
soil microorganisms. Beneficial effects, including nitrogen fixation [23], organic phos-
phate mineralization [24], production of plant growth regulators or phytohormones [25,26],
production of siderophores [27], stress tolerance [28], and biological control [29,30], are fa-
cilitated by the rhizospheric microbiome. There are differences in the microbial metabolism
and ecological processes between rhizospheric soil and bulk soil [18] because bulk soil is
far away from plants’ living areas and is not affected by plants.

Fertilizers that are applied to soil have an aftereffect and leave lasting residuals
on crops. Compared with short-term tests, long-term positioning tests can be used to
objectively characterize the effects of different management measures on the physical,
chemical, and biological properties of soil. Many studies have reported the effects of soil
quality, soil fertility, the soil microbial community, and crop growth indicators on yield with
long-term CF application. However, few studies [31,32] have investigated the effects of the
bacterial community structure in rhizospheric and bulk soils after long-term CF application.
For this reason, in the present study, the effects of long-term (12-year) CF application on
bacterial community structures in rhizospheric and bulk soils of rice were investigated
through a 12-year field experiment. The main objective of the study was to provide a
theoretical basis for revealing the migration mechanism of rice soil microorganisms under
long-term chemical fertilizer application.

2. Materials and Methods
2.1. Location and Experimental Design with Rice

The continuous outdoor experiment began in 2008 in Sanxianhu Village (GPS coordi-
nates 29◦13′03′′ N, 112◦28′53′′ E), Nan County, Yiyang City, Hunan Province, China, which
is located in a humid subtropical monsoon zone. The altitude, annual average temperature,
and precipitation were approximately 28.8 m, 16.6 ◦C, and 1237.7 mm, respectively. At the
experimental location, the soil was a typical sandy purple clay soil developed from Dongt-
ing Lake sediment with 7.8% sand, 72.6% silt, and 19.6% clay [33]. Before transplanting
rice, the soil chemical properties of the initial plow-layer soil (0–20 cm) were as follows: soil
pH, 8.18 ± 0.12 (n = 3); soil organic matter (SOM), 31.85 ± 0.48 g kg–1 (n = 3); total nitrogen
(TN), 3.04 ± 0.06 g kg–1 (n = 3); alkaline hydrolyzable nitrogen (AN), 169.9 ± 2.51 mg kg–1

(n = 3); available P (AP), 15.4 ± 0.65 mg kg–1 (n = 3); available K (AK), 81.9 ± 1.30 mg kg–1

(n = 3).
The conventional fertilizers used were urea (46% N, Xinlianxin, Xinxiang, China),

calcium superphosphate (12% P2O5, Shuoling, Huaihua, China), and potassium chloride
(60% K2O, Lingkelongzi, Changsha, China). The treatment and control were as follows:
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(i) Nonfertilization was used as the control (CK) and (ii) the recommended conventional
chemical fertilizer application for local paddy fields, as used by local farmers, was used
as the treatment (CF, 150 kg ha–1 urea, 75 kg ha–1 P2O5, and 120 kg ha–1 K2O) [34]. The
area of each test plot was 20 m2 (4 m × 5 m), with three replicates; they were randomly
arranged, and the transplanting spacing of the rice was 0.20 m × 0.20 m. Around each plot,
polyethylene films were draped over ridges (0.3 m wide and 0.15 m above the ground)
to prevent the transfer of water and nutrients between plots. Early rice (Yuanzao No. 1
(Hunan Academy of Agricultural Sciences, China) was planted from 2008 to 2010, and
Xiangzaoxian No. 25 (Hunan Academy of Agricultural Sciences, China) was planted
after 2010) was planted in middle or late April and harvested in early July. Since 2008,
Huanghuazhan (Hunan Academy of Agricultural Sciences, China) has been planted as
late rice in mid- or late July and harvested in early November. We ensured that other
identical field management practices (irrigation, weeding, etc., other than fertilization)
were consistent between the CF treatment and the control.

2.2. Soil Sampling

In mid-July 2019, bulk and rhizospheric soil samples were collected from the 6 plots.
Debris (grass roots, litter, stones, etc.) and surface soil (0–1 cm) were removed before soil
sampling. Five rice plants with the same growth potential were selected from each plot.
The unvegetated soil cores (5 cm in diameter) adjacent to the rice plants (i.e., bulk soil)
were sampled at a depth of 0–20 cm. The loosely adhered soil was shaken off by violently
shaking the rice roots, and the soil attached to the roots was called rhizospheric soil. The
roots were forcibly shaken with sterile forceps to separate the roots from the soil, and
then five soil samples from each plot were mixed together to generate a composite sample.
Finally, all of the soil separated from the roots was sieved by using a 2 mm mesh sieve and
put into a sterile zip-lock bag [35,36].

2.3. Analysis of Soil Chemical Properties and Soil Bacterial Diversities

A pH meter (FE20K, Mettler Toledo, Switzerland) was used to measure the soil
pH; the soil organic matter (SOM) and total nitrogen (TN) contents were determined
with the wet digestion (120 ◦C, 2 h) and Kjeldahl methods, respectively [37]; the soil
available nitrogen (AN), phosphorus (AP), and potassium (AK) contents were determined
by using microdiffusion after the alkaline hydrolysis method, the Olsen method, and flame
photometry, respectively [37].

The extraction, PCR amplification, and sequencing of the total genomic DNA of the
soil samples were completed according to previous protocols [36]. The primer pair 515F
(5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)
was used to amplify the soil bacterial 16S rRNA gene in the V4 hypervariable region [38,39].
A library was constructed by using the TruSeq® DNA PCR-Free Sample Preparation
Kit (Illumina, San Diego, CA, USA), and Qubit and Q-PCR were used to quantify the
constructed library. Finally, NovaSeq6000 was used for sequencing, and 250 bp paired-end
reads were generated. The raw reads of the soil bacteria were deposited in the NCBI
Sequence Read Archive (SRA) database (Accession Number: PRJNA955403).

The UPARSE software (Version 7.0.1001, http://drive5.com/uparse/, accessed on 2
April 2023) was used to perform the sequence analysis. Sequences with ≥97% similarity
were assigned to the same operational taxonomic units (OTUs). A representative sequence
for each OTU was screened for further annotation. The SILVA database (Release 132,
http://www.arb-silva.de/, accessed on 2 April 2023) was used to annotate the taxonomic
information. All alpha diversity indices were calculated with QIIME (Version 1.7.0) and
displayed with the R software (Version 3.3.1). Whether the sequencing findings accurately
reflected the microorganisms in the sample was shown by the index of coverage [39].
The higher the diversity index (Shannon index, http://www.mothur.org/wiki/Shannon,
accessed on 2 April 2023) and richness indices (Chao1 index, http://www.mothur.org/
wiki/Chao, accessed on 2 April 2023, and Ace index, http://www.mothur.org/wiki/
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Ace, accessed on 2 April 2023) of a community, the higher the diversity and richness
of that community [40]. Graphics of the bacterial community compositions and Venn
diagrams were generated with the R (Version 3.3.1) software. The “vegan” package was
used, and graphs for a heatmap analysis of the bacterial communities were created by
using the R language (Version 3.3.1) tool. The “WGCNA” package, “stat” packages, and
“ggplot2” package were used for weighted UniFrace Principal Coordinate Analysis (PCoA)
in the R software (Version 3.3.1). Unweighted Pair–Group Method with Arithmetic Means
(UPGMA) Clustering was performed as a type of hierarchical clustering method to interpret
the distance matrix by using the average linkage and was conducted with the QIIME
software (Version 1.7.0). The MUSCLE software (Version 3.8.31) was used to conduct multiple
sequence alignment and construct phylogenetic relationships. LEfSe (http://huttenhower.
sph.harvard.edu/galaxy/root?tool_id=lefse_upload, accessed on 2 April 2023) was used to
perform linear discriminant analysis (LDA) on samples according to different grouping
conditions based on the taxonomic composition to identify clusters that had a significant
differential (p < 0.05, LDA ≥ 3.0) impact on sample delineation. FAPROTAX [38] was
employed to predict the bacterial functions involved in processes of the biochemical cycle
as an artificially constructed functional classification database. The “pheatmap” package
was run with the R (Version 3.3.1) software to conduct a heatmap analysis of the Spearman
correlation between the soil chemical properties and soil bacteria. The data processing and
microbial diversity analysis were the same as those in previous studies [39,40].

2.4. Statistical Analyses

The results are shown as the mean ± standard deviation (SD) values calculated in
Microsoft Excel 2019. One-way analysis of variance (ANOVA), a two-tailed Duncan test,
and multiple comparisons (p < 0.05) were used to evaluate significant differences. IBM
SPSS Statistics (Version 26.0, IMB SPSS Inc., Chicago, IL, USA) and Origin 2021 (OriginLab
Corporation, Northampton, MA, USA) were used to analyze and plot the experimental
data, respectively.

3. Results
3.1. Soil Chemical Properties

In comparison with the CK treatment, the soil pH in the CF treatment was similar in
both the rhizospheric and bulk soil, and there were no significant differences (p > 0.05). In
contrast, the opposite trends were shown in the AN and AK contents. Furthermore, the
SOM, TN, and AP concentrations in both the rhizospheric and bulk soil were significantly
increased by the CF treatment (p < 0.05) (Table 1).

Table 1. Soil chemical properties in rice fields after long-term chemical fertilization.

Treatment pH SOM (g kg–1) TN (g kg–1) AN (mg kg–1) AP (mg kg–1) AK (mg kg–1)

RCK 7.89 ± 0.06 a 29.67 ± 0.60 bc 2.73 ± 0.15 bc 167.23 ± 7.68 ab 13.90 ± 0.41 b 78.49 ± 3.33 ab
RCF 7.77 ± 0.12 a 32.50 ± 0.61 a 3.13 ± 0.19 a 176.97 ± 9.64 a 18.97 ± 0.82 a 82.73 ± 11.64 a
BCK 7.75 ± 0.09 a 28.37 ± 0.85 c 2.65 ± 0.24 c 144.87 ± 4.47 b 13.65 ± 0.19 b 67.97 ± 1.12 b
BCF 7.73 ± 0.08 a 31.23 ± 2.57 ab 3.03 ± 0.05 ab 155.63 ± 20.72 ab 18.91 ± 0.76 a 71.54 ± 1.06 ab

All data values indicate the mean ± SD (n = 3). Different lowercase letters in the same column indicate significant
differences (p < 0.05). Prefix R, rhizospheric soil; Prefix B, bulk soil. The same applies below in all tables
and figures.

3.2. Soil Bacterial Alpha and Beta Diversities

The soil bacterial OTU numbers rose as a function of the number of samples according
to a boxplot of species accumulation (Figure 1a). With the saturation of the OTU numbers,
the curve became asymptotically stable, and fewer new OTUs were added to each soil
sample, showing sufficient sequencing depth to adequately characterize the rice soil bacte-
rial compositions (Figure 1b) with a good coverage of >99.4%, and the data were reliable
(Figure 1c). Moreover, the results showed that the rhizospheric and bulk soil bacterial
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Shannon (describing bacterial diversity) and Ace (describing bacterial richness) indices
in the paddy field were not significantly changed by the CF treatment compared with
the CK treatment (Figure 1d,e). However, we found, quite interestingly, that the bacterial
Shannon and Ace indices in the rice rhizospheric soil under the CF treatment were all
higher than those under the CK treatment, and the bulk soil bacteria showed the opposite
trend (Figure 1d,e). The results of the PCoA showed that the soil bacterial compositions in
each group were clustered separately, and they were quite similar (Figure 1f). All of the
above results suggest that the bacterial diversity and richness in the rice rhizospheric soil
were increased, and the bacterial diversity and richness in the rice bulk soil were decreased
by the long-term application of CF.
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3.3. UPGMA Cluster Analysis and Species Phylogenetic Tree

The results of UPGMA showed that the cluster of the RCF and RCK treatments was
a branch and that of the BCK and BCF treatments was another branch, indicating that
there were differences in the bacterial community compositions, relative abundance, and
phylogenetic relationships between the rhizospheric and bulk soil of rice under long-
term lack of fertilization (CK) and long-term fertilization (CF) (Figure 2a). In both rice
rhizospheric soil and bulk soil, there was little difference in the soil bacterial community
compositions, relative abundance, and phylogenetic relationships between the CK and CF
treatments (Figure 2a).
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The representative sequences of the top 20 most abundant soil bacterial genera were
obtained by using a multisequence comparison to further study the species’ phyloge-
netic relationships at the genus level (Figure 2b). The top 20 bacterial genera in the
soil in terms of relative abundance mainly belonged to Proteobacteria, Acidobacteria,
Rokubacteria, Thaumarchaeota, Nitrospirae, and Bacteroidetes. The soil bacteria in the
rhizospheric soil and bulk soil samples were mainly distributed in the following six genera:
unidentified_Deltaproteobacteria, unidentified_Gammaproteobacteria, unidentified_Acidobacteria,
unidentified_Burkholderiaceae, Geobacter, and Haliangium. Unidentified_Deltaproteobacteria and
unidentified_Gammaproteobacteria, which were relatively abundant, both belonged to the
branch of Proteobacteria (Figure 2b).

3.4. Soil Bacterial Composition

In the rhizospheric soil of rice, the common dominant (i.e., relative abundance per-
centages > 1.00%) bacterial phyla were Proteobacteria, Acidobacteria, Nitrospirae, Gemma-
timonadetes, Chloroflexi, Bacteroidetes, Latescibacteria, and Rokubacteria in both the CK
(averages of 57.88%, 11.22%, 6.59%, 4.84%, 4.24%, 3.45%, 2.16%, and 1.67%, respectively)
and the CF (averages of 56.86%, 11.43%, 6.41%, 4.90%, 4.09%, 3.81%, 2.18%, and 1.62%, re-
spectively) treatments (Figure 3a). In addition, Firmicutes was a unique dominant bacterial
phylum in the CF treatment. In the bulk soil of rice, the dominant bacterial phyla were
Proteobacteria, Acidobacteria, Nitrospirae, Chloroflexi, Gemmatimonadetes, Bacteroidetes,
Latescibacteria, and Rokubacteria in both the CK (averages of 56.35%, 10.04%, 8.15%, 4.96%,
4.14%, 3.41%, 2.17%, and 1.60%, respectively) and the CF (averages of 57.78%, 10.32%,
8.27%, 4.22%, 4.06%, 3.74%, 1.98%, and 1.46%, respectively) treatments (Figure 3a).

At the genus level, Haliangium, Defluviicoccus, unidentified_Acidobacteria, Sphin-
gomonas, Dongia, unidentified_Gammaproteobacteria, and unidentified_Burkholderiaceae
were enriched in the rhizospheric soil of rice. Geobacter, Desulfobacca, Sulfurifustis,
unidentified_Deltaproteobacteria, and Leptospirillum were enriched in the bulk soil of
rice. Candidatus_Nitrosotenuis and Candidatus_Nitrosoarchaeum were enriched in the
rhizospheric soil of rice under the CF treatment. Thiobacillus, Ignavibacterium, and Ther-
moanaerobaculum were enriched in the bulk soil of rice under the CF treatment (Figure 3b).

The numbers of soil bacteria at the OTU level in the RCK, RCF, BCK, and BCF treat-
ments were 3719, 3775, 3781, and 3739 OTUs, respectively. Furthermore, the numbers of
unique soil bacteria in the RCK, RCF, BCK, and BCF treatments were 338, 394, 400, and
358 OTUs, respectively (Figure 3c).

3.5. Soil Bacterial Communities with Statistically Significant Differences

The effect size (LEfSe) in linear discriminant analysis (LDA) was calculated to identify
high-dimensional biomarkers (from phylum to species) with significantly different soil
bacterial abundances in the rhizospheric and bulk soils of rice between the CK and CF
treatments (Figure 4). Cladograms were used to show different groups (Figure 4a), and
LDA scores of three or greater were confirmed with the LEfSe tool (Figure 4b). In total,
18 abundant soil bacterial clades exhibited significant differences (p < 0.05, LDA ≥ 3.0)
(Figure 4b). The LEfSe results showed that unidentified_Gammaproteobacteria (genus) was
significantly enriched in the rhizospheric soil of rice under the CK treatment, Geobacter
(genus) was significantly enriched in the bulk soil of rice under the CK treatment, Gem-
matimonadetes (phylum) was significantly enriched in the rhizospheric soil of rice under
the CF treatment, and Nitrospirae (phylum) and Thiobacillus (genus) were significantly
enriched in the bulk soil of rice under the CF treatment.
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3.6. Functional Predictions of the Soil Bacterial Communities with FAPROTAX

The proportions of soil bacterial abundances related to human_pathogens_pneumonia,
aerobic_chemoheterotrophy, animal_parasites_or_symbionts, human_pathogens_all, chemo-
heterotrophy, and predatory_or_exoparasitic functions were higher in the rice rhizospheric
soil than in the rice bulk soil. In addition, the guilds related to iron respiration and ni-
trification of soil bacteria were enriched in the bulk soil compared to the rhizospheric
soil. Furthermore, in comparison with the CK treatment, the guilds related to respira-
tion_of_sulfur_compounds and sulfate_respiration in soil bacteria were enriched in the
rhizospheric and bulk soil of rice under the CF treatment (Figure 5).

3.7. Soil Chemical Factors Structuring Soil Bacterial Communities after Long-Term Fertilization

Spearman correlation heatmaps were used to show the relationships between the top
10 soil bacterial phyla (Figure 6a) and genera (Figure 6b) and the soil chemical factors.
First, Acidobacteria and Gemmatimonadetes showed a significant positive correlation
with the AN (r = 0.79 and r = 0.66) and AK (r = 0.62 and r = 0.74) contents, respectively.
Second, Nitrospirae and Crenarchaeota showed significant negative correlations with the
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AN (r = −0.68 and r = −0.71) and AK (r = −0.72 and r = −0.66) contents, respectively. Fur-
thermore, Chloroflexi showed a significant negative correlation with the SOM (r = −0.67),
TN (r = −0.67), and AN (r = −0.61) contents. Finally, Latescibacteria showed a significant
positive correlation with the AN (r = 0.62) content (Figure 6a). Moreover, only the AN and
AK contents were correlated with the top 10 bacterial genera. The AK content was signifi-
cantly positively correlated with Haliangium (r = 0.75), unidentified_Acidobacteria (r = 0.60),
and unidentified_Gammaproteobacteria (r = 0.78) and significantly negatively correlated with
Desulfobacca (r = −0.80) and Thiobacillus (r = −0.81). In addition to the same results as
those for the AK content in the Spearman correlation heatmap, AP content was positively
correlated with unidentified_Burkholderiaceae (r = 0.62) (Figure 6b).
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4. Discussion
4.1. Effects on Soil Chemical Properties after Long-Term Chemical Fertilization

In the present study, the results showed that some soil chemical properties were
significantly changed by the long-term application of chemical fertilizers, which was
similar to the findings of previous studies [10,41–43]. Zhong et al. [44] and Dan et al. [43]
reported that the SOC and TN contents (as organic substrates) were significantly increased
by the long-term application of synthetic chemical fertilizers, which was consistent with
our results in both the rhizospheric and bulk soils (Table 1). Pinggera et al. [45] found that
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regulating the C/N ratio by changing the N input was beneficial for the decomposition
of organic matter by microorganisms, the release of organic nutrients, and the increase in
SOM content, which may explain the increased SOM in the rhizospheric soil and bulk soil
with the CF treatment in this study. Jin et al. [6] also verified this explanation by changing
the N input content. On the other hand, we found that the SOM content in the rhizospheric
soil was higher than that in the bulk soil, which was similar to the findings of a previous
study [46]. This result was interpreted to mean that root exudates promoted soil organic
carbon decomposition [46,47]. Previous studies found that the soil pH was significantly
reduced after long-term fertilization in calcareous soil [48], Hapli-Udic Cambisol [49],
and acidic soil [50]. In our study, long-term fertilization also reduced soil pH (in both
the rhizospheric and bulk soils) in the typical sandy purple clay soil, and there were no
significant differences, which may have been caused by differences in soil types and N
inputs. Wu et al. [10] also reported that the soil pH was not significantly changed by the
application of chemical fertilizers.

4.2. Effects on Soil Bacterial Diversity after Long-Term Chemical Fertilization

Previous studies reported that conventional fertilization reduced the soil bacterial
richness in the plow layer (0–20 cm depth) of wheat [51] and maize [44]. Tang et al. [52]
also discovered that CF alone reduced the soil microbial richness and Shannon indices
in the plow layer of rice. In this study, the bacterial Shannon (used to measure diversity)
and Ace (used to measure richness) indices in rice bulk soil with the CF treatment were all
lower—but not significantly—than those with the CK treatment (Figure 1d,e); thus, these
results were consistent with those of the aforementioned studies. On the other hand, we
also found that the bacterial diversity and richness in the rhizospheric soil were higher
than those in the bulk soil. Tang et al. [46] also reported the same results, explaining
that root exudates enriched microorganisms and accelerated microbial activities and that
extracellular enzyme activities were higher in the rhizosphere [53]; the soil quality and soil
fertility indices were different [54].

4.3. Effects on Soil Bacterial Communities after Long-Term Chemical Fertilization

The ecological consistency of microbial communities can be revealed by elucidating
the soil microbial taxa at the phylum level [6,55]. In our study, Proteobacteria was the
most dominant phylum, and the relative abundances of Acidobacteria and Bacteroidetes
increased in both the rhizospheric and bulk soils after long-term (12-year) application of
chemical fertilizers according to high-throughput sequencing, which was consistent with
the findings of a previous study by Wang et al. [42]. The possible reason is that Acidobacte-
ria are acidophiles, and the long-term fertilization reduced the pH of the rhizospheric soil
and bulk soil, which was not conducive to growth. Tang et al. [46] found that Acidobacteria
were the main C source and thrived in both rhizospheric and bulk soils. Hungria et al. [56]
also suggested that the enrichment of Acidobacteria in the plant rhizosphere may be due
to their ability to utilize root exudates. In this study, we also found that Acidobacteria
were the dominant bacteria in the rice rhizospheric and bulk soils. However, the abun-
dance of Acidobacteria in the rhizospheric soil was higher than that in the bulk soil of
rice, regardless of whether the CF treatment or the CK treatment was used. Wu et al. [57],
Bulgarelli et al. [58], and Tang et al. [46] all suggested that the enhanced Acidobacteria in
roots could be generally adapted to the plant rhizosphere as saprophytic bacteria.

Bacteroidetes are copiotrophes that rapidly proliferate in eutrophic environments [59]
and mineralized organic matter [60], and they are mainly distributed in the rhizosphere [61].
In this study, the proportions of the abundance of Bacteroidetes between different treat-
ments were in the following order (from large to small): RCF > RCK > BCF > BCK, which
was consistent with the findings of previous studies [61].

Long-term fertilization results in the enrichment of specific microorganisms that
can use these nutrients efficiently [42]. According to the results of the LEfSe analyses,
18 abundant soil bacterial taxa in the two treatments were distinctly different. Geobacter is an
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obligate anaerobic N-fixing bacterium that is commonly observed in flooded conditions or
anoxic environments in deep soils and plays an important role in nitrate reduction and iron
restoration [62–64]. This explained why Geobacter responded to the nitrogen requirements
of rice growth by reducing nitrite in the nutrient-poor environment. Nitrospirae can
oxygenate nitrite into nitrate under aerobic conditions and play an important role in the
nitrogen cycle [65]. Nitrate production leads to pH reduction in the soil. Thiobacillus is a
beneficial soil bacterium that plays an important role in the soil sulfur cycle. Sulfuric acid is
produced after the oxidation of sulfur by Thiobacillus, and the soil pH is reduced [66]. The
significant enrichment of Nitrospirae and Thiobacillus led to nitrate and sulfate production
in the rice bulk soil with the CF treatment, which might have caused the pH of the bulk soil
to decrease under the CF treatment [66].

5. Conclusions

Overall, in this study, we demonstrated that long-term CF had different effects on
rhizospheric and bulk soil fertility, soil bacterial diversity, and the structure and function of
soil bacterial communities. After long-term fertilization, rhizospheric soil fertility indices
(such as pH, SOM, TN, AN, AP, AK) and the soil bacterial diversity and richness were
higher than those in the bulk soil. Based on our study, long-term fertilization can improve
the fertility of rhizospheric and bulk soils, increase the rhizospheric soil bacterial diversity
and richness, and decrease the bulk soil bacterial diversity and richness. Only AK and
AN had significant correlations with soil bacteria. These results provide useful insights for
studying nutrient accumulation, turnover, and microbial migration in rhizospheric and
bulk soils under long-term fertilization strategies.
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Abstract: Organic manure application is crucial for the maintenance and improvement of soil fertility.
However, it inevitably results in increased paddy CH4 emissions, restricting the use of organic manure
in the rice fields. In the present study, two kinds of manures, rapidly composted manure (RCM) and
non-composted manure (NCM), were investigated through a 19-week greenhouse experiment, during
which the dynamics of CH4 emission, soil parameters (DOC, acetate, NH4

+, NO3
−, and SO4

2−), and
communities of methanogens and methanotrophs were simultaneously measured. The results showed
that NCM significantly enhanced CH4 emission, while RCM decreased CH4 emission by 65.03%;
there was no significant difference with the manure-free treatment. In order to well understand the
methanogenic process, the seasonal CH4 flux was divided into two periods, namely Stage 1 (before
drainage) and Stage 2 (after drainage), on the basis of CH4 emission intensity. The different CH4

production abilities among the three treatments could contribute to the varied CH4 emissions at
Stage 1. The much higher soil DOC concentrations were observed in the manure-amended soils
(NCM- and RCM-treatments), which could correspondingly lead to the relative higher CH4 emissions
compared to the control during Stage 1. Furthermore, the increased methanogenic abundance and
the shifted methanogenic archaeal community characterized by the functionally stimulated growth
of Methanosarcina genus were observed in the NCM-treated soils, which could consequently result
in a higher CH4 emission from the NCM treatment relative to the RCM treatment. As for Stage 2,
apart from the significant decrease in soil DOC, the increased contents of soil NO3

− and SO4
2−,

especially with the RCM-treated soils, were also detected following the drainage, which might retard
CH4 production. The lower CH4 emission at Stage 2 could also be attributed to the vigorous aerobic
CH4 oxidations, especially in the RCM-treated soils. As a support, the amount of methanotrophs
revealed an increasing trend during the late rice growth period, as did the predominance of the
methylotrophy of Methylophilaceae species, which showed robust co-occurrence with methanotrophs,
inferring interspecies cooperation in methane oxidation.

Keywords: manure; CH4 emission; methanogenic community; methanotrophs; qPCR

1. Introduction

CH4 is the second-most potent greenhouse gas in the atmosphere, with its concen-
tration increasing steadily from 722 ppb (1750) to 1845 ppb (2016) [1]. Rice paddies are
recognized as a major source of CH4, which accounts for nearly 11% of the total CH4
emissions [2,3]. China is one of the most important rice-producing countries in the world,
accounting for 16% and 28% of the world’s rice area and rice production [4]. Whereas,
the growing demand for rice to feed the ever-increasing global population challenges the
present management strategies in rice cultivation [5]. To guarantee sustainable increases
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in rice yield, soil fertility must be maintained. Nowadays, the importance of organic agri-
culture has been confirmed by more and more research, especially in combination with
inorganic fertilization. Incorporation of organic materials into the crop fields can help to en-
hance plant growth and prevent soil desertification by improving soil structure and fertility
by increasing soil carbon (C) content as well as soil microbial diversity and activity [6–8].
However, there are concerns that organic amendments (OAs) can significantly intensify
paddy CH4 emissions with more C materials introduced [9–11].

The total emission of CH4 is the balance between its production and oxidation. In
paddy fields, during the anaerobic degradation of soil organic matter, sequential reduction
of soil NO3

−, Mn (IV), Fe (III), and SO4
2− happened, and then methanogenesis became

the exclusive process [12]. Methanogenic archaea (methanogens) are the sole CH4 pro-
ducers, which produce CH4 by metabolizing either acetate or H2/CO2 that were accumu-
lated from the microbial fermentation of organic matters, mainly polysaccharides, in rice
fields [13,14]. At present, all known methanogens fall into the phylum Euryarchaeota, where
they form seven distinct orders: Methanobacteriales, Methanosarcinales, Methanomicrobiales,
Methanococcales, Methanopyrales, Methanocellales, and Methanoplasmatales [15,16].

The oxidation of CH4 conducted by methanotrophs plays an important role in control-
ling paddy CH4 emissions. It is estimated that almost up to 90% of the CH4 produced in
wetlands can be oxidized before reaching the atmosphere [17,18]. Methanotrophs generally
inhabit the rhizosphere and surface soil [19] and utilize CH4 as their sole carbon and energy
sources, including two major groups, namely Type I and Type II methanotrophs. Type I
methanotrophs, which belong to Gamma-Proteobacteria, are split into two more groups (Type
Ia and Type Ib) and are housed within the family Methylococcaceae, which has fifteen genus:
Methylococcus, Methylocaldum, Methylomonas, Methylobacter, Methylomicrobium, Methylosarcina,
Methylohalobius, Methylosoma, Methylothermus, Methylomarinum, Methylovulum, Methylogaea,
Methylosphaera, Crenothrix, and Clonothrix. The first two genera are also referred to as
Type Ib methanotrophs. The Type II methanotrophs belonging to Alpha-Proteobacteria
are grouped in two families, Methylocystaceae and Beijerinckiaceae, with Methylocystis,
Methylosinus, Methylocella, Methylocapsa, and Methyloferula as the member genus [20]. The
CH4 oxidation process involves an enzyme called methane monooxygenase (MMO), which
plays an important role in the initial enzymatic reaction of the aerobic oxidation of CH4.
Generally, the highly conserved pmoA gene that encodes the membrane-bound subunit of
MMO is widely used as a phylogenetic marker of methanotrophs in ecological studies [19].

Strategies to reduce CH4 production or enhance CH4 oxidation can help retard the
increased paddy CH4 emission due to the introduction of OAs, and a large number of
relevant experiments have been conducted. The mitigative potential of electron acceptor
supplementation has been well confirmed in field and laboratory studies with ferrihydrite,
ammonium sulfate, gypsum, and phosphogympsum amended [21–23]. In those cases,
it is predicted that the methanogens are thermodynamically outcompeted for common
substrates like H2 or acetate by ferric iron-reducing bacteria (FRB) or sulfate-reducing
bacteria (SRB). Additionally, a few field studies have also demonstrated the importance
of the proper pretreatment of the incorporated OAs in effectively mitigating paddy CH4
emissions. As revealed, the incorporation of composted crop straw and livestock manures
can significantly decrease paddy CH4 emissions compared to untreated manures, with
reduction rates ranging between 50% and 90% [9,24,25]. But unfortunately, most of the
research did not pay attention to the responses of methanogens and methanotrophs, which
is of great significance to better understanding the microbial mechanisms underlying those
measures in paddy CH4 emission control.

In this study, a new type of rapidly composted manure (RCM) was applied to paddy
fields. Basically, the manure is prepared in a closed rolling reactor with a catalyst rich in
sulfate and nitrogen and an ammonia fixator and treated at 120 ◦C for just three hours,
similar to biochar production. This processing technique realizes the rapid disposal of
awkward manures, potentially advancing the sustainable development of the livestock
and poultry industries and the. In our previous study, the decreased CH4 emission of
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RCM relative to non-composted manure (NCM) was demonstrated [26]. However, how the
methanogens and methanotrophs, both in populations and community structures, as well
as the soil parameters, changed along with the cultivation of rice is still unclear. Therefore,
a new pot experiment was conducted in a greenhouse, including three treatments: the
NCM treatment, the RCM treatment, and the control. The main objectives of this study are:
(1) to confirm the mitigation of seasonal CH4 emission from paddy soils treated with RCM
relative to NCM; (2) to determine the shifts of methanogens and methanotrophs along
rice cultivation, both including population size and community structure, as well as the
variations of corresponding soil parameters; and (3) to eventually explicate the underlying
mechanisms that contributed to the significantly lower CH4 emission of the RCM-treated
soils in detail.

2. Materials and Methods
2.1. Greenhouse Experiment

The experiment was set up with three replicates and conducted in the greenhouse
of the Institute of Soil Science, Chinese Academy of Sciences, during 19 June 2014 to
27 October 2014. The soil used was collected from the Changshu Agroecological Exper-
iment Station (123◦38′ E, 31◦33′ N), Chinese Academy of Sciences, in Jiangsu Province,
eastern China. The soil was air dried, ground, sieved through a 5-mm mesh screen, and
then thoroughly mixed. Approximately 7 kg of dried soil was put into a quadrate pot
(20 × 24 × 20 cm), with a water groove acting as the chamber base in this experiment. The
soil was classified as Gletic-Stagnic Anthrosols. The relevant soil properties were as follows:
20.7 g/kg soil organic C (SOC), 2.41 g/kg total N, 1.67 g/kg total P, 27.02 g/kg total K, and
pH 7.30.

In this study, two types of cattle manures were used as basal fertilizer, which were
collected from WoLvBao Organic Agriculture (Suqian, China). The raw manure (Non-
composted manure, NCM) contains total organic C (TOC), 332.75 g/kg; total N, 17.26 g/kg;
total P, 12.66 g/kg; total K, 12.78 g/kg; SO4

2−, 10.43 g/kg; and pH, 7.80. The RCM manure
had a pH of 6.67 and contained 335.68 g/kg TOC, 32.65 g/kg total N, 10.19 g/kg total P,
11.5 g/kg total K, and 61.18 g/kg SO4

2−.
Manures were applied to the pots a week before transplantation, considering the slow

release of nutrients in organic fertilizers. Then, twelve 30-day-old seedlings (Oryza sativa L.)
from four hills were transplanted into each pot 7 days after flooding (7 d). For the whole
rice cultivation period, apart from the cattle manures applied at a loading rate of 1% (dry
weight) of the total pot soil at the beginning of the experiment, no more chemical fertilizer
was amended. During rice growth, all the pots were permanently flooded, with the water
level maintained at approximately 3 cm, except for a drainage carried out from 28 July
(39 d) to 3 August (45 d). The rice was harvested 126 days after transplantation.

2.2. Methane Emission

CH4 flux was measured after flooding. A bottom-open PVC chamber (20 × 24 × 80 cm)
equipped with a battery-driven fan, a thermometer, and a sampling septum was used for gas
sampling. Water was added to the groove to seal the chamber. 20 mL gas samples were
collected at 0, 5, 10, 20, and 30 min with a syringe and injected into pre-evacuated 18 mL
vials for CH4 analysis (Agilent 7890, Palo Alto, CA, USA). The gas sampling interval was
3–7 days, and the sampling time was fixed between 8:00 and 10:00 am. The CH4 emission
rate was calculated by a linear regression of CH4 concentration over time.

The CH4 emission rate was calculated as follows: F = ρ × V/A × (dc/dt) × 273/T [9].
Where F is the emission rate; ρ is the CH4 density (0.714 kg/m3); V is the chamber volume;
A is the surface area enclosed by the chamber; dc/dt is the CH4 increase rate; and T is
the air temperature of the chamber. Cumulative CH4 emissions were calculated by linear
interpolation of daily CH4 emissions during the monitoring period.
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2.3. Soil Sampling and DNA Extraction

Soil was sampled with a core sampler on days 7 d (26 June), 21 d (1 July), 39 d
(28 July), 90 d (16 September), and 133 d (29 October), five times in total. The third
and fourth samplings corresponded to the maximum rice tillering stage and the grain
filling stage, respectively. Genomic DNA was extracted from 0.5 g of moist soil using
the FastDNA® SPIN Kit for soil (MP Biomedicals, Santa Ana, CA, USA) according to
the manufacturer’s protocol. The extracted DNA was dissolved in 100 µL of TE buffer,
quantified by a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA,
USA), and stored at −20 ◦C until use.

2.4. Chemical Analysis of Soil Samples

The collected soil samples were slightly dried and sieved through a 2-mm mesh
screen. Soil dissolved organic carbon (DOC) and inorganic nitrogen (NH4

+ and NO3
−)

were determined according to the methods described by Li et al. [27]. Briefly, fresh moist
soil (10 g) was shaken using a reciprocating shaker for 30 min with double-distilled water
(20 mL), and the extracts were then centrifuged at 4000 rpm for 20 min and filtered through
the 0.45 µm membrane. The DOC in the extract was analyzed by Multi N/C 3000 total
organic carbon (TOC) analyzer (Analytik Jena AG, Jena, Germany). The extracts were also
analyzed by ion chromatography Dionex ICS-1100 (Thermo Scientific, Waltham, MA, USA)
for the determination of SO4

2− [28]. In addition, acetate in the filtrate was analyzed using
an Agilent 7890A GC with a Headspace Sampler Agilent 7697A (Agilent Technologies, Palo
Alto, CA, USA). Ten grams of soil were suspended in 40 mL of KCl (2M) and shaken for
1 h. After filtration, the NH4

+ and NO3
− from the supernatant were analyzed using an

autoanalyzer (Skalar Scan++, Skalar, Breda, The Netherlands).

2.5. Real-Time Quantitative PCR

For each soil, qPCR was used to determine the abundance of the methanogenic archaeal 16S
rRNA (primer set 1106F (TTWAGTCAGGCAACGAGC)/1378R (TGTGCAAGGAGCAGGGAC)),
methanotrophic pmoA gene (primer set A189 (GGNGACTGGGACTTCTGG)/mb661 (CCG-
GMGCAACGTCYTTACC)) [29], and sulfate-reducing bacterial dsrAB (primer set DSR1-F+
(ACSCACTGGAAGCACGGCGG)/DSR-R (GTGGMRCCGTGCAKRTTGG) [30] genes. The
target gene copy numbers were quantified by a C1000TM Thermal Cycler equipped with
a CFX96TM Real-Time system (Bio-Rad, Hercules, CA, USA). A 20 µL reaction mixture
containing 10 µL of SYBR Premix Ex TaqTM (TaKaRa, Kyoto, Japan), primer sets (0.5 µM
each), and a 1.0 µL template containing approximately 10 ng of DNA was set up. The
negative control was run with water as the template instead of soil DNA extract. Plasmids
carrying the target gene were extracted and purified. Then, the plasmid DNA content
was quantified by NanoDrop and diluted 10-fold to generate a 7-point standard curve.
The specificity of the target gene amplification was confirmed by melting curve analysis,
and the expected sizes of the PCR amplicons were checked by agarose gel electrophoresis.
Real-time PCR was performed in triplicate, and amplification efficiencies of 97–102% were
obtained with R2 values of 0.990–0.998. The final number of target genes was obtained by
calibrating the extracted total DNA concentrations and soil water content.

2.6. PCR and Illumina Miseq Pyrosequencing

For the soil samples, the above-mentioned primer sets 1106F/1378R and 519F (CAGCM
GCCGCGGTAATWC)/907R (CCGTCAATTCMTTTRAGTTT) were used to amplify the
methanogenic archaeal and bacterial 16S rRNA gene fragments of approximately 280 bp
and 400 bp, respectively, for sequencing on the Illumina Miseq pyrosequencing platform.
We chose soils sampled on 7 d, 39 d and 133 d for bacterial 16S rRNA gene analysis. The
oligonucleotide sequences included a 5-bp barcode fused to the forward primer as follows:
barcode + forward primer. PCR was carried out in 50-µL reaction mixtures with the follow-
ing components: 4 µL (initial 2.5 mM each) of deoxynucleoside triphosphates, 2 µL (initial
10 µM each) of forward and reverse primers, 2 U of Taq DNA polymerase with 0.4 µL
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(TaKaRa, Kyoto, Japan), and 1 µL of template containing approximately 50 ng of genomic
community DNA. For the methanogenic archaeal 16S rRNA gene, the PCR conditions were
as follows: 35 cycles of denaturation at 95 ◦C for 45 s, annealing at 55 ◦C for 45 s, and
extension at 72 ◦C for 60 s, with a final extension at 72 ◦C for 10 min. As for the bacterial
16S rRNA gene, 35 cycles (95 ◦C for 45 s, 56 ◦C for 45 s, and 72 ◦C for 60 s) were performed
with a final extension at 72 ◦C for 7 min. The bar-coded PCR products from all samples
were normalized to equimolar amounts and purified before pyrosequencing.

2.7. Processing of the Pyrosequencing Data

The methanogenic archaeal and bacterial 16S rRNA gene data were processed using
the Quantitative Insights Into Microbial Ecology (QIIME) 1.4.0-dev pipeline [31]. Briefly,
raw data were quality filtered (>25 quality score and 200 bp in length), denoised, and then
binned into OTUs at a 97% similarity level. The sequence with the highest abundance was
selected from each OTU as the representative sequence of that OTU. Taxonomic analysis
was conducted by comparing it with the Silva 104 database. PyNAST and QIIME were
used to align representative sequences and remove chimeric sequences, respectively. A
total of 721,250 methanogenic sequences and 398,775 bacterial sequences were obtained,
respectively. The raw sequences were deposited in the NCBI SRA with an accession number
of SRP388055.

2.8. Statistical Analysis

The statistical analysis was performed using SPSS v 13.0 (SPSS Inc., Chicago, IL, USA).
The data were expressed as the means ± standard deviation (SD). The letters above the
error bars in the figure indicate significant differences between treatments. The mean
separation was assessed by Tukey’s test. Differences at p < 0.05 were considered statistically
significant. The data were visualized by ImageGP [32].

A partial least squares path model (PLS-PM) was performed to infer the potential direct
and indirect effects of NCM and RCM amendment, soil properties, microbial abundance,
methanogenic community, and methanotrophic community on total CH4 emissions at five
sampling time points. Soil properties are latent variables measured by concentrations
of NO3

−, NH4
+, DOC, acetate, and SO4

2−; microbial abundances are latent variables
reflected by abundances of three functional microbial groups: methanogens, SRB, and
methanotrophs; and microbial communities are the first PCA axis of methanogenic and
methanotrophic communities. The quality of the PLS-PM is evaluated by the goodness of
fit (GOF) index, which >0.7 means a good overall prediction performance of the model, and
R2 values represent the variance of dependent variables explained by the inner model [33].

3. Results
3.1. CH4 Emission

Similar CH4 flux patterns were found from three treatments, with the amplitudes
varying (Figure 1a). Generally, no obvious CH4 emission was observed at the beginning
(before 17 d) of the experiment, followed by steadily increased emissions, with the emission
peaks appearing on 33 d Thereafter, the drainage carried out between 39 d and 45 d
resulted in significantly decreased CH4 emission rates for all three treatments. In addition,
pulse CH4 emissions were monitored during the drainage. The average CH4 fluxes before
drainage were approximately 9.73, 6.30, and 3.55 mg m−2 h−1 for NCM-, RCM-, and control
treatments, respectively. After drainage, slight variations of the CH4 emission rates were
measured, and the values ranged between 0.09 and 3.57 mg m−2 h−1.

In order to have a clear vision of the CH4 fluxes with three different treatments, the
whole rice growing season was divided into two parts, namely Stage 1 (before drainage)
and Stage 2 (after drainage). In general, vigorous CH4 emissions were observed in Stage 1,
accounting for 52.6%, 96.8%, and 32.9% of the total CH4 emissions of the NCM-, RCM-,
and control treatments, respectively. In comparison with the control, NCM and RCM
applications significantly increased the total CH4 emission of Stage 1, with an increase of
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279.4% and 120.8%, respectively (Table S1). However, for Stage 1, approximately 34.3–55.4%
of CH4 emissions were mitigated with the RCM treatment compared to the NCM treatment.
On the contrary, the cumulative CH4 emission of three treatments during Stage 2 decreased
in the following order: NCM < Ctrl < RCM. The CH4 emission with the RCM-treated soils
was weak, and the total CH4 emission was reduced by 90.1% relative to that of the control
(Table S1). The reduced CH4 emissions from the RCM-treated soils compared to the NCM
treatment at Stage 1 and Stage 2, respectively, accounted for 21.9% and 46.7% of the total
emitted CH4 of the NCM treatment, indicating the main mitigation occurred at Stage 2
for RCM.
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Figure 1. Seasonal variations of CH4 flux and the cumulative CH4 emissions of different treatments.
(a) Seasonal variations of CH4 flux. The zoom-in view for the late rice cultivation period was
displayed on the right. (b) Cumulative CH4 emissions. Different letters above the error bars indicate
significant differences (p < 0.05).

3.2. Soil Chemical Characteristics

Regardless of treatments, soil DOC represented an accumulation during the first three
weeks when soils were subjected to flooding (Figure 2a). After the maximum recorded at
the time point of 21 d, the DOC concentrations began to decrease gradually. Applications
of NCM and RCM significantly increased soil DOC concentration during rice cultivation
relative to the control (p < 0.05), except for a minimum detected from the RCM-treated soils
on 90 d. When harvested (133 d), relatively similar DOC concentrations were observed
among the three treatments, but at a low level.
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Figure 2. The dynamics of soil dissolved organic carbon (DOC) (a), acetate (b), NH4
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−. The
full line and the dotted line refer to NH4

+ and NO3
−, respectively. (c) and SO4

2− (d) concentrations.

Variations in the concentrations of soil acetate were also monitored over time. In
contrast to the dynamics of DOC in Figure 2a, generally, the acetate concentration gradually
increased with rice growth for these three treatments (Figure 2b). For the control, apart
from a slight decline from 7 to 21 d, the soil acetate contents gradually increased, which has
been more apparent lately. Consistent with the case of DOC, NCM and RCM applications
also led to significantly increased soil acetate concentrations, and the acetate concentrations
from the NCM treatment seemed higher than those from the RCM treatment (p > 0.05).

Concentrations of soil nitrate (NO3
−) and ammonium nitrogen (NH4

+) during rice
growth changed in opposite ways (Figure 2c). Generally, the soil NH4

+ concentrations
showed a decreasing trend and remained at low levels during the late rice growth period.
NCM and RCM amendments significantly increased soil NH4

+ concentrations (p < 0.05)
compared to those of the control for the first three sampling dates. Moreover, the NH4

+ con-
centration with the RCM treatment was approximately twice that with the NCM treatment.
There was no significant difference observed in the soil NO3

− concentration among the
three treatments before drainage (p > 0.05), and the values were always low. After drainage,
the soil NO3

− concentrations began to increase, which was remarkably apparent with the
RCM-treated soils and much higher than those from the other two treatments (p < 0.05).

The SO4
2− concentrations from these three treatments varied in similar patterns to

those of NO3
− (Figure 2d). Before drainage, the SO4

2− concentration gradually decreased
and then apparently started to increase, following the reflooding of soils. Both the NCM
treatment and the control contained a similar amount of SO4

2−, which was much lower
than that of the RCM treatment (p < 0.05). Relatively large amplitudes of the soil SO4

2−

content variations were observed with the RCM-treated soils.

3.3. Abundance of Functional Microbial Groups

The abundance of the methanogens from soils treated with NCM ranged between
0.95 and 1.54 × 109 /g and was consistently higher than that from RCM treated soils
(0.65–1.20 × 109 /g) and the control (0.51–1.27 × 109 /g), during the cultivation of rice
(Figure 3a). However, no significant difference was found between the RCM treatment and
the control in the abundance of soil methanogens (p > 0.05), except for an apparent increase
in the control at the beginning of the rice tillering stage (21 d) (p < 0.05).
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Figure 3. Copy numbers of the methanogenic archaeal 16S rRNA genes (a), the methanotrophic
pmoA genes (b), and the dsr gene (c) of paddy soils under different treatments along rice cultivation.
Significant differences are indicated by different letters above the error bars (p < 0.05).

Variations of the number of methanotrophs from all treatments were similar, with
the abundance gradually decreasing before drainage while obviously increasing from
90 to 133 d (Figure 3b). It is noteworthy that, at the initial stage (7 d), relatively simi-
lar abundances of the methanotrophs were found with all three treatments, and then the
methanotrophic numbers decreased, with the RCM treatment containing the lowest methan-
otrophic abundance on 21 and 39 d. However, the number of methanotrophs in the soils
treated with RCM emerged to be the largest on 90 d. At maturation, the methanotrophic
abundances of the three treatments reached peaks, with the largest number observed in the
NCM-treated soils.

The population size of sulfate-reducing bacteria (SRB) varied in similar ways as the
changes in the methanotrophs. As flooding continued, the SRB abundance showed a
decreasing trend until the drainage was carried out at 39 d (Figure 3c). Then, after drainage,
the SRB abundance began to increase again and reached its maximum at the harvest.
Similarly, an apparent increase in the number of SRB was observed over 90 d in soils treated
with the RCM.

3.4. Community Compositions of Methanogens and Methanotrophs

Pyrosequencing revealed that the soil methanogenic archaeal community of all treat-
ments during the whole rice growing period was dominated by genera of Methanosarcina
(12.2–45.4%), Methanocella (14.4–29.4%), Methanosaeta (12.2–26.9%), and Methanobacterium
(11.7–21.0%), whose relative abundances could represent serious shifts with the cultivation
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of rice, as illustrated in Figure 4a. Methanosarcina was the most predominant methanogenic
group for soils amended with NCM, while the proportions largely varied, ranging be-
tween 23.0 and 45.4%. In contrast, the RCM-treated soils were dominated by Methanocella
(24.3–29.4%), with the percentage varying slightly. The methanogenic species in the control
seemed evenly distributed, with almost no dominant methanogenic species observed. In
addition, the relative abundance of Methanosarcina from the NCM treatment and the control
showed a similar decreasing trend with the growth of rice, which was more apparent in the
NCM treatment and not found in the RCM treatment. Besides, the Methanosaeta seemed
to increase at the late rice growing stage, while the Methanobacterium decreased within all
three treatments.
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Figure 4. A 100% stacked column chart of the relative abundances of the dominant methanogenic
(a) and methanotrophic (b) genera derived from 16S rRNA genes of paddy soils under different
treatments along rice cultivation. The relative abundances of the methylotrophs of Methylophilaceae
were also displayed, as they cooperated with methanotrophs in methane oxidation.

The total bacterial sequences assigned to each family were classified at genus level,
and sequences belonging to methanotrophs were selected. The relative abundance of each
methanotrophic genera is illustrated in Figure 4b. It was observed that the composition
of methanotrophs varied over time, especially at the rice maturation stage. At the be-
ginning of the experiment, the methanotrophic community structures of all treatments
seemed relatively similar; only the genus less dominant differed. Type II methanotrophs,
especially Methylocystis and other undefined genus from the family of Methylocystaceae,
overwhelmingly dominated the paddy methanotrophic community before drainage, ac-
counting for approximately 60.3–73.7% of the total methanotrophs. However, the structure
of the methanotrophic community significantly changed at the late growing stage of rice
(p < 0.05), as shown in Figure 4b on 133 d. The dominance of Type II methanotrophs de-
creased, ranging from 19.9% to 48.8% among the three treatments. Interestingly, data from
133 d revealed that methylotrophs of the family Methylophilaceae emerged to be the most
abundant group, with the proportions increasing from the initial 7.4%, 6.9%, and 8.4%,
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respectively, to 34.1%, 73.5%, and 37.0% for the treatments of NCM, RCM, and control. It
deserved to be mentioned that, in the mature stage, the methylotrophs of the soils treated
with RCM seemed to greatly grow and ultimately dominate the methanotrophs.

3.5. Shifts in the Communities of Methanogens and Methanotrophs

The variations in the paddy methanogenic archaeal and methanotrophic communities
of the different samples along rice cultivation were statistically evaluated using a principal
component analysis (PCA) of the weighted pairwise UniFrac community distances, which
are displayed in Figure 5. PCA revealed that the methanogenic communities from the NCM-
treated soils apparently shifted with the rice cultivation, which seemed much different from
those of the other treatments (Figure 5a). The samples from the RCM treatment and the
control were grouped together and dissimilated from samples of the NCM treatment, which
could indicate the much similar methanogenic communities between the RCM treatment
and the control. Moreover, the methanogenic communities of the RCM treatment and the
control slightly shifted over time, especially for those of the RCM treatment.
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As shown in Figure 5b, the soil samples from the first two sampling dates were
gathered for all three treatments, suggesting similar and less varied methanotrophic com-
munities in the three treatments. However, all soil samples on 133 d separated from the
rest of the samples, indicating the methanotrophic communities largely changed, which
was more apparent for the RCM-treated soils.

3.6. Potential Direct and Indirect Effects of NCM and RCM Amendments on Total CH4 Emission

PLS-PM indicated that, for five sampling time points, all predictor variables explained
91.3%, 90.5%, 89.4%, 95.7%, and 93.5% of variations in total CH4 emission, respectively.
Both NCM and RCM amendments showed significant effects on soil properties, except for
7 d, when just RCM application significantly affected soil SO4

2− concentration (Figure 6a).
Amendment of NCM exerted significant impacts on soil methanogenic communities for 7 d,
21 d, 39 d and 90 d, while the effects of RCM amendment were non-significant for all time.

Agronomy 2023, 13, x FOR PEER REVIEW 11 of 16 
 

 

Figure 5. The community compositional structures of the methanogens (a) and methanotrophs (b) 

in the paddy soils as indicated by principal component analysis (PCA) of the weighted pairwise 

UniFrac community distances between different treatments along rice cultivation. 

3.6. Potential Direct and Indirect Effects of NCM and RCM Amendments on Total CH4 

Emission 

PLS-PM indicated that, for five sampling time points, all predictor variables ex-

plained 91.3%, 90.5%, 89.4%, 95.7%, and 93.5% of variations in total CH4 emission, respec-

tively. Both NCM and RCM amendments showed significant effects on soil properties, 

except for 7 d, when just RCM application significantly affected soil SO42− concentration 

(Figure 6a). Amendment of NCM exerted significant impacts on soil methanogenic com-

munities for 7 d, 21 d, 39 d and 90 d, while the effects of RCM amendment were non-

significant for all time. 

 

Figure 6. The partial least squares path models (PLS-PM) illustrate the direct and indirect effects of 

NCM and RCM, soil properties, microbial abundance, methanogenic community, and metha-

notrophic community (except 21 d and 90 d) on total CH4 emissions at 7 d (a), 21 d (b), 39 d (c), 90 

d (d), and 133 d (e), respectively. Soil properties are latent variables measured by SO42− concentra-

tions for 7 d (a); NO3−, NH4+, DOC, acetate, and SO42− concentrations for 21 d (b) and 133 d (e); NO3−, 

DOC and acetate concentrations for 39 d (c); and NO3−, NH4+, DOC, and SO42− concentrations for 90 

d (d). Microbial abundances are latent variables reflected by the abundances of three functional mi-

crobial groups: methanogens, SRB, and methanotrophs, with the abundances of methanotrophs and 

SRB excluded for 7 d and 39 d, respectively. The main soil properties and microbial abundances are 

selected through PLS-PM analysis, and microbial communities are the first PCA axis of methano-

genic and methanotrophic communities. The numbers on the arrowed lines indicate the normalized 

direct (above) and indirect (below) path coefficients. R2 below the latent variables represents the 

variations of dependent variables explained by the inner model. The GOF index represents the 

goodness of fit. Asterisks represent significant effects. *, p < 0.05; ***, p < 0.001. 

4. Discussion 

4.1. RCM Application Significantly Decreases Paddy CH4 Emission 

Livestock manures contain high amounts of labile organic C and nutrients, which are 

regarded as valuable organic fertilizers in agriculture, favoring crop growth as well as 

improving soil structure and fertility [34,35]. As anything has two sides, the high C content 

of the livestock manure could otherwise inevitably lead to vigorous paddy CH4 emissions 

when applied to the rice fields [11,36], triggering concerns about global warming. How-

ever, the substantial CH4 emission resulting from the incorporation of the raw manure 

could be mitigated when that is properly pretreated. In the present study, a new rapid 

Figure 6. The partial least squares path models (PLS-PM) illustrate the direct and indirect effects of
NCM and RCM, soil properties, microbial abundance, methanogenic community, and methanotrophic
community (except 21 d and 90 d) on total CH4 emissions at 7 d (a), 21 d (b), 39 d (c), 90 d (d), and
133 d (e), respectively. Soil properties are latent variables measured by SO4

2− concentrations for 7 d
(a); NO3

−, NH4
+, DOC, acetate, and SO4

2− concentrations for 21 d (b) and 133 d (e); NO3
−, DOC and

acetate concentrations for 39 d (c); and NO3
−, NH4

+, DOC, and SO4
2− concentrations for 90 d (d).

Microbial abundances are latent variables reflected by the abundances of three functional microbial
groups: methanogens, SRB, and methanotrophs, with the abundances of methanotrophs and SRB
excluded for 7 d and 39 d, respectively. The main soil properties and microbial abundances are
selected through PLS-PM analysis, and microbial communities are the first PCA axis of methanogenic
and methanotrophic communities. The numbers on the arrowed lines indicate the normalized direct
(above) and indirect (below) path coefficients. R2 below the latent variables represents the variations
of dependent variables explained by the inner model. The GOF index represents the goodness of fit.
Asterisks represent significant effects. *, p < 0.05; ***, p < 0.001.

4. Discussion
4.1. RCM Application Significantly Decreases Paddy CH4 Emission

Livestock manures contain high amounts of labile organic C and nutrients, which
are regarded as valuable organic fertilizers in agriculture, favoring crop growth as well as
improving soil structure and fertility [34,35]. As anything has two sides, the high C content
of the livestock manure could otherwise inevitably lead to vigorous paddy CH4 emissions
when applied to the rice fields [11,36], triggering concerns about global warming. However,
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the substantial CH4 emission resulting from the incorporation of the raw manure could be
mitigated when that is properly pretreated. In the present study, a new rapid composting
method was utilized to handle the raw cattle manures, which can promise the rapid disposal
of vast amounts of ever-growing waste generated from intensive livestock and poultry
operations. CH4 emission fluxes with all three treatments were simultaneously measured
during the whole rice cultivation, revealing that the RCM-treated rice soils emitted almost
the same amount of CH4 in comparison with that from the control, whereas approximately
double CH4 emission was detected with the NCM-treated rice soils (Figure 1a). Therefore,
referring to the above-mentioned results, we can conclude that RCM seems to be more
superior relative to raw manure as an organic amendment, which can effectively enhance
rice growth, increase grain production (Table S2), and emit less CH4. Numerous studies
have also shown that composting manure, irrespective of whether it is straw or livestock
manure, can effectively reduce CH4 emissions compared to raw manures when used in
paddies [9,24,26]. Field experiments conducted by Kim et al. [24] reveal that the application
of composted manures reduces CH4 emissions by up to 50% compared to air-dried manures
without pretreatment.

4.2. Insights into the CH4 Emission Patterns of Soils Treated with NCM and RCM

In the present study, organic manures from NCM and RCM were amended as basal
fertilizers without other fertilizers being applied during the whole rice growth period.
Before transplantation, all the pots were subjected to flooding for one week, considering
the slow release of nutrients contained in the organic manures. As shown in Figure 1a,
the CH4 emissions from all three treatments during the early 20 days after flooding were
relatively lower, which could be partially attributed to the weak CH4 transport of rice
seedlings as the rice aerenchyma tissues were not well developed then [37]. It is estimated
that approximately 90% of the emitted paddy CH4 is released to the atmosphere through
plant-mediated transport, with only 2–3% percolating through flooded water [38]. In
addition, the relatively low temperature during the early experiment could also limit CH4
production. Then, CH4 emission rates significantly increased, with the appearance of three
CH4 flux peaks, despite those being much less conspicuous in the control (Figure 1a). It
is reported that the occurrences of such CH4 emission peaks correspond to maxima in
air temperature [39]. Whereas, the relatively higher CH4 emissions observed in Stage 1
with the NCM- and RCM-treated soils could be ascribed to the extra application of organic
manures. It is noteworthy that relatively lower CH4 emissions were detected with the RCM-
treated soils compared to those from the NCM-treated soils, and the possible underlying
reasons will be interpreted below.

After drainage, the intensity of paddy CH4 emissions significantly decreased (Figure 1a),
with emission rates consistently maintaining low levels, which was extremely apparent in the
RCM treatments. Moreover, the CH4 fluxes between the NCM and Ctrl treatments were very
similar, as shown in the zoomed-in view shown on the right. The almost comparative CH4
fluxes between the NCM and Ctrl treatments could indicate the consumption of the labile
C contained in the NCM and the CH4 production during late rice cultivation, which mostly
originated from degradations of exudates and autolysis products of roots. Studies have
shown that the presence of rice plants promoted the emission of CH4 at the rice mature
stage [40,41], indicating the important influence of rice roots on CH4 production in the late
growth stage of rice. Whereas, the situation was strange with the RCM-treated soils, whose
rice biomasses were 68.7% and 35.4% higher than those of the Ctrl and NCM treatments
(data not shown), respectively, which means relatively higher root exudates, but there was
almost no CH4 emission detected with the RCM treatment. Thus, we speculated that either
reduced CH4 production or increased CH4 oxidation conducted by methanotrophs could
take place in the RCM-treated soils.
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4.3. The Lower CH4 Production with the RCM Treatment at Rice Growth Stage 1 Led to the Lower
CH4 Emissions Relative to the NCM Treatment

DOC is the most labile part of soil organic C, which is an important C source and
easily accessible for soil microorganisms. A large amount of research has demonstrated
that CH4 emission rates positively correlate with DOC concentrations in soil [24,42]. Soil
DOC is the major C source for methanogens and is considered an important factor affecting
paddy CH4 emissions. The dynamics of soil DOC concentrations during rice cultivation
are depicted in Figure 2a. Amendment of NCM and RCM significantly increased soil DOC
concentration, except in the case of the RCM treatment at 90 d, ultimately resulting in
higher emissions of CH4 by increasing CH4 production relative to Ctrl.

Additionally, the lower CH4 emission from the RCM-treated soils relative to that
from the NCM-treated soils seemed strange, considering the similar DOC concentrations
between these two treatments. However, this paradoxical phenomenon points toward the
significance of the functionally diverse microorganisms that are involved in the production
and oxidation of paddy CH4. First, methanogens are the sole producers of paddy CH4,
broadly classified into two groups: hydrogenotrophic and acetoclastic methanogens, which
can obtain energy from the reduction of CO2 with H2 and the cleavage of acetate, respec-
tively [14]. Organic manure amendments introduce more C into soils, which can provide
sufficient C substrates for methanogens, potentially influencing both the abundance and
composition of the methanogens and finally having an impact on paddy CH4 emissions. A
field study conducted by Feng et al. [29] reveals that decreased soil DOC content, resulting
from elevated ground-level O3, reduces both the abundance and diversity of the dominant
methanogen of Methanosaeta, consequently contributing to the reduced CH4 emission in the
plots under elevated ground-level O3. In the present study, the amendment of NCM seemed
to significantly stimulate the growth of methanogens, whereas no obvious enhancement
was observed in the methanogenic archaeal population size of the RCM-treated soils over
the whole rice growth stage (Figure 3a). Moreover, pyrosequencing results further revealed
that NCM application also resulted in apparent shifts in the paddy methanogenic compo-
sition, selectively enhancing the growth of the methanogens of Methanosarcina; whereas,
the same variation was not found in both the RCM and Ctrl treatments (Figure 4a). It
is well known that Methanosarcina methanogens are metabolically versatile, using both
CO2 and acetate as C sources, and can rapidly grow to become the dominant genera [43].
It is estimated that acetoclastic methanogenesis contributes more than 67% of the paddy
CH4 emissions. Thus, as corresponding results show, the lower relative abundance of
Methanosarcina in RCM-treated soils may consistently lead to lower CH4 emissions. Sec-
ond, the methanotrophic numbers of the RCM-treated soils appeared lower than those
of the NCM-treated soils for Stage 1, indicating the lower CH4 oxidation ability of the
RCM-treated soils. Additionally, PCA results also displayed a similar community structure
of methanotrophs between all three treatments (Figure 5b). Therefore, we can conclude
that, for Stage 1, the relatively lower CH4 production ability led to the lower CH4 emission
of the RCM treatment compared to that of the NCM treatment.

4.4. The Enhanced CH4 Oxidation with the RCM Treatment at Rice Growth Stage 2 Contributed to
the Lower CH4 Emission

After drainage, dramatically decreased CH4 fluxes were observed in all three treat-
ments, and almost no CH4 emission was detected in the RCM-treated soils. Usually, soil
drainage always results in changed soil conditions, primarily increased soil Eh, re-oxidation
of soil reductants [19]. In the present study, at the late rice growth stage, the concentrations
of NO3

− and SO4
2− showed apparent increasing trends, which were especially intensive

in the RCM-treated soils (Figure 2c,d). The increased NO3
− and SO4

2− contents could
partially be responsible for the extremely low CH4 emissions of RCM treatment. On one
hand, the high content of NO3

− and SO4
2− could retard the decrease of soil Eh, which

could inhibit the CH4 production of RCM-treated soils as the reduced conditions needed
have not been formed [21]. On the other hand, the abundant inorganic acceptors such as
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NO3
− and SO4

2− may activate the corresponding nitrate- and sulfate-reducing bacteria,
effectively competing C substrates with methanogens [44]. Coincidentally, as support, both
an apparent drop in DOC concentration (Figure 2a) and a significant increase in dsr gene
copies (Figure 3c) were observed at 90 d with the RCM-treated soils.

Furthermore, the apparent CH4 emission reduction of RCM treatment at rice growth
Stage 2 might be related to the predominance of the methylotrophs belonging to the family
Methylophilaceae (Figure 4b). More recently, a CH4 consumption metabolic mode linked
to alternative electron donors, such as nitrate/nitrite-dependent anaerobic/microaerobic
bacterial methane oxidation in freshwater environments, was proposed [45]. A number
of studies have already revealed the cooperation between the Methylococcaceae and the
Methylophilaceae in response to both CH4 and NO3

− stimuli, implying the importance
of such syntrophism in CH4 consumption [46,47]. Krause et al. [48] deduced the cross-
feeding mechanism and verified methanol as the dominant carbon and energy source
the methanotroph provides to support the growth of the nonmethanotrophs. Likewise,
in the present study, after drainage, the soil NO3

− from all three treatments showed
obvious accumulations and was obvious in the RCM-treated soils (Figure 2c), coordinately
providing conditions for the symbiotic growth of Methylophilaceae. This, to some extent,
could explain the relatively lower CH4 emission from the RCM treatment at Stage 2.

5. Conclusions

NCM is a valuable organic fertilizer that contains rich, labile organic C and nutrients.
However, the application of NCM to rice soils significantly enhanced CH4 emission by both
promoting the growth of methanogens and shifting the methanogenic archaeal composition,
primarily stimulating the growth of Methanosarcina, during whole rice cultivation. On the
contrary, the incorporation of RCM did not increase CH4 emissions, which were almost
the same as those of the control. Unlike the NCM-treated soils, neither the stimulation
of the total methanogenic population size nor the specific methanogenic species, such as
Methanosarcina, was detected with the RCM-treated soils during the rice growth, which
primarily resulted in the low CH4 production at Stage 1. In addition, the extremely low
CH4 emission from the RCM-treated soils during the late rice growth period (Stage 2)
could partially be attributed to aerobic/anaerobic oxidation of CH4, as the methylotrophy
of Methylophilaceae species appeared dominant. As a summary, the statistical results of
contrasting NCM and RCM, respectively, with control at five sampling time points based
on a t-test are presented in Table S1.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13051268/s1, Table S1: Statistic results of contrasting
NCM and RCM, respectively, with control on five sampling days based on t-test.; Table S2: Effects of
different treatments on rice biomass.
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Abstract: It has been established that maize/soybean intercropping can improve nitrogen use effi-
ciency. However, few studies have addressed how maize/soybean intercropping affects nitrogen-
fixing bacterial diversity and N fixation efficiency of intercropped soybean. In this study, nitrogen-
fixing bacterial communities, N fixation efficiency, and their relationships with soil properties under
three nitrogen fertilization application rates (N0 0 kg/ha, N1 40 kg/ha, N2 80 kg/ha) were explored
through field experiments. Nitrogen fixation and nitrogen-fixing bacteria diversity were assessed
using 15N natural abundance, Illumina high-throughput sequencing, and nifH (nitrogen fixation)
gene copies quantification in the rhizosphere soil of intercropped soybean. The results showed that
nitrogen application rates significantly decreased the nitrogen-fixing bacteria diversity, nitrogen
fixation efficiency, and nifH gene copies in the rhizosphere soil. Nitrogen fixation efficiency, nodule
number, and dry weight of intercropped soybean were highest in the N0 treatment, and nitrogen
fixation was the highest in the N1 treatment. The nitrogen-fixing efficiency in N0, N1, and N2
treatments increased by 69%, 59%, and 42% and the nodule number of soybean was 10%, 22%, and
21%, respectively, compared with monocultures. The soybean nitrogen-fixing bacteria diversity in
intercropping under N0 and N1 treatments significantly increased compared with monocultures.
There was a significant positive correlation between soil nifH gene copies and N fixation efficiency and
a negative correlation with soil available nitrogen. Bradyrhizobium abundance in soybean rhizosphere
soil decreased significantly with the increase in nitrogen application rates and was significantly
correlated with soil AN (available nitrogen) and pH content in the soybean rhizosphere. These results
help us to understand the mechanisms by which nitrogen use efficiency was improved, and nitrogen
fertilizer could be reduced in legume/Gramineae intercropping, which is important to improve the
sustainability of agricultural production.

Keywords: nitrogen-fixing efficiency; nitrogen-fixing bacteria; intercropped soybean; 15N natural
abundance; Bradyrhizobium

1. Introduction

Intercropping systems are among the important cultural practices to further increase
yield in China’s agriculture. Selecting the appropriate crop intercropped, yield [1], and nu-
trient use efficiency [2] have more significant advantages than the corresponding monocrop-
ping. Many legumes/gramineous intercropping combinations, such as wheat/soybean [3],
cowpea/corn [4], lentil/barley, etc., are common beneficial combination systems. Maize/
soybean intercropping is a frequently used intercropping planting pattern and has been
found to have certain advantages in nutrient utilization, significantly increasing the ni-
trogen equivalent ratio [5]. At the same time, maize/soybean intercropping can not only
significantly promote rhizosphere microbial abundance but also affect rhizosphere micro-
bial diversity [6,7]. Some studies showed that Gramineae could absorb nitrogen fixed by
intercropped legumes and, at the same time, secrete root exudates to influence legumes’ N
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fixation [8–10]. Except that, in the legume/cereal intercropping system, due to the large
nitrogen amount absorbed by the cereal crops, soil mineral nitrogen is maintained at a
relatively low level, reducing the nitrogen-induced inhibition of legume nitrogen fixation,
which can promote legume nitrogen fixation from the air to satisfy their own growth [11].
In addition, due to the ecological niche differences [12], the two intercropping crops have
different plant heights and alternate planting rows, which reduces the competitive effect.
Moreover, the different root depths of the two crops lead to growth at different soil lev-
els, reducing their competition. These would also lead to differences in nitrogen fixation
efficiency in intercropping compared to monoculture. Studies have shown that intercrop-
ping significantly increased crop yield and promoted nodulation and nitrogen fixation of
legumes [13]. The nitrogen application levels and interspecific interaction in intercropping
systems affected the complementary utilization of nutrients, growth of nodules, and nitro-
gen fixation of legumes. Therefore, the advantages of intercropping partially depend on
below-ground interspecific plant interactions [14], which include interspecific facilitation,
such as the complementary utilization of N resources [10] and niche differences [15].

In general, legumes fix air nitrogen by forming a symbiotic system between nitrogen-
fixing soil microorganisms and legume roots. Plants can only absorb free nitrogen in the
atmosphere under the action of nitrogen-fixing microorganisms. Nitrogen-fixing bacteria
are among the bacteria involved in nitrogen fixing. Rhizosphere nitrogen bacterial diversity
and structure will influence the nitrogen fixation of legumes in intercropping. Different
planting cultivation would affect soil microbial community structure, microbial quantity,
and microbial activity [16]. Therefore, it is necessary to study the changes of nitrogen-fixing
bacteria in the rhizosphere to verify the mechanism of high N fixation efficiency in the
maize/soybean intercropping system. It has been shown that the intercropping of legumes
and grasses could significantly increase the abundance of rhizosphere soil microorgan-
isms [17,18]. Nitrogen-fixing bacteria regulate the nitrogen-fixing process through the 70K
Da nitrogen-fixing enzyme encoded by the nifH (nitrogen fixation) gene [19]. Therefore,
exploring the changes in the nifH gene number in the rhizosphere soil is helpful in clarifying
the influence on legume fixation efficiency and development.

Nitrogen-fixing bacteria are important in the soil nitrogen cycle [20] and are affected by
soil nitrogen levels. The change in Azotobacter diversity is beneficial to plant growth [21].
A certain amount of nitrogen fertilizer would improve the nitrogen-fixing efficiency of
nitrogen-fixing bacteria in soybean [22]. Nitrogen application levels have an important
effect on rhizosphere microorganisms and community growth and development changes.
Some studies have found that soil available nitrogen has a significant effect on bacterial
community composition [23], and short-term fertilization also changes the community
composition of rhizobia [24]. Fertilization increased the abundance of nitrogen-fixing
bacteria species and was beneficial to increase the number and variety of nitrogen-fixing
bacterial genes in the black soil area of Northeast China [25]. Evaluation of rhizosphere
nifH gene diversity in two sorghum (Sorghum Moench) varieties suggested that nitrogen
application was the main factor affecting the nitrogen-fixing bacteria community structure
in sorghum [26]. However, long-term fertilization would greatly inhibit bacterial nitrogen
fixation; other studies showed that the increase in nitrogen fertilizer inhibited the expression
of the nifH gene [5]. Nitrogen-rich soil inhibited soybean symbiosis and nitrogen fixation,
which resulted in decreased soybean nodule quantity and size and decreased nitrogen
fixation activity [27]. Planting methods and soil nutrients are important factors determining
rhizosphere microbial diversity and community composition [28]. However, there is a
limited number of studies about the community structure of nitrogen-fixing bacteria and
nifH gene abundance in the maize/soybean intercropping under different N application
rates.

Therefore, in the present experiment, three nitrogen application levels were evaluated
in the maize/soybean intercropping system. The 15N natural abundance method, high-
throughput sequencing technology, and real-time fluorescent quantitative PCR were used
to study the community structure of nitrogen-fixing bacteria and nifH gene abundance in
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the soybean rhizosphere. The aims of this study were: (i) to quantify the nitrogen fixation
efficiency of intercropped soybean as affected by N application rates. (ii) to evaluate the
changes of nitrogen-fixing bacteria community diversity and abundance in the rhizosphere
of intercropped soybean; (iii) to reveal the relationship between nifH gene abundance and
nitrogen fixation efficiency of intercropped soybean. These results will further explain why
N utilization efficiency is improved in the maize/soybean intercropping system, which is
valuable for reducing N use in agricultural ecological systems.

2. Materials and Methods
2.1. Experimental Design

A field experiment was conducted at the experimental station of Northeast Agri-
cultural University, Acheng District, Heilongjiang Province, China. The station is in the
temperate continental monsoon climate, with an annual precipitation of 530 mm and an-
nual accumulated temperature of 2800 degrees Celsius. The soil type was black soil, which
is mollisol according to the USDA soil classification. The basic physical and chemical
properties of the soil were as follows: soil OM (organic matter): 29.6 g/kg; TN (total N):
1.45 g/kg; (AP) available P: (Olsen P) 28.9 mg/kg; AK (available K): 122.52 mg/kg; AN
(available nitrogen): 126 mg/kg; pH: 6.1 (1:2.5 w/v water).

The experiment was conducted in a two-factor split-plot design. The main factor
was nitrogen application, with the three nitrogen application rates (N0, N1, and N2) in
monoculture soybean and maize/soybean intercropping systems, respectively. The N0,
N1, and N2 application rates were 0 kg N/ha, 40 kg N/ha, and 80 kg N/ha, respectively.
The planting patterns were the secondary factor w, namely soybean monocropping (SS)
and maize/soybean intercropping (IS). In the monoculture plots, soybean was grown
throughout the eight rows. Soybean plant spacing was 8.5 cm, and planting density was
196,000/ha. Maize row spacing was 60 cm, and plant spacing was 17 cm. Urea was used as
a nitrogen fertilizer for each treatment, with the same application amount in intercropping
and monoculture. The basic fertilizer was applied with soybean per the standard treatment
guidelines, and the application amount was 0 kg N/ha, 40 kg N/ha, and 80 kg N/ha, re-
spectively. Superphosphate and potassium sulfate was used as the phosphorous potassium
fertilizer 120 kg P2O5/ha was supplied as triple superphosphate, and 100 kg K2O/ha was
supplied as potassium sulfate. The experiment had 6 treatments with 3 replications and a
total of 18 plots. Each plot’s dimensions were 4.8 m (width) × 10 m (length) and included
eight rows with a row spacing of 0.6 m. The maize variety “Xianyu 335” and soybean
variety “Dongnong 252” were planted. The sowing time was 2 May 2019, and the harvest
time was 1 October 2019.

2.2. Plant Sampling and Analysis

Five soybean plants were taken at random in the sampling area at the mature stages
of the crop. After the harvest, plants were taken back to the laboratory, and the stalks
and grains were separated, dried in an oven at 105 ◦C for 30 min, and then dried at
80 ◦C to a constant weight. The samples were ground thoroughly for the 15N abundance
determination and N concentration analysis.

The samples were digested with H2SO4-H2O2, and the N concentration was measured
by the Kjeldahl method. The 15N abundance was measured with a stable isotope mass
spectrometer (ISOPRIME).

2.3. Analysis of Soil Physicochemical Characteristics

The Kjeldahl distillation method [29] was used for the total nitrogen (TN) determi-
nation. The available P (AP) was extracted with a 0.5 mol/L NaHCO3 solution and then
measured using the molybdenum antimony-D-isoascorbic acid colorimetry (MADAC)
method [30]. The available potassium (AK) was determined by flame photometry using
a 1 mol/L NH4OAc neutral extraction. The available nitrogen (AN) was determined by
the diffusion absorption method [31]. The soil pH was measured in a 1:2.5 soil–water
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suspension using a glass electrode. The soil organic matter (OM) was determined by the
method of soil digestion with hot acid dichromate [32].

2.4. Measurement of Soybean Nodules and Nodules Dry Weight

Soybean root nodules were collected at the pod setting stage. Five soybean plants from
each treatment were randomly selected for the determination. The roots of soybean plants
were excavated from the field (20 cm(long) × 20 cm(wide) × 25 cm(deep)), then placed in
sealed bags and taken then back to the laboratory. Roots were shaken off the excess loose
soil on a kraft paper. The soil was collected and sieved to wash off the soil and pick out the
nodules. The soil attached to the roots was brushed off and passed through a 2 mm sieve.
The soil samples were then placed into a centrifuge tube and stored in a −80 ◦C refrigerator
for the analysis of nitrogen-fixing bacteria diversity. The nodules attached to the roots and
the sieves were counted. Then the nodules were dried at 80 ◦C to a constant weight, and
their dry weight was taken.

2.5. Determination of Nitrogen-Fixing Bacteria Diversity
2.5.1. DNA Extraction and PCR Amplification

Total microbial genomic DNA was extracted from rhizosphere soil samples using
the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the man-
ufacturer’s instructions. The quality and concentration of DNA were determined by
1.0% agarose gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer (Thermo
Scientific Inc., Waltham, MA, USA) and were kept at −80 ◦C prior to further use. The
nifH-F_nifH-R variable region was amplified by PCR with nifH-F (AAAGGYGGWATCG-
GYAARTCCACCAC) and nifH-R (TTGTTSGCSGCRTACATSGCCATCAT) [33,34] primers
and sequenced using the Illumina Miseq platform. The PCR reaction mixture including
4 µL 5 × Fast Pfu buffer, 2 µL 2.5 mM dNTPs, 0.8 µL Forward Primer (5 µM), 0.8 µL Reverse
Primer (5 µM), 0.4 µL Fast Pfu polymerase, 0.2 µlBSA,10 ng of template DNA, and ddH2O
to a final volume of 20 µL. PCR amplification cycling conditions were as follows: initial
denaturation at 95 ◦C for 3 min, followed by 35 cycles of denaturing at 95 ◦C for 30 s,
annealing at 55 ◦C for 30 s and extension at 72 ◦C for 45 s, and single extension at 72 ◦C
for 10 min, and end at 10 ◦C. All samples were amplified in triplicate. The PCR product
was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) according to the manufacturer’s instructions
and was quantified using Quantus™ Fluorometer (Promega, Madison, WI, USA).

2.5.2. Illumina MiSeq Sequencing

Purified amplicons were pooled in equimolar amounts and paired-end sequenced
on an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, USA) according to the
standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw
sequencing reads were deposited into the NCBI Sequence Read Archive (SRA) database
(Accession Number: PRJNA945238).

2.5.3. Data Processing

Raw FASTQ files were de-multiplexed using an in-house perl script and then quality-
filtered by fastp version 0.19.6 and merged by FLASH version 1.2.7 with the following
criteria:

(i) the 300 bp reads were truncated at any site receiving an average quality score of
<20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded;
reads containing ambiguous characters were also discarded; (ii) only overlapping sequences
longer than 10 bp were assembled according to their overlapped sequence. The maximum
mismatch ratio of the overlap region is 0.2. Reads that could not be assembled were
discarded; (iii) samples were distinguished according to the barcode and primers, and the
sequence direction was adjusted, exact barcode matching, and 2 nucleotide mismatches in
primer matching. The bacterial composition and differences between groups were analyzed
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and compared on the Majorbio I-Sanger cloud platform and in the nifH database. The
RDP classifier Bayes Algorithm was used to perform taxonomic analysis on 97% similar
OTU representative sequences, and statistics at each classification level in each sample
community were performed (http://sourceforge.net/projects/rdp-classifier/ accessed
on 12 December 2019). This part of the sequencing process was completed by Shanghai
Majorbio Bio-pharm Technology Co., Ltd., (Shanghai, China).

2.6. Determination of nifH Gene

ABI 7500 fluorescence quantitative PCR instrument (USA) and SYBRGreen Real-Time
PCR kit (ABI Power SybrGreen qPCR Master Mix(2X)) were used. The copy number of
bacterial nifH gene was quantitatively analyzed by the SYBRGreen I method. The primers
were nifH-F (AAAGGYGGWATCGGYAARTCCACCAC) and nifH-R (TTGTTSGCSGCRTA-
CATSGCCATCAT) [33,34].

The conversion formula of gene copy number is (copies/µL) = concentration (ng/µL)
× 10−9 × 6.02 × 1023/(molecular weight × 660).

The copy number was calibrated using CT = −k lg X0 + b. The number of qpcr was
repeated 3 times, which was normalized by internal reference genes.

Preparation of the standard curve: ten times gradient dilution of each constructed
plasmid; 45 µL diluent + 5 µL plasmid; generally conduct 4–6 points, through the prelimi-
nary experiment, respectively, and select 10−3~10−8 diluent of standard for the preparation
of the standard curve.

2.7. Method of Calculating Soybean Nitrogen Fixation Efficiency

After the samples were harvested, δ15N data were obtained by the elemental analyser-
isotope ratio mass spectrometer, and then were calculated:

δ15N = [atom% 15N(sample)-atom% 15N(standard)]/atom% 15N(standard) × 1000

δ15N is the difference between 15N of the sample and 15N of the atmosphere, atom%
15N (sample) is the 15N atomic abundance of the sample, and atom% 15N(standard) is the
atmospheric standard 15N atomic abundance (0.3663%).

Since grain and straw were treated separately, the above formula δ15N was calculated
by the weighted average of the two 15N.

δ15Nmaize = [Nmaize grain × δ15Nmaize grain + Nmaize stover × δ15Nmaize stover]/(Nmaize grain + Nmaize stover)

δ15Nsoybean = [Nsoybean grain × δ15Nsoybean grain + Nsoybean stover × δ15Nsoybean stover]/(Nsoybean grain + Nsoybean stover)

In the above formula, δ15Nmaize grain represents δ15N of maize grain, δ15Nmaize stover

represents δ15N of maize stover, δ15Nsoybean grain represents δ15N of soybean grain, and
δ15N soybean stover represents δ15N of soybean stalk.

%Ndfa = (δ15Nmaize − δ15Nsoybean)/(δ15Nmaize − B) × 100

The B value corresponds to the δ15N value of the nitrogen-fixing soybean plants with
no nitrogen supplied but with all other nutrient requirements supplemented. Thus, it
considers legume plants that use atmospheric nitrogen as the only source of nitrogen.

Ndfa = %Ndfa × (Nsoybean grain + Nsoybean straw) corresponds to the nitrogen
fixing of nitrogen-fixing bacteria in soybean from the air.

Nitrogen uptake = (Nsoybean grain + Nsoybean straw) − Ndfa [35].

2.8. Statistical Analysis

The statistical analysis was carried out by R language (R, V4.2.1); that is, the difference
of different treatments was analyzed by one-way variance analysis (ANOVA), and the
significance of the difference by Duncan multiple repetition range test (p < 0.05); the
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difference of two-ways ANOVA variance analyzed the differences among different factors.
The R language “fBasics package” checks the normal distribution; “ggplot2 package”
was used for data visualization and analysis; “vegan package” for RDA analysis; “ggcor
package” for Mantel Test analysis; “cancor package” for Person correlation analysis.

3. Results
3.1. Soybean Nitrogen Fixation Efficiency, Biological N Fixation and N Uptake from the Soil

The nitrogen-fixing efficiency of nitrogen-fixing bacteria in soybean was significantly
affected by nitrogen application rates (p < 0.01) and cultivation patterns (p < 0.01). The
soybean nitrogen fixation efficiency decreased as nitrogen application rates increased, with
rates of 69%, 59%, and 42% measured in the N0, N1, and N2 treatments, respectively. In
contrast, intercropped soybean showed significantly higher nitrogen fixation efficiency com-
pared to monocropped soybean, with increases of 20%, 21%, and 10% observed compared
to monoculture, respectively (Figure 1a).
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Figure 1. Nitrogen fixation efficiency (a) and biological nitrogen fixation (b) and nitrogen uptake
in the soil (c) and biomass (d) of soybeans under different nitrogen application levels. Different
lowercase letters indicate significant differences between single intercropping at the same nitrogen
supply level (p < 0.05), and different capital letters indicate significant differences between the same
nitrogen supply level (p < 0.05). Data are presented as a Mean ± SD (n = 5).

The biological nitrogen fixing of nitrogen-fixing bacteria in soybean was determined
by the 15N method. The soybean biological nitrogen fixation was significantly influenced
by nitrogen levels (p < 0.01) and cultivation patterns (p < 0.01) and was 80 kg/ha, 91 kg/ha,
and 70 kg/ha (average) in the N0, N1, and N2 treatments, respectively. However, the
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biological nitrogen fixation in the N1 treatment was significantly higher compared to
other treatments and was increased by 4% compared to monocropping. On the other
hand, biological nitrogen fixation in monocropping was 8% and 16% higher compared to
intercropping in the N0 and N2 treatments (Figure 1b). In contrast, soil nitrogen uptake by
soybean showed an opposite response to that of nitrogen fixation efficiency with regard to
intercropping (Figure 1c). Nitrogen uptake from the soil increased with nitrogen application
rates (p < 0.01). However, in the soybean–maize intercropping system, nitrogen uptake
from the soil decreased by 57%, 41%, and 32% in N0, N1, and N2 treatments, respectively,
compared to the monoculture (p < 0.01).

The soybean biomass showed an increasing trend with the increase of nitrogen appli-
cation rate, but the effect of nitrogen application rate on the soybean biomass did not reach
a significant level (Figure 1d). On the other hand, the soybean biomass was significantly
influenced by different cultivation methods, and it was significantly higher under mono-
culture than intercropping. Specifically, the soybean biomass under monoculture increased
by 32.35%, 32.20%, and 35.98% compared with intercropping, respectively, at N0, N1, and
N2 levels.

3.2. Soybean Nodules Numbers and Nodules Dry Weight

Nodule formation is a crucial factor for symbiotic nitrogen fixation and a key indicator
for studying biological nitrogen fixation. The number of nodules decreased significantly
with increasing nitrogen application rates. However, when soybean was intercropped with
maize, the number of nodules increased by 10%, 22%, and 21% in the N0, N1, and N2
treatments compared to the monoculture (Table 1, p < 0.01). No significant differences
were observed in nodule dry weight among different treatments. On average, the soybean
nodules’ dry weight in the N2 treatment was lower than in the N0 and N1 treatments.

Table 1. Soybean nodules numbers and nodules dry weight with different nitrogen application rates.

Treatments

No.of Nodule Per Plant
(no/Plant)

DM of Nodule Per Plant
(g/Plant)

SS IS AVE SS IS AVE

N0 196 ± 6.02 b 218 ± 4.35 a 207 ± 17.91 A 0.87 ± 0.15 a 0.99 ± 0.16 a 0.93 ± 0.15 A
N1 164 ± 9.45 b 209 ± 3.51 a 187 ± 13.47 B 0.80 ± 0.09 a 0.88 ± 0.02 a 0.84 ± 0.07 A
N2 119 ± 11.2 b 151 ± 14.4 a 135 ± 21.16 C 0.51 ± 0.01 a 0.57 ± 0.11 a 0.54 ± 0.08 B

ANOVE p p
N 0.00 0.00
C 0.00 0.11

N×C 0.03 0.93

NOTE: N indicates nitrogen application rates, C indicates planting patterns; N×C shows the interaction between
nitrogen application rates and planting patterns. Different lowercase letters indicate significant differences
between single intercropping at the same nitrogen supply level, and different capital letters indicate significant
differences between different nitrogen supply levels. The following table is the same. Data are presented as a
Mean ± SD (n = 5).

3.3. Alpha Diversity and Composition of Nitrogen-Fixing Bacteria of Soybean Rhizosphere Soil

A total of 115396 reads were obtained from sequencing and 66.22% of them could
be assigned. The Shannon index (Figure 2a) and Ace index (Figure 2b) of the nitrogen-
fixing bacteria community in soybean rhizosphere soil were significantly influenced by
the nitrogen application rates (p < 0.01). The Shannon index decreased when the nitrogen
application rates increased from N0 to N1, while no significant difference was observed
between N1 and N2 treatments. Intercropping maize significantly increased the Shannon
index in the soybean rhizosphere compared to monocropping in N0 (0 kg N/ha) and
N1 (40 kg N/ha) treatments. However, the Shannon index of intercropped soybean was
significantly decreased by 1.05 times in N2 (80 kg N/ha) treatment when compared to the
corresponding monocropping cultivation. Similar results were found for the ACE index
in soybean rhizosphere soil. Nitrogen application significantly influenced the ACE index
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(p < 0.05), while planting patterns did not have a significant effect. However, a significant
interaction was observed between nitrogen application and planting patterns on the ACE
index (p < 0.01).
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Figure 2. The Shannon index (a) and ACE index (b) of nitrogen-fixing bacteria were measured in
soybean under different nitrogen levels. N indicates nitrogen application rates; C indicates planting
patterns; N×C shows the interaction between nitrogen application rates and planting patterns by two
ways ANOVA. ns and **, respectively, indicate that the difference is not significant, and difference is
significant at levels of p < 0.01. Data are presented as a Mean ± SD (n = 3).

The top five dominant genera in soybean rhizosphere soil with more than 95% of total
abundance were Bradyrhizobium, Skermanella, g_unclassified_p_Proteobacteria, g_unclassified_k
__norank_d__Bacteria, and Azohydromonas (Figure 3a). Among these, Bradyrhizobium
was the most abundant genus accounting for more than 70% of the total abundance.
The lowest g_unclassified_k__norank_d__Bacteria abundance is only about 3% of the total
abundance. The abundance of Azohydromonas was significantly different under different
nitrogen levels when single cropping was not considered. It was found that the abundance
of Azohydromonas under the N0 treatment was significantly increased by 2.62 times
compared with the N2 treatment.

Different nitrogen application rates and intercropping did not significantly affect
Bradyrhizobium, Skermanella, g_unclassified_p_Proteobacteria, and g_unclassified_k__norank_d__
Bacteria in soybean rhizosphere, but Azohydromonas was significantly affected by nitrogen
application rates (p < 0.01). g_unclassified_k__norank_d__Bacteria was significantly affected
by the planting pattern (p < 0.05) and the interaction between nitrogen application and
planting pattern (p < 0.01). The highest abundance of Azohydromonas was found in the N0
treatment (0 kg N/ha) and the lowest in N2 (80 kg N/ha). The rhizosphere Azohydromonas
abundance of intercropping soybean was significantly increased by 35%, 7%, and 42%
compared with that of monoculture under N0, N1, and N2 nitrogen levels. When nitrogen
application rates were 0 kg/ha or 40 kg/ha, g_unclassified_k__norank_d__Bacteria abundance
was higher compared to monocropping. However, in the 80 kg N/ha application rate, it
was lower than intercropping.
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Figure 3. The soybean nitrogen-fixing bacteria community composition (a), differences between
groups (b) under different nitrogen application levels. N indicates nitrogen application rates; C
indicates planting patterns; N×C shows the interaction between nitrogen application rates and
planting patterns by two ways ANOVA. ns and * and **, respectively, indicate that the difference is
not significant, and difference is significant at levels of p < 0.05 and p < 0.01. Data are presented as a
Mean ± SD (n = 3).
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3.4. Relationship between the Nitrogen-Fixing Bacteria Community and Soil Physicochemical
Characteristics

The soybean rhizosphere soil physicochemical characteristics were affected by nitro-
gen application rates and planting patterns (Table 2). Specifically, nitrogen content (AN),
available phosphorus (AP), and pH were significantly influenced by nitrogen application
rates (p < 0.01), with an increase observed as nitrogen application rates increased. The avail-
able phosphorus (AP) was also significantly affected by the cultivation pattern (p < 0.05),
with the soil AP in the monocropping system being significantly higher compared to inter-
cropping. However, no significant difference was found in available potassium (AK) and
organic matter (OM) among different nitrogen treatments and cultivation patterns.

Table 2. Soybean soil physicochemical characteristics of different treatments with different nitrogen
application rates.

Treatments

AN
(mg/kg)

AP
(mg/kg)

AK
(mg/kg) pH OM

(g/kg)

SS IS AVE SS IS AVE SS IS AVE SS IS AVE SS IS AVE

N0 132 ±
1.52 a

131 ±
4.35 a

131 ±
3.01 B

71 ±
0.55 b

70 ±
0.26 a

70 ±
0.48 B

141 ±
1.07 a

143 ±
2.50 a

142 ±
1.85 A

6.66 ±
0.08 a

6.60 ±
0.03 a

6.63 ±
0.06 B

30 ±
0.65 a

30 ±
1.03 a

30 ±
0.77 A

N1 132 ±
3.51 a

132 ±
1.01 a

132 ±
2.31 B

71 ±
0.14 b

70 ±
0.39 a

71 ±
0.32 A

141 ±
1.55 a

143 ±
1.12 a

142 ±
1.39 A

6.67 ±
0.08 a

6.65 ±
0.08 a

6.66 ±
0.07
AB

31 ±
0.65 a

31 ±
1.79 a

31 ±
0.68 A

N2 155 ±
2.02 a

154 ±
4.93 a

155 ±
3.37 A

72 ±
0.56 b

71 ±
0.05 a

71 ±
0.57 A

142 ±
0.57 a

142 ±
2.95 a

142 ±
1.90 A

6.75 ±
0.02 a

6.72 ±
0.02 a

6.73 ±
0.02 A

31 ±
0.28 a

31 ±
0.97 a

31 ±
0.70 A

ANOVE p p p p p
N 0.00 0.01 0.95 0.03 0.29
C 0.67 0.03 0.40 0.25 0.35

N×C 0.95 0.59 0.71 0.84 0.89

NOTE: N indicates nitrogen application rates, C indicates planting patterns; N×C shows the interaction between
nitrogen application rates and planting patterns. Different lowercase letters indicate significant differences
between single intercropping at the same nitrogen supply level, and different capital letters indicate significant
differences between different nitrogen supply levels. The following table is the same. Data are presented as a
Mean ± SD (n = 3).

RDA analysis by “vegan package “was conducted to investigate the relationship be-
tween soil environmental factors and nitrogen-fixing bacterial communities in the soybean
rhizosphere. The first two RDA axes explained 16.86% of the variance in bacterial commu-
nity composition (Figure 4a). In the RDA analysis, the eigenvalues of DCA1 and DCA2 were
0.0473 and 0.0131, respectively. Based on the RDA, AP, AN, and pH were found to have a
higher contribution rate to RDA1, while OM and AK had a higher contribution to RDA2.
However, pH, AN, AP, OM, and AK did not significantly affect the nitrogen-fixing bacterial
communities (Table 3). To further examine the correlation between soil physicochemical
characteristics and nitrogen-fixing bacterial communities, we conducted the Mantel test
using the “ggcor” package. The results indicated no significant relationship between pH,
AN, AP, OM, AK, and the nitrogen-fixing bacterial communities in the soybean rhizosphere
soil (Figure 4b).

Table 3. RDA analysis results of nitrogen-fixing bacteria communities in soybean rhizosphere soil
with different nitrogen application rates.

Soil
Characteristic RDA1 RDA2 r2 p

AN 0.8445 0.5356 0.2044 0.176
OM 0.3247 0.9458 0.0527 0.683
AP 0.8044 0.594 0.2444 0.114
AK −0.5725 −0.8199 0.0502 0.681
pH 0.9566 0.2915 0.0672 0.577
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Figure 4. RDA (a) and Mantel test (b) analysis of soil characteristics of soybean under different
nitrogen application levels. Color gradient and size represent Pearson correlation coefficients of
physicochemical factors. The edge width represents the Mantel R statistic of the corresponding
correlation coefficient, and the color indicates the Mantel p statistic. AN, soil available nitrogen; OM,
soil organic matter; TN, soil total nitrogen content; AP; Soil available phosphorus content; AK, soil
available potassium.

3.5. nifH Gene Copies of Nitrogen-Fixing Bacteria in Soybean and Maize Rhizosphere Soil

The nifH gene abundance was significantly affected by nitrogen application (p < 0.01)
but not significantly affected by planting patterns (p > 0.05) (Figure 5a). The highest nifH
gene copy number (6.25 × 107 copies/g soil) was observed in the N1 treatment and the
lowest in the N2 treatment (3.54 × 107 copies/g soil). Intercropping with maize increased
the nifH gene copies in the N0 and N1 treatments by 11% and 13%, respectively, but it
resulted in a decrease of 23% in the N2 treatment compared to monocropping.
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proper nitrogen application could also improve legume growth [22]. We obtained similar 
results, showing that soybean nitrogen fixation was the highest in the N1 treatment (40 kg 
N/ha) (Figure 1b). The increase in nitrogen fertilizer in intercropped soybean significantly 
negatively affected the nodule number and dry weight (Table 1). Nodules not only serve 
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Figure 5. The nifH gene copies in soybean rhizosphere soil with different nitrogen levels (×107)
(a) and their correlation with soil available nitrogen (b) with different nitrogen application rates.
N indicates nitrogen application rates; C indicates planting patterns; N×C shows the interaction
between nitrogen application rates and planting patterns by two ways ANOVA. ns and **, respectively,
indicate that the difference is not significant, and difference is significant at levels of p < 0.01. Data
are presented as a Mean ± SD (n = 3).

3.6. Correlation nifH Gene Copies and Soil Available and Biological Quantification of Nitrogen
Fixation

To further elucidate the relationship between soil available nitrogen, nifH gene copies,
and nitrogen fixation, we conducted Pearson correlation analyses. The results showed a
significant negative correlation (p < 0.05) between soil available nitrogen and nifH gene
copies in soybean rhizosphere soil, with a linear relationship expressed with the equation y
= −0.0606x + 13.02 and an r2 = 0.2243 (Figure 5b).

4. Discussion
4.1. Nitrogen Fixation of Intercropped Soybean Affected by Nitrogen Application Rates

Several studies have shown that intercropping systems can improve the nitrogen
fixation efficiency of legumes, consistent with the results of our research (Figure 1a) [36].
When soybean and maize are intercropped, the roots of maize can grow into the area where
soybean roots grow, leading to competition for available soil nitrogen [8]. As a result,
soybean roots are in a low nitrogen environment, which can stimulate nitrogen fixation
from the air and thus improve the soybean nitrogen fixation efficiency. In addition, proper
nitrogen application could also improve legume growth [22]. We obtained similar results,
showing that soybean nitrogen fixation was the highest in the N1 treatment (40 kg N/ha)
(Figure 1b). The increase in nitrogen fertilizer in intercropped soybean significantly nega-
tively affected the nodule number and dry weight (Table 1). Nodules not only serve as sites
for atmospheric nitrogen (N2) fixation but also provide an energy source for rhizobia [37].
This decrease in nodule formation ultimately impacted soybeans’ ability to fix nitrogen.
Our results suggest that maize and soybean intercropping did not completely enhance
soybean nitrogen fixation. In fact, the nitrogen fixation rates in the N0 and N2 intercropping
treatments were still 1.08 and 1.19 times lower, respectively, compared to monocropping.
However, in the N1 intercropped soybean treatment, nitrogen fixation was 1.04 times higher
than monocropping. The lower nitrogen fixation in the intercropping system compared to
monoculture was attributed to the competition from intercropped maize, which resulted in
a decrease in soybean biomass in the intercropping system [38]. Our study also yielded
similar results, as the soybean biomass under monocropping was significantly higher than
that under intercropping.

248



Agronomy 2023, 13, 997

The nitrogen fixation efficiency is closely related to the soybean nodule number, size,
and dry weight. In our study, nodules were crucial in improving nitrogen fixation efficiency.
After intercropping soybean with maize and applying the appropriate nitrogen fertilizers,
the soybean’s nitrogen fixation was enhanced. Our results indicated that nitrogen fixation
efficiency in the N0 treatment was the highest, but nitrogen fixation in the N1 treatment was
found to be the highest among all the treatments. Therefore, we suggest using 40 kg N/ha
nitrogen fertilizer to maximize the soybean–maize intercropping system productivity.

4.2. Diversity of Nitrogen-Fixing Bacteria in the Rhizosphere Soil of Intercropped Soybean Affected
by N Application

Nitrogen fixation and utilization in soil ecological environments are closely related to
the nitrogen-fixing bacterial community structure and diversity. Nitrogen-fixing bacteria
play an essential role in the nitrogen cycle by converting atmospheric nitrogen into a form
available to plants [39]. The microbial diversity index is a crucial indicator of soil microbial
diversity and can also reflect the quality of farmland ecosystems [40]. Intercropping
practices can alter the diversity of nitrogen-fixing microorganisms [41]. In our study, we
observed that intercropping of soybean resulted in a significantly higher Shannon index
than monocropping (Figure 2a,b).

Previous studies have shown that intercropping can have varying effects on the
nitrogen-fixing bacteria communities’ diversity depending on the specific crop combina-
tions and soil conditions. For example, cassava/peanut intercropping increased microbial
diversity compared to peanut monoculture [42], while legume/oat intercropping increased
the diversity of oat nitrogen-fixing bacteria communities [43]. However, intercropping may
not significantly affect the Shannon index in some cases, such as in a maize/soybean/cotton
intercropping system [44]. These discrepancies may be due to differences in soil environ-
ments and the effects of varying nitrogen application levels [45]. Therefore, it is important
to consider the specific crop combinations and soil conditions when evaluating the impact
of intercropping on nitrogen-fixing bacteria diversity.

In addition, different nitrogen application rates significantly impacted the nitrogen-
fixing bacteria diversity in soybean. An appropriate nitrogen fertilization regime can
increase soil bacterial diversity and richness [46]. However, previous studies have shown
that a high nitrogen application level (100 kg/ha) reduced bacterial community diversity
and richness in soybean rhizosphere [47], consistent with the results of our study. Therefore,
high nitrogen application can result in a decrease in the rhizosphere microbial diversity in
legumes.

Based on the species taxonomic analysis, the nitrogen-fixing bacteria community
composition in soybean rhizosphere soil under different nitrogen application levels was
investigated. A total of seven bacterial genera were detected in the soybean rhizosphere
soil, with Bradyrhizobium being the dominant genus (Figure 3a). The nitrogen-fixing bacteria
abundance in soybean was affected by both intercropping and nitrogen application.

The abundance of g_unclassified_k__norank_d__Bacteria in the soybean rhizosphere
was significantly influenced by the planting patterns (p < 0.05), as shown in Figure 3b.
Intercropping has been shown to change the composition of nitrogen-fixing microorganisms
and increase the nitrogen-fixing bacteria species diversity [18], in agreement with our
results. As the dominant genus, g_unclassified_k__norank_d__Bacteria was significantly more
abundant in intercropping compared to monoculture under the N0 and N1 treatments.
This suggests that intercropping can improve the nitrogen-fixing bacteria community
composition in the appropriate nitrogen application.

Furthermore, the nitrogen application rate significantly impacted the community
structure of nitrogen-fixing bacteria in the soybean/maize intercropping system. For
instance, the abundance of Azohydromonas in the soybean rhizosphere decreased with
the increase in nitrogen application rate. This finding is consistent with previous studies
indicating that mycorrhizal fungi have a weaker ability to infect plant roots in high-nitrogen
environments, which can ultimately lead to a reduction in soil microbial activity [48,49].
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Thus, it is crucial to apply the appropriate nitrogen fertilization rates to maintain the
stability and diversity of the soil microbial community.

Our study showed that nitrogen application rates and planting patterns significantly
affected soil physicochemical characteristics, with soil AN, AP, and pH significantly affected
by nitrogen application rates. Similar research has shown that farmland management can
significantly affect the soil’s physicochemical properties and biodiversity [50], with AN
being the crucial factor affecting microbial diversity [51] and pH significantly affecting
nitrogen-fixing microorganisms [52]. Changes in soil physicochemical properties due to
different nitrogen application rates and planting patterns can alter the nitrogen-fixing
bacteria community structure. However, in our study, the RDA results indicated that the
soil pH and AN content had no significant effects on the soybean rhizosphere soil.

4.3. NifH Gene Copies in the Rhizosphere Soil of Intercropped Soybean

In different soil ecological environments, the nifH gene diversity was significantly dif-
ferent [53]. Planting methods have also been shown to affect the nifH gene copy number, as
demonstrated by [52], who studied forest soil under different cultivation modes. Moreover,
the soybean–maize intercropping increased nifH gene copies by 11% and 13% in N0 and
N1 treatments compared with monoculture, respectively (Figure 4a). This suggests that
intercropping can increase nifH gene copies in appropriate nitrogen application. It has
been reported that the nifH gene expression, responsible for nitrogen fixation, is affected by
soil nitrogen concentration [54,55]. Correlation analysis indicated that the nifH gene copy
number was significantly negatively correlated with soil-available nitrogen (Figure 5b).
The highest nifH gene copies were observed in the N1 intercropping treatment of soybean.
This is likely because maize requires a significant amount of nitrogen during the tasseling
period, intensifying competition for soil nitrogen. It stimulated soybean to regulate root
exudates, altering the nitrogen-fixing bacteria community to enhance its nitrogen-fixing
function to meet its own needs. As shown from previous studies, reducing nitrogen levels
can improve the nitrogen fixation intensity and nitrogen-fixing bacteria number in maize
and soybean intercropping systems [18].

Excessive nitrogen can have a negative impact on the activity of nitrogen-fixing
microorganisms [56]. Our study found that the nifH gene copy numbers, an indicator
of nitrogen fixation, were significantly affected by different nitrogen application rates in
soybean rhizosphere soil. The highest nifH gene copy numbers were observed in the N1
treatment in soybean, indicating that appropriate nitrogen application can increase gene
copies. However, excessive nitrogen application can inhibit the activity of nitrogen-fixing
bacteria and decrease the abundance of the nifH gene, which is consistent with previous
research results [54,57]. Moreover, excessive nitrogen fertilizer can lead to soil acidification,
which is not conducive to the growth of microorganisms [58].

5. Conclusions

Nitrogen-fixing bacteria diversity of intercropped soybean rhizosphere was signifi-
cantly affected by nitrogen application rates and planting patterns. Bradyrhizobium was the
dominant genus. The nitrogen-fixing efficiency, quantity of nifH gene copies, and nodules
number of intercropped soybean were increased under different nitrogen application rates
due to the decrease of AN in the rhizosphere of soybean. The Pearson correlation analysis
indicated that the available nitrogen content in the soil significantly negatively impacted
the abundance of nifH genes in the soybean rhizosphere soil. These results provide an im-
portant idea for improving the nitrogen-fixing efficiency and reducing the use of chemical
nitrogen fertilizer in legume/Gramineae intercropping systems.
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Abstract: Study of rhizospheric microbial communities of plants growing under different environ-
mental conditions is important for understanding the habitat-dependent formation of rhizosphere
microbiomes. The rhizosphere bacterial communities of four amaranth cultivars were investigated in
a laboratory pot experiment. Amaranthus tricolor cv. Valentina, A. cruentus cv. Dyuimovochka, and
A. caudatus cvs. Bulava and Zelenaya Sosulka were grown for six months in three soils with different
anthropogenic polyelemental anomalies and in a background control soil. After the plant cultivation,
the rhizosphere soils were sampled and subjected to metagenomic analysis for the 16S rRNA gene.
The results showed that the taxonomic structure of the amaranth rhizosphere microbiomes was
represented by the dominant bacterial phyla Actinobacteriota and Proteobacteria. A feature of the
taxonomic profile of the rhizobiomes of A. tricolor cv. Valentina and A. cruentus cv. Dyuimovochka
was a large abundance of sequences related to Cyanobacteria. The formation of the amaranth rhi-
zosphere microbiomes was largely unaffected by soils, but cultivar differences in the formation of
the amaranth rhizosphere microbial structure were revealed. Bacterial taxa were identified that are
possibly selected by amaranths and that may be important for plant adaptation to various habitat
conditions. The targeted enrichment of the amaranth rhizosphere with members of these taxa could
be useful for improving the efficacy of amaranth use for agricultural and remediation purposes.

Keywords: Amaranthus spp.; rhizosphere microbial communities; rhizosphere bacterial diversity;
technogenically contaminated soils; phytoremediation

1. Introduction

In the past decade, research in rhizosphere biology has enjoyed an increased inter-
est [1–4]. This interest is because the plant root zone is a unique niche that is saturated with
physical, chemical, and biological interactions between macro- and microorganisms and
between organisms and their environment. Studies on the functions of rhizosphere microor-
ganisms have led researchers to understand their important role in plant life. Specifically,
microbes improve plant nutrition through atmospheric nitrogen fixation, mobilization of
hard-to-reach phosphorus, increased availability of trace elements, and siderophore produc-
tion. Furthermore, microbes participate in plant growth regulation through the production
of phytohormones and other phytoactive substances, and they increase plant adaptability
through stimulation of the antioxidant defense, induction of systemic resistance, and protec-
tion from pathogens and organic/inorganic toxicants. Rhizosphere microbial communities
are studied by both culture-based [2,5] and culture-independent methods [3,6–8], which
helps to protect plants against diseases, improve yields, and increase the efficacy of plant
use to restore disturbed soils (phytoremediation). Modern molecular technologies make it
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possible to develop tools for the artificial modeling of rhizosphere microbiomes, which is of
great importance for improving agricultural biotechnologies and predicting their results [9].

The main factors affecting the formation of plant-microbial complexes are the plant
species [10] and the soil type [11]. Plant-root-associated microbiomes are considered an
important extension of the plant genome itself [12]. The endosphere is the most plant-
species-dependent and conserved compartment of rhizobacteria, which determines the
so-called plant core microbiome [13]. Components of the core microbiome can be present
in and can largely determine the composition of the microbiomes of other root zones, in-
cluding the rhizoplane and the rhizosphere [10,14]. By contrast, the root-free edaphosphere
(bulk soil) is the most plant-independent niche, whose microbiome is characterized by
greater variability and is determined by the soil type. The rhizosphere microbiome is
crucial for connecting plant and soil microbiomes [12,15]. Plants control the composition
of their rhizosphere microbiome via root exudates and can modify it by selecting ben-
eficial microorganisms, thereby contributing largely to the effectiveness of agricultural
biotechnologies [1,14,16].

The organisms present in the rhizosphere include bacteria, fungi, oomycetes, nema-
todes, protozoa, algae, viruses, archaea, and arthropods [15], with bacteria being the most
numerous. Bacterial diversity in the rhizosphere can be heavily influenced by abiotic and en-
vironmental conditions and can differ depending on the soil type and the plant genotype [7].
Studies on the metagenomes of plant rhizosphere communities are extremely relevant in
modern science, because they carry specific information on the rhizobiomes of economi-
cally important plants and lead researchers to develop methods for their modification so
that the efficiency of a particular agricultural biotechnology can be increased [7,15,17,18].
The rhizosphere microbiome composition has already been characterized for many plant
species (e.g., [15,17,19,20]).

Amaranth is a widespread plant genus, many species of which are of great economic
importance. A. caudatus, A. cruentus, and some other species are ancient grain and oilseed
crops, which are grown in many countries. A. tricolor is also grown as a vegetable plant
rich in essential amino acids and biologically active substances [21]. Many cultivars of
A. caudatus, A. hypochondriacus, A. tricolor, and other species have richly colored leaves and
hanging inflorescences and are used as ornamental crops. A number of Amaranthus plants
are able to accumulate heavy metals [22–26] and radionuclides [27] and are, therefore, re-
garded as promising remediators. Soil phytoremediation from both organic and inorganic
pollutants is known based on plant-microbial interactions [28], and the presence in the plant
rhizosphere of microorganisms resistant to pollutants and able to promote plant growth is
critical to the phytoremediation of polluted soils. In this context, the study of rhizosphere
microbial communities may contribute to the characterization of the remediation potential
of amaranth plants. Information on amaranth-associated rhizosphere microorganisms is ex-
tremely limited, but interesting. It was reported that rhizosphere microbiomes of a number
of amaranth species are characterized by a pronounced abundance of representatives of
Cyanobacteria [29].

The purpose of the study was to characterize the microbial communities of four
Amaranthus cultivars grown on soils with anthropogenic polyelemental anomalies. Com-
parison of the rhizosphere microbiomes of plants growing under different environmental
conditions will make it possible to better understand the habitat-dependent and species-(or
cultivar)-dependent formation of microbiomes of these plants.

2. Materials and Methods
2.1. Soil Sampling

The soil samples used in the pot experiment were those of urban soils based on gray
forest soils (WRB, 2006: Greyic Phaeozems), which were characterized by polyelemental
anomalies [30]. The soils were collected in the sanitary protection zones near Kosaya
Gora Iron Works (KGIW; Tula, Russia) and Tulachermet Co. (Tula, Russia) and on Tula’s
central avenue, Lenin Avenue. The background soil was collected near the Yasnaya Polyana
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museum estate of Leo Tolstoy (Tula Region, Russia). The content of toxic substances in
the background soil did not exceed the maximum permissible concentration (MPC) and
approximate permissible concentration (APC); however, the iron content was quite high
as compared with the world values, but minimal as compared with that of the urban soils
used. Soil was sampled and prepared for the determination of toxic elements in accordance
with the Russian State Standard [31]. Soil samples (~2 kg) from each location were taken
from a depth of 0–25 cm from several sampling points using the envelope method. In total,
at least 15 samples taken from each location were mixed and used for the pot experiment
and analyses.

2.2. Soil Characterization

Soil used in our experiment was characterized on several parameters, such as type
(on the basis of particle size distribution); pH; total carbon, water-soluble carbon, humus,
N-NO3, N-NH4, and P2O5 contents; oil products; and metal(loid)s content. In the potassium
chloride extract of soil, the potentiometric determination of pH using a glass electrode and
a Mettler Toledo Delta 320 pH meter (Mettler-Toledo Instruments Shanghai Ltd., Shanghai,
China) was carried out in accordance with the Russian State Standard [32]. Total organic
carbon was determined according to [33]. The technique included the dichromate-wet
combustion of soil organic matter by concentrated sulfuric acid and the quantitative colori-
metric determination (at 590 nm) of the amount of Cr2+ generated by dichromate oxidation
of soil organic matter. To determine the content of water-soluble carbon, aqueous (distilled
water) extracts from the soil samples were obtained, and after drying, were subjected to
the same procedure as the dried soil samples. Based on the data obtained, the total carbon,
water-soluble carbon, and humus content were calculated. The content of mobile (available)
phosphorus (P2O5) in mg/100 g was measured photocolorimetrically according to [34].
The method is based on the extraction of mobile compounds of phosphorus from the soil
with a solution of ammonium carbonate and the subsequent photocolorimetric determina-
tion (at 710 nm) of phosphorus in the form of a blue phosphorus–molybdenum complex.
Nitrates and water-soluble ammonium were measured by standard photocolorimetric
methods [35,36]. The determination of nitrates included the extraction of nitrates from
soil with a potassium chloride solution, reduction of nitrates to nitrites with hydrazine
in the presence of copper as a catalyst, and photometric measurement (at 545 nm) of the
colored diazo compound formed. The determination of exchangeable ammonium included
the extraction of exchangeable ammonium from soil with a potassium chloride solution,
generation of a colored indophenol compound formed by the interaction of ammonium
with hypochlorite and sodium salicylate in an alkaline medium, and photometry of the
colored solution (at 655 nm). All photocolorimetric measurements were carried out using
an Evolution 60 UV-Vis Spectrophotometer (Thermo Scientific, Madison, WI USA). Oil
products were measured gravimetrically [37]. The method is based on extraction of oil
products with chloroform from air-dried soil, separation from polar compounds by liquid
chromatography after replacing the solvent with hexane, and quantitative determination by
gravimetric analysis. The determination of the elemental composition of soils was carried
out using X-ray fluorescence analysis in the certified Laboratory of Chemical-analytical
Research of GIN RAS. Soil preparation for analysis and quality control was carried out fol-
lowing certified methods and recommendations [30,38]. The concentrations of Mn, Fe, V, Cr,
Ni, Cu, Zn, Pb, and As were determined using a serial wave XRF spectrometer “S4 Pioneer”
(Bruker AXS GmbH, Karlsruhe, Germany) with a rhodium tube (capacity 4 kW). The
obtained data were processed using the S4 Spectra Plus program using coefficients for
correction of the routine samples matrix effects. Standard samples of the composition IAEA
Soil-7, SChT-1.2 (soil), GBW-07404, 07405 (soil) were used as reference samples for soil
analysis. The concentration of potentially toxic trace elements in the soil was compared
with the MPCs and APCs of the metals by hygienic standards that meet international
standards [39,40]. All chemical analyses of soil were performed in at least triplicate.
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2.3. Experimental Design

We used four Amaranthus cultivars bred by the All-Russian Research Institute of
Vegetable Breeding and Seed Production of the Federal Scientific Vegetable Center (VNIIS-
SOK; Odintsovo District, Moscow Region, Russia). The specific cultivars were Valentina
(A. tricolor L.), Dyuimovochka (A. cruentus L.), Bulava (A. caudatus L.), and Zelenaya So-
sulka (A. caudatus L.). The description of the Amaranthus cultivars used is given in Table S1.

Plant seeds (~50 mg) were sown in soil-filled 2 L plastic pots. After one month,
the seedlings were thinned out, leaving 10 plants per pot. Plants were cultivated under
controlled conditions (day/night light cycle, 14/10 h; temperature, 22/24 ◦C) for 6 months.
There were three replicates for each combination of Amaranthus cultivar and soil. At the
end of growth, the plants were removed from the pots, and the soil was vigorously shaken
off the roots. The rhizosphere soil adhering to young roots from 5 plants from each pot
were combined from three replicates of one variant, and mixed samples were used for
metagenomic analysis. The remaining soil adhering to the root surface as rhizosphere soil
was carefully scraped off with sterilized tweezers.

2.4. A 16S rRNA Gene-Based Metagenomic Analysis of Rhizosphere Soil

Extraction and purification of soil DNA for metagenomic analysis was carried out
using the Fast DNA®SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) and a
Fast Prep®24 homogenizer (MP Biomedicals, Santa Ana, CA, USA), according to the
manufacturer’s instructions.

A 16S rRNA sequencing library was constructed, according to the 16S metagenomics
sequencing library preparation protocol (Illumina, San Diego, CA, USA),
targeting the V3 and V4 hypervariable regions of the 16S rRNA gene. The initial PCR was
performed with template DNA using region-specific adapters shown to have
compatibility with the Illumina index and sequencing primers (forward primer:
5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′; re-
verse primer: 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGG
GTATCTAATCC-3′) [41]. Amplification was performed using the Veriti™ Thermal Cycle,
96-Well (Applied Biosystems™, Foster City, CA, USA), according to the Illumina protocol.
After the first round of amplification, PCR products were visualized using gel electrophore-
sis. Then, the PCR products were purified with AMPure XT magnetic beads, and the second
PCR was performed using primers from a Nextera XT Index Kit (Illumina). Subsequently,
purified PCR products were quantified with a Qubit dsDNA HS Assay Kit (Thermo Scien-
tific) on a Qubit 2.0 fluorometer. The sample pool (4 nM) was denatured with 0.2 N NaOH,
diluted further to 10 pM, and combined with 20% (v/v) denatured 4 pM PhiX, prepared
following Illumina guidelines. Sequencing of 16S rRNA gene V3–V4 variable regions was
performed on the Illumina MiSeq platform in 2 × 300 bp mode.

2.5. Bioinformatics and Statistical Analysis

Reads were analyzed using QIIME2 software, version 2022.8 (http://qiime2.org/,
accessed on 25 February 2023) [42]. Before filtering, there were 118,339 read pairs per
sample on average. Raw reads were processed using the DADA2 algorithm implemented
in QIIME [43]. After quality filtering, chimera and phiX sequences removal, we analyzed
17,870 joined read pairs per sample on average. The taxonomy was assigned to the se-
quences using the Naive Bayes classifier pre-trained on the latest SILVA 138 database
99% OTUs [44]. The number of observed features varied from 601 to 1030. To character-
ize the richness and evenness of the bacterial community, alpha diversity indices were
calculated using Chao1, Shannon, and Simpson metrics. Similarities between microbial
compositions of the samples were evaluated using the beta diversity characteristics, which
were estimated using weighted and unweighted Unifrac measures with further non-metric
multidimensional scaling (nMDS) visualization.

Venn diagrams were constructed with Creately software (https://creately.com/lp/
venn-diagram-maker/, accessed on 5 February 2023; Cinergix Pty Ltd., Melbourne, VIC,
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Australia). Spearman’s rank correlation coefficients were calculated with Statistica software
13 (TIBCO Software Inc. 2017, Statsoft Russia, Moscow, Russia). Other calculations were
done with Excel 2019 software (Microsoft, Redmond, WA, USA).

3. Results
3.1. Soil Characteristics

For all soils used in the experiment, the main characteristics were determined: type;
pH; and the total content of (including water-soluble) carbon, biogenic forms of nitrogen
(NH4 and NO3) and phosphorus (P2O5), heavy metals and metalloids (Fe, Mn, V, Ni, Cu,
Zn, Pb, and As), and hydrocarbons. The results are given in Table 1.

Table 1. Characteristics of the soils used in the experiment.

Properties Background Soil
(Yasnaya Polyana) KGIW Tulachermet Lenin Ave.

Soil type Clay loam Clay loam Sandy loam Clay loam
pH 6.20 7.26 7.35 7.29
Total carbon (% of air-dried soil) 4.87 ± 0.05 4.41 ± 0.11 4.84 ± 0.33 3.83 ± 0.06
Water-soluble carbon (% of total carbon) 0.14 ± 0.05 0.13 ± 0.02 0.14 ± 0.06 0.12 ± 0.03
Humus (% of air-dried soil) 8.12 ± 0.16 7.14 ± 0.14 7.62 ± 0.15 6.16 ± 0.12
Humus carbon (%) 4.72 ± 0.09 4.15 ± 0.08 4.43 ± 0.09 3.58 ± 0.07
N-NO3 (mg/kg dw) 20.5 ± 1.2 28.2 ± 1.6 38.6 ± 3.5 41.1 ± 2.4
N-NH4 (mg/kg dw) 12.9 ±1.2 6.9 ± 0.7 9.5 ± 0.3 2.3 ± 0.2
P2O5 (mg/kg dw) 51.0 ± 4.8 159.5 ± 3.6 98.4 ± 7.6 218.0 ± 6.7
Oil products (g/kg dw) 1.5 ± 0.6 2.6 ± 0.4 4.1 ± 1.0 2.5 ± 0.7
Metal(loid)s (mg/kg dw):
Fe 15,600 ± 1860 78,100 ± 1280 120,600 ± 5830 37,400 ± 2160
Mn 1300 ± 67 5700 ± 180 1100 ± 87 1600 ± 58
V 57 ± 3.0 41 ± 4.1 136 ± 7.2 61 ± 2.9
Ni 25 ± 3.1 31 ± 4.2 55 ± 3.3 35 ± 2.8
Cu 29 ± 2.3 52 ± 4.1 75 ± 0.8 378 ± 0.9
Zn 47 ± 2.0 310 ± 9.4 161 ± 3.6 186 ± 5.3
Pb 18 ± 2.1 72 ± 6.0 26 ± 0.7 59 ± 1.1
As 5.1 ± 0.4 5.9 ± 0.5 6.4 ± 0.2 7.3 ± 0.3

Note: Data expressed as mean ± standard deviation (n ≥ 3). Bold type means the permissible concentrations [29,30]
were exceeded for: Fe (MPCtotal 1500 mg/kg), Mn (MPCtotal, 1500 mg/kg), V (MPCtotal, 100 mg/kg), Ni (APCtotal,
sandy loam, 20 mg/kg; APCtotal, clay loam, 80 mg/kg), Cu (MPCtotal 55 mg/kg; APCtotal, sandy loam, 33 mg/kg),
Zn (APCtotal, clay loam, 220 mg/kg; APCtotal, sandy loam, 55 mg/kg), As (APCtotal, sandy loam, 2 mg/kg;
APCtotal, clay loam, 10 mg/kg), and oil products (1.0 g/kg). The oil product content in soil is not regulated at the
regional level; the recommended value is 1.0 g/kg.

All soil samples were represented by gray forest soils, had neutral or close to slightly
acidic pH values, and were also characterized by a high content of iron. The soils of
the sanitary protection zones near Kosaya Gora Iron Works (KGIW; Tula, Russia) and
Tulachermet Co. (Tula, Russia) and the urban soil of Tula’s central avenue, Lenin Avenue,
all have an excessive content of heavy metals and oil products, indicating human-caused
pollution. The KGIW soil had a high content of Mn, Zn, and petroleum products, which
exceeded MPCs by 380, 140, and 260%, respectively. The Tulachermet soil had a high
content of V, Ni, Cu, Zn, As, and oil products, exceeding MPCs and APCs by 36, 275, 127,
290, 300, and 410%, respectively. The Lenin Avenue soil had a high content of Mn, Cu, and
oil products, exceeding the permissible concentrations by 690, 107, and 250%, respectively.
The background soil was that collected near the Yasnaya Polyana museum estate of Leo
Tolstoy (Tula Region). In it, the content of environmentally regulated elements did not
exceed the MPCs or APCs.
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3.2. Metagenomic Analysis of Rhizosphere Microbial Communities of Amaranthus spp.
3.2.1. Diversity of Rhizosphere Communities

Sequencing of the 16s rRNA gene from 16 rhizosphere samples resulted in
1,915,453 raw reads. After data denoising and chimera screening, 17,870 joined read pairs
per sample on average were used for further identification. Rarefaction curves obtained
with the normalized OTU number almost reached saturation levels for all samples, indicat-
ing that the bacterial communities were covered well by the sequence analysis (Figure S1).
The sequences with >97% similarity were combined into operational taxonomic units
(OTUs). The OTUs were assigned to 38, 124, 288, 449, and 804 taxa at the phylum, class,
order, family, and genus levels, respectively.

To characterize the bacterial diversity and the richness of the microbial communities,
we calculated the α- and β-diversity (Table 2 and Figure 1).

Table 2. The α-diversity indices for the rhizospheric microbial communities of amaranths grown on
different soils.

Soil Plant Observed
Features Chao1 Shannon

Index
Simpson

Index Faith PD

Background A. tricolor cv. Valentina 743 748.000 8.6560 0.9964 81.03
A. cruentus cv. Dyuimovochka 716 718.111 8.6309 0.9957 73.42
A. caudatus cv. Bulava 890 898.347 8.5701 0.9930 86.78
A. caudatus cv. Zelenaya Sosulka 910 916.949 8.7466 0.9955 97.51

Tulachermet A. tricolor cv. Valentina 741 743.258 8.6019 0.9956 87.83
A. cruentus cv. Dyuimovochka 823 829.343 8.8715 0.9970 87.65
A. caudatus cv. Bulava 1010 1014.614 9.2749 0.9978 92.29
A. caudatus cv. Zelenaya Sosulka 819 831.470 8.8402 0.9967 81.70

KGIW A. tricolor cv. Valentina 807 807.786 8.9055 0.9970 82.02
A. cruentus cv. Dyuimovochka 806 806.992 8.6081 0.9940 88.70
A. caudatus cv. Bulava 990 994.844 9.1206 0.9970 97.06
A. caudatus cv. Zelenaya Sosulka 964 974.350 9.1507 0.9974 88.53

Lenin Ave. A. tricolor cv. Valentina 832 836.833 8.9232 0.9969 85.43
A. cruentus cv. Dyuimovochka 601 602.600 8.4401 0.9959 63.57
A. caudatus cv. Bulava 758 766.928 8.3750 0.9926 81.42
A. caudatus cv. Zelenaya Sosulka 707 716.784 8.5888 0.9957 74.67
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Figure 1. Principal coordinate analysis for the rhizosphere microbial communities of the Amaranthus
cvs.: triangles (N), A. tricolor cv. Valentina; circles (•), A. cruentus cv. Dyuimovochka; squares (�),
A. caudatus cv. Bulava; diamonds (�), A. caudatus cv. Zelenaya Sosulka; blue, background soil; yellow,
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The α-diversity was measured by using the species richness indices (Chao1, Shannon,
and Simpson indices; Faith’s phylogenetic diversity [PD], Table 2). Traditional (Shannon’s
and Simpson’s) and phylogenetic (Faith’s PD) indices of bacterial alpha-diversity in the
rhizosphere communities of amaranths yielded similar conclusions: all communities were
quite diverse and differed between plant species (cultivars) grown on the same soil.

A comparison of the rhizosphere microbiomes of different samples showed that the
influence of soils on the formation of rhizosphere communities was not pronounced: the
samples were not grouped according to soils. Yet, there were pronounced differences
in rhizospheric samples according to the plant species studied (Figure 1). A. caudatus cv.
Bulava and A. caudatus cv. Zelenaya Sosulka formed one cluster, which distinctly distanced
itself from A. tricolor cv. Valentina, whereas the cluster of A. cruentus cv. Dyuimovochka
had intersections with both A. caudatus cultivars.

3.2.2. Taxonomic Structure of Rhizosphere Communities

MiSeq sequencing showed that the amaranth rhizosphere communities included
804 genera of bacteria belonging to 449 families of 38 phyla.

Figure 2 illustrates the relative abundances of OTUs associated at the phylum level
in the rhizosphere of the amaranth cultivars studied. In different soils in the rhizosphere
communities of cv. Valentina, most OTUs were assigned to Actinobacteriota (29–39%),
Proteobacteria (17–29%), Chloroflexi (8–18%), Cyanobacteria (4–18%), and Acidobacteriota
(4–6%). In the rhizosphere cv. Dyuimovochka, the dominant phyla were also Actinobac-
teriota (25–42%), Proteobacteria (19–31%), Chloroflexi (6–12%), Cyanobacteria (3–19%),
and Acidobacteriota (4–9%). In the rhizosphere cv. Bulava, the dominant phyla were Acti-
nobacteriota (31–40%), Proteobacteria (19–25%), Chloroflexi (10–15%), and Acidobacteriota
(7–12%). In the rhizosphere cv. Zelenaya Sosulka, the dominant phyla were Actinobacteri-
ota (31–36%), Proteobacteria (21–27%), Chloroflexi (9–14%), and Acidobacteriota (8–11%).
The percentages of OTUs assigned to other phyla were much smaller.
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The list of taxa at the family level, for which the share of amaranths in the rhizosphere
was ≥1%, is given in Table S2. Of the dominant Actinobacteriota phylum, 51 families
were identified, of which 13 were most abundant (Table S2, Figure 3), making up 80 to
86% of all detected actinobacterial families in the amaranth rhizosphere. The family
Gaiellaceae had the maximum share in the rhizospheric population of actinobacteria. Its
abundance reached 1.8–3.0% in the rhizosphere of cv. Valentina, 1.5–4.6% in the rhizosphere
of cv. Dyuimovochka, 2.1–3.7% in the rhizosphere of cv. Bulava, and 1.9–2.9% in the
rhizosphere of cv. Zelenaya Sosulka. Other notable actinobacteria were members of
the families Nocardioidaceae (1.9–4.8% of all actinobacteria) and Micromonosporaceae
(0.8–5.4%) and members of the orders Solirubrobacterales (67-14 family) and MB-A2-108
(MB-A2-108 family).
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Acidobacteriota f_Bryobacteraceae; g_Bryobacter
f_Thermoanaerobaculaceae; g_Subgroup 10
o_Vicinamibacterales; f_uncultured; g_uncultured
f_Vicinamibacteraceae; g_Vicinamibacter

Actinobacteriota o_Actinomarinales; f_uncultured; g_uncultured
f_Ilumatobacteraceae; g_Ilumatobacter
f_Ilumatobacteraceae; g_uncultured
f_MB-A2-108; g_MB-A2-108
f_Mycobacteriaceae; g_Mycobacterium
f_Geodermatophilaceae; g_Blastococcus
f_Micromonosporaceae; g_unknown
f_Micromonosporaceae; g_Actinoplanes
f_Nocardioidaceae; g_Nocardioides
f_Pseudonocardiaceae; g_Lechevalieria
f_Pseudonocardiaceae; g_Pseudonocardia
f_Streptomycetacea; g_Streptomyces
f_Gaiellaceae; g_Gaiella
o_Gaiellales; f_uncultured; g_uncultured
f_67-14; g_67-14
f_Solirubrobacteraceae; g_Solirubrobacter

Bacteroidota f_Flavobacteriaceae; g_Flavobacterium
Chloroflexi f_Roseiflexaceae; g_uncultured

f_JG30-KF-CM45; g_JG30-KF-CM45
f_Gitt-GS-136; g_Gitt-GS-136
f_KD4-96; g_KD4-96

Cyanobacteria f_Coleofasciculaceae; g_Microcoleus PCC-7113
f_Phormidiaceae; g_Phormidium IAM M-71
f_Phormidiaceae; g_Tychonema CCAP 1459-11B
f_Phormidiaceae; g_uncultured

Firmicutes f_Bacillaceae; g_Bacillus
Gemmatimonadota f_Gemmatimonadaceae; g_uncultured

f_Longimicrobiaceae; g_YC-ZSS-LKJ147
Myxococcota f_BIrii41; g_BIrii41
Proteobacteria; f_Azospirillaceae; g_Skermanella
c_Alphaproteobacteria f_Sphingomonadaceae; g_unknown

f_Sphingomonadaceae; g_Novosphingobium
f_Sphingomonadaceae; g_Sphingomonas
f_Beijerinckiaceae; g_unknown 0

f_Beijerinckiaceae; g_Methylobacterium-Methylorubrum 1

f_Rhizobiaceae;_ 3

f_Rhizobiaceae; g_Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium 4

f_Xanthobacteraceae;_ 5

Proteobacteria; f_Comamonadaceae;_ 7

c_Gammaproteobacteria f_Nitrosomonadaceae; g_Ellin6067 8

f_Oxalobacteraceae; g_Massilia 9

f_Pseudomonadaceae; g_Pseudomonas 11

f_Unknown_Family; g_Acidibacter 14

Background Tulachermet KGIW Lenin Ave.

Figure 3. Heat map illustrating the relative abundances of OTUs associated at the genus level of the
microbial communities in the rhizospheres of four amaranth cultivars grown on different soils.

In another dominant phylum, Proteobacteria, 93 bacterial families were identified. In
total, 10 of them (Table S2, Figure 3) made the largest contribution to the structure of the
amaranth rhizosphere microbiomes (54–76% of all detected families). Alphaproteobacteria
was the major class of the phylum, accounting for 64–84% of all OTUs assigned to the
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Proteobacteria. Among the Alphaproteobacteria, the dominant position was occupied by
the families Sphingomonadaceae (3–7%) and Beijerinckiaceae (1–6%); a large proportion
of OTUs also belonged to the Rhizobiaceae family (1–5%). The Gammaproteobacteria
class accounted for 17 to 45% of all OTUs assigned to the Proteobacteria phylum, and the
Nitrosomonadaceae and Comamonadaceae families were its predominant representatives.
The contribution of the Betaproteobacteria and Deltaproteobacteria classes to the overall
taxonomic structure of the amaranth microbiomes was not noticeable.

The rhizosphere microbiomes of two species of Amaranthus (A. tricolor cv. Valentina
and A. cruentus cv. Dyuimovochka) were clearly enriched with members of the Cyanobacte-
ria phylum, among which the Coleofasciculaceae and Phormidiaceae families dominated on
all soils (Table S2, Figure 3), but were poorly represented in the rhizosphere of A. caudatus
cv. Bulava and cv. Zelenaya Sosulka. The Phormidiaceae family was also abundant in
the rhizosphere of A. tricolor cv. Valentina and A. cruentus cv. Dyuimovochka. This family
was poorly represented in the rhizosphere of A. caudatus cv. Bulava and was not in the
rhizosphere of cv. Zelenaya Sosulka. This may indicate that the maintenance of these
bacterial taxa by host plants is species specific.

The species-specific changes in the taxonomic profile of the amaranth rhizosphere com-
munities, as induced by the soil characteristics, can be seen in Figures 2 and 3. Spearman’s
rank correlation and principal component analysis did not reveal significant correlations
between the kinds of soil used and the dominant taxa in the amaranth rhizosphere mi-
crobiomes. However, a close correlation was established between the cultivars (rs = 0.64,
p < 0.05) and the abundance of OTUs assigned to the Cyanobacteria phylum. In addition,
moderate correlations were found between the cultivars and the abundance of the Aci-
dobacteriota (rs = 0.55, p < 0.05), Bacteroidota (rs = 0.52, p < 0.05), and Planctomycetota
(rs = 0.52, p < 0.05) phyla in the rhizosphere communities.

3.2.3. Shared and Unique Taxa among Rhizosphere Microbial Communities

To determine which OTUs were shared by or were specific to the rhizosphere of each
cultivar on the four soils, we did several comparative analyses (Figure 4).

In the background soil, the largest number of OTUs at the bacterial species level
was found in the rhizosphere of A. caudatus cv. Zelenaya Sosulka, followed by A. tricolor
cv. Valentina, A. caudatus cv. Bulava, and A. cruentus cv. Dyuimovochka. A total of
127 species were shared and accounted for from 30 to 39% of the rhizosphere communities
of the 4 plant cultivars. The percentage of unique taxa ranged from 24 to 30%. The
maximal number of unique species (125) was found for the rhizosphere of A. caudatus cv.
Zelenaya Sosulka.

In the Tulachermet soil, the largest number of OTUs at the bacterial species level
was found in the rhizosphere of A. caudatus cv. Bulava, followed by A. cruentus cv.
Dyuimovochka, A. tricolor cv. Valentina, and A. caudatus cv. Zelenaya Sosulka. A total of
124 species were shared and accounted for from 28 to 34% of the rhizosphere communities
of all plant cultivars. The percentage of unique taxa ranged from 23 to 29%. The maximal
number of unique species (125) was found for the rhizosphere of A. caudatus cv. Bulava.

In the KGIW soil, the largest number of OTUs at the bacterial species level was found
in the rhizosphere of A. caudatus cv. Bulava, followed by A. cruentus cv. Dyuimovochka,
A. caudatus cv. Zelenaya Sosulka, and A. tricolor cv. Valentina. A total of 121 species were
shared and accounted for from 28 to 33% of the rhizosphere communities of all plant
cultivars. The percentage of unique taxa ranged from 25 to 30%. The maximal number of
unique species (128) was found for the rhizosphere of A. caudatus cv. Bulava.

In the Lenin Ave. soil, the largest number of OTUs at the bacterial species level was
found in the rhizospheres of A. tricolor cv. Valentina, followed by A. caudatus cv. Zelenaya
Sosulka, A. caudatus cv. Bulava, and A. cruentus cv. Dyuimovochka. Only 88 species were
shared and accounted for from 23 to 25% of the rhizosphere communities of the 4 plant
cultivars. The percentage of unique taxa ranged from 24 to 29%. The maximal number of
unique species (133) was found for the rhizosphere of A. tricolor cv. Valentina.
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Among the unique taxa identified in the rhizosphere microbiome of each amaranth
variety, those taxa that occur in at least two different soils were determined (Tables S3–S6).
Overall, 53, 39, 50, and 52 such taxa were revealed in the rhizosphere of A. tricolor cv.
Valentina, A. cruentus cv. Dyuimovochka, and A. caudatus cvs. Bulava and Zelenaya Sosulka,
respectively. In addition, seven, two, eight, and six such unique taxa were revealed in the
rhizosphere of cvs. Valentina, Dyuimovochka, Bulava, and Zelenaya Sosulka, respectively,
grown in three different soils studied (Table 3). Most of those taxa were represented by
uncultured bacteria.
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Table 3. Unique bacterial taxa revealed in the rhizosphere of Amaranthus plants and occurred in three
different soils.

Plant Cultivars Bacterial Taxa

A. tricolor
cv. Valentina

g_Chloronema; s_Scytonema tolypothrichoides Background; Tulachermet; KGIW

g_Leptolyngbya_VRUC_135;s_uncultured bacterium Background; Tulachermet; Lenin Ave.
g_Alsobacter; s_Alsobacter_metallidurans Tulachermet; KGIW; Lenin Ave.
g_C0119; s_uncultured_bacterium Background; Tulachermet; Lenin Ave.
g_Rhodocytophaga; s_uncultured Bacteroidetes Background; Tulachermet; KGIW
f_Rhodanobacteraceae; g_uncultured; s_uncultured bacterium Background; Tulachermet; KGIW
g__DS-100; s_unknown Tulachermet; KGIW; Lenin Ave.
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Table 3. Cont.

Plant Cultivars Bacterial Taxa

A. cruentus
cv. Dyuimovochka

g_Methylophilus; s_uncultured bacterium Tulachermet; KGIW; Lenin Ave.
g_CENA518; s_uncultured_bacterium Tulachermet; KGIW; Lenin Ave.

A. caudatus
cv. Bulava

g_Nakamurella; g_unknown; s_unknown Background; Tulachermet; KGIW
g_Pir4_lineage; s_uncultured Pirellula Background; Tulachermet; Lenin Ave.
f_Moraxellaceae; g_uncultured; s_uncultured gamma Background; KGIW; Lenin Ave.
f_0319-7L14; g_0319-7L14; s_uncultured bacterium Background; Tulachermet; Lenin Ave.
o_Planctomycetales; f_uncultured; g_uncultured Background; Tulachermet; KGIW
f_Phycisphaeraceae; g_uncultured Tulachermet; KGIW; Lenin Ave.
f_Kapabacteriales; g_Kapabacteriales Tulachermet; KGIW; Lenin Ave.
f_Sericytochromatia; g_Sericytochromatia Background; Tulachermet; KGIW

A. caudatus
cv. Zelenaya Sosulka

f_Vicinamibacteraceae; g_Vicinamibacteraceae;s_uncultured Geothrix Tulachermet; KGIW; Lenin Ave.
f_Xanthomonadaceae; g_unknown; s_unknown Background; Tulachermet; KGIW
f_Rhodanobacteraceae; g_Ahniella; s_uncultured bacterium Background; Tulachermet; Lenin Ave.
f_Latescibacterota; g_Latescibacterota; s_uncultured soil Background; Tulachermet; Lenin Ave.
f_Blastocatellaceae; g_Aridibacter; s_uncultured bacterium Background; KGIW; Lenin Ave.
f_Subgroup 22; g_Subgroup 22 Tulachermet; KGIW; Lenin Ave.

The bacterial taxa listed in Table 3 are unique to each of the four plant cultivars studied
and can be considered as plant-specific.

4. Discussion

Studies characterizing the rhizosphere microbiomes of Amaranthus plants are extremely
scarce. Nambisan et al. [29] found that the Cyanobacteria phylum is distinctly enriched
in the roots and the rhizosphere soil of the three grain amaranths—A. hupochondriacus,
A. cruentus, and A. caudatus. Our study confirmed that the peculiarity of the rhizosphere
microbial communities of two of the three Amaranthus species (A. tricolor cv. Valentina
and A. cruentus cv. Dyuimovochka) is the distinct presence of cyanobacteria along with
the dominant bacterial phyla, such as Proteobacteria, Actinobacteriota, and Chloroflexi.
In addition, we obtained the first data on the rhizosphere microbiome of another ama-
ranth species, A. tricolor. In Nambisan et al.’s research [29], the negative controls were
other plant species (Beta vulgaris, Cicer arietinum, and Solanum lycopersicum), and in their
rhizobiomes, no predominance of cyanobacteria was observed. In our study, besides the
amaranth rhizosphere, we also analyzed the rhizosphere of other plants under the same
experimental conditions—Sorghum bicolor cv. Sucro and Sorghum bicolor cv. Biomass. The
rhizosphere of these plants showed no predominance of cyanobacteria either [20]. An
analysis of the taxonomic profile of the cyanobacteria found in the amaranth rhizobiomes
made it possible to identify members of the dominant Microcoleus and Phormidium genera.
The presence of these genera in the rhizosphere of various plants was also noted earlier [4,45].
The accumulated data indicate that the amaranths may have specifically selected cyanobac-
teria from the surrounding soil microflora. In turn, cyanobacteria favor the growth of
the amaranth plants, possibly through their plant-beneficial characteristics. It is known
that cyanobacteria can produce plant-growth-promoting substances, including auxins,
gibberellins, cytokinins, abscisic acids, vitamins, and amino acids [4,46–48]. Cyanobacteria
can also add organic matter, synthesize and liberate amino acids and vitamins, reduce the
content of soil oxidizable matter, provide oxygen to the submerged rhizosphere, ameliorate
salinity, buffer the pH, solubilize phosphates, and increase the efficiency of fertilizer use in
crop plants [46]. Cyanobacteria such as Nostoc and Microcoleus can form associations with
cycads [49] and Gunnera [50] and can fix nitrogen [45], either as free-living organisms or in
association with host plants, in which they reside in specific tissues. Cyanobacteria such as
Calothrix and Anabena can be used as biofertilizers [51]. Rhizospheric cyanobacteria are still
insufficiently studied, although interest in their use for soil fertilization and plant-growth
promotion is increasing steadily [4]. The established abundance of cyanobacteria in the
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amaranth rhizosphere requires further and deeper research on the part they play in plant
vital activity.

To determine the contribution of different plant species (or cultivars) to the forma-
tion of their rhizosphere community in a particular soil, we compared their taxonomic
composition, identifying shared and unique taxa (Figure 4). It was revealed that only
about a third of taxa were shared between all four amaranths studied, and also about a
third of taxa were unique. The contribution of A. tricolor cv. Valentina and A. cruentus cv.
Dyuimovochka to the selection of cyanobacteria in their rhizosphere was confirmed. In
addition, we revealed that two cultivars of A. caudatus selected different unique taxa in their
rhizosphere, which suggests the cultivar-specific formation of rhizosphere microbiomes by
amaranths (Tables S2–S5). No debated that plant root exudates are the principal connecting
link between plant and plant-root-associated microbial communities [1,14,16]. In turn, the
composition of root exudates is determined by plant physiology, which is different among
plant species and even cultivars.

Current views hold that the relative content of individual taxa in the microbial com-
munity is a biological indicator of the soil status—for example, heavy metal pollution [52].
The urban soils used in our experiment were polluted by heavy metals. Many taxa iden-
tified in the amaranth rhizosphere microbiomes had previously been described as resis-
tant to heavy metals or as oil-degraders, and they may be important for the resistance
of amaranth to the human-caused pollution of soil. These taxa include (1) members
of Proteobacteria, such as the genera Pseudomonas [18,53,54], Novosphingobium [55,56],
Sphingomonas [57], Rhizobium [58,59], and Massilia [18,60]; (2) members of Actinobacteri-
ota, such as Mycobacterium, Nocardiodes, Streptomyces [61], and the family Gaiellaceae [62];
(3) members of the Cyanobacteria phylum, such as the genus Microcoleus [63]; and (4) mem-
bers of Firmicutes, such as the genus Bacillus [18]. In the rhizosphere of the amaranths
used in this study, some of these taxa were present in large numbers (the genera Gaiella,
Nocardiodes, Microcoleus, Novosphingobium, and Pseudomonas), whereas others were found
in minor or single samples. Of note, increased numbers of members of Gaiellaceae had
previously been found by Sun et al. [62] in the metal-polluted rhizosphere of crops. Those
authors found a significant correlation between the increased abundance of Gaiellaceae-
related bacteria and various metals and metalloids, and they concluded that these bacteria
play a potentially active ecological part in the interaction with soil metals.

Rhizospheric microbial communities exert a great effect on the phytoremediation of
metal-contaminated soils, not only by changing the bioavailability of metals [64], but also
by promoting plant growth under pollutant stress through the fixation of nitrogen; produc-
tion of phytohormones (indole-3-acetic acid, cytokinins, and gibberellins), siderophores,
and enzymes (1-aminocyclopropane-1-carboxylate deaminase); and transformation of nu-
trients [65–67]. However, only 2–5% of rhizosphere microorganisms contribute to plant
growth, and plants naturally select these beneficial microorganisms, which help them
to grow and survive, especially under unfavorable conditions [3]. In the rhizospheric
microbial communities of the amaranths used in this study, alongside cyanobacteria, we
identified other groups of rhizobacteria with plant-growth-promoting potential (Figure 3).
These included Bacillus (Bacillaceae, [68,69]), Sphingomonas (Sphingomonadaceae, [70]),
Streptomyces (Streptomycetaceae, [69,71]), Pseudomonas (Pseudomonadaceae, [72]), and
Rhizobium (Rhizobiaceae, [73]). Although the percentages of these taxa varied between
cultivars and soils, their mere presence indicates that the rhizosphere microbiomes have
the potential to promote amaranth growth on all urban soils tested.

We were unable to reveal any significant influence of the soils on the taxonomic struc-
ture of the amaranth rhizospheric microbiomes. Only about one third of the taxa identified
in the cultivar rhizosphere microbiomes were common to all soil samples (Figure 4), which
may indicate the maintenance of a specific plant microbiome, regardless of the kind of
soil. We supposed that peculiarities and differences in the plant root exudate composition
among plant cultivars had stronger differences than among soils, which resulted in the
formation of different rhizosphere microbiomes depending more on the plants.
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It is known that the composition of rhizosphere microbial communities is determined
not only (and possibly not so much) by the soil type, but also by the plants. In our case,
all soils studied were Greyic Phaeozems with slight differences, and all plants tested were
Amaranthus belonging to different species. The compositions of the studied rhizosphere
communities were quite similar, but the analysis of the obtained results revealed a greater
influence of plants than soils.

For the final characterization of the amaranth core rhizobiomes, additional studies of
the endosphere microbiome of each plant are required.

5. Conclusions

Limited data are available on the structure of the rhizosphere microbial communities
of Amaranthus spp. We conducted a comparative study on the rhizosphere microbiomes
of four Amaranthus cultivars (A. tricolor cv. Valentina, A. cruentus cv. Dyuimovochka,
A. caudatus cv. Bulava, and A. caudatus cv. Zelenaya Sosulka). The cultivars were grown
in an unpolluted (background) soil and in three polluted soils with polyelemental anoma-
lies. The A. tricolor rhizosphere microbiome was characterized for the first time. The
taxonomic structure of the amaranth rhizosphere microbiomes was represented by the
dominant bacterial phyla Actinobacteriota, Proteobacteria, and Chloroflexi and by the
phyla Cyanobacteria, Acidobacteriota, Planctomycetota, and Bacteroidota. In the taxo-
nomic profile of the rhizobiomes of two Amaranthus species (A. tricolor cv. Valentina and
A. cruentus cv. Dyuimovochka), there was a significant abundance of OTUs associated
with the Cyanobacteria phylum. Bacterial taxa were identified that are possibly selected by
amaranth plants during their coexistence and that may be important for plant adaptation
to various habitat conditions, including polluted soils. The targeted enrichment of the ama-
ranth rhizosphere microbiomes with members of these taxa could be useful for improving
the efficacy of amaranth use for agricultural and remediation purposes.
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Abstract: At present, fully mechanized cultivation (FMC) has begun to be utilized in commercial
sugarcane production in China. To provide new insights into whether cane yield and health are
altered by fully mechanized cultivations, the cane yield and endophytic microbial community struc-
ture in stems of sugarcane that underwent fully mechanized cultivation (FMC) and conventional
artificial cultivation (CAC) were compared. The results showed that the diversity and richness of
endophytic microorganisms, except for the bacterial richness in the stems of sugarcane, could be
significantly increased by using FMC. Meanwhile, in comparison with CAC, the relative abundance
of Proteobacteria and Ascomycota increased under FMC. Moreover, some dominant endophytic
bacterial genera, such as Acidovorax, Microbacterium, and Paenibacillus, and some dominant endo-
phytic fungal genera, such as Scleroramularia, Tetraplosphaeria, and Dinemasporium, were found to be
significantly enriched in cane stems under FMC treatments. Additionally, the endophytic microbial
functions in sugarcane stems were not significantly altered by FMC treatments. Our results suggest
that cane growth, yield, and health are not significantly altered by FMC. The results also indicate that
fully mechanized management can be developed as a sustainable method in sugarcane production.

Keywords: sugarcane; fully mechanized cultivation; endophytic microbial community structure

1. Introduction

Sugarcane (Saccharum officinarum L.), an important economic tropical crop cultivated
worldwide, provides 80% of the world’s sugar production and is also a crucial source of
biofuel for ethanol production [1–3]. China is the third-most prominent sugar-producing
country in the world. Recently, 75% and 90% of total sugar production, globally and
in China, respectively, came from sugarcane [4]. In China, approximately 90% of the
sugarcane crops are planted in the southern and southwestern regions, including Guangxi,
Guangdong, and Yunnan provinces. In particular, Guangxi Province is the top sugarcane
production area, accounting for more than 65% of sugar production in China since 1993 [5].
However, the steadily rising cost of labor in sugarcane cultivation has greatly increased the
costs of the sugar industry. Savings in time, energy, and costs are advantages of agricultural
mechanization [6]. Moreover, the productivity of agricultural land and processing efficiency
can also be substantially increased by mechanization [6]. To develop a sustainable sugarcane
industry, upgrading the agricultural mechanization and equipment used for sugarcane
production is necessary [7,8].

Plant endophytic microbiomes have been shown to occur in both the cooperative
and competitive interactions of plants. Although the cooperating endophytic microbiome
performs beneficial functions for the plant, the competing microbiome has negative con-
sequences [9]. Endophytic bacteria often display well-controlled multiplication inside
plant niches, which is modulated by the plant’s defense system [9,10]. The effects of the
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endophytic microorganisms on the host can be described as alleviating the host’s abiotic
stress; protecting the host against biotic stress (pathogens and herbivores); and providing
nutritional support to the host by boosting nitrogen, phosphate, iron, and other nutri-
ents [11]. Endophytes have been isolated from a variety of plant species, with the majority
of them occurring in the host plant’s rhizosphere, where they enter host plants through the
roots and colonize the roots’ intercellular spaces [12].

However, previous studies on the fully mechanized management of sugarcane have
mainly explored its effects on soil (health and fertility) and sugarcane yield. Endophytic
microbial communities have rarely been used for evaluation. In particular, the collective
response of endophytic microbial (bacterial and fungal) systems in stems of sugarcane,
including the microbial community structures, functions, and symbiotic network patterns,
to the successive mechanized management of sugarcane fields has not been reported.

The aim of this study is to answer the following questions: (1) Can the endophytic
microbial communities in the stems of sugarcane be altered by fully mechanized man-
agement? (2) What kinds of endophytic microorganisms are specially or significantly
enriched in the stems of sugarcane under fully mechanized management? (3) How does
fully mechanized cultivation affect the symbiotic network patterns of endophytic bacteria
and endophytic fungi? We anticipate that our findings will provide new insights into the
effects of mechanized cultivation on modern agricultural production.

2. Materials and Methods
2.1. Study Site

The experiment was conducted at the Experimental Base of the Sugarcane Research
Institute, Guangxi Academy of Agricultural Sciences, which is located in Longan County
(107◦598′′ E and 23◦637′′ N), Guangxi, China. The experimental site is located in the
subtropical monsoon climate zone, which is rich in sunshine and rainfall. The mean summer
and winter temperatures are 32 ◦C and 24 ◦C, respectively. The average annual temperature
is approximately 21.7 ◦C, and the annual precipitation is approximately 1227–1691 mm,
with rainfall mostly concentrated from June to September. The soil type is dominated by
Quaternary red soil.

2.2. Experimental Design and Implementation

Firstly, the experiment was carried out beginning in the spring of 2019. The sugarcane
cultivar Guitang 44 was used in this study. Two treatments were implemented as follows:
(1) the fully mechanized cultivation of sugarcane (FMC, i.e., land preparation, sowing,
and harvesting are all carried out by using different machines), and (2) the conventional
artificial cultivation of sugarcane (CAC, i.e., land preparation, sowing, and harvesting are
all carried out by hand labor operations only) as a control. Meanwhile, there were three
replicate plots per treatment, and the size of each plot was 667 m2.

The processes of FMC are described as follows: (1) For land preparations, weeding and
deep plowing (mean depth of plowing is about 40 cm) were carried out first using tillage
machinery (1LHT-440, Kaifeng, China); second, the rocks were cleaned up, and the roots
or leaves of the sugarcane were broken up using a disc harrow (1GKN-300, Lianyungang,
China); and third, furrowing was conducted using a furrowing machine (1LK-3D, Nanning,
China). (2) Fertilizing, sowing, and mulching were performed simultaneously using a
combined planter (2CZY-2, Beijing, China). (3) Land leveling was conducted after fertilizing,
sowing, and mulching by using land-leveling equipment (3ZPF-1.36, Nanning, China).
(4) During sugarcane growth, the actions of cultivation, fertilization, and banking were
conducted several times by using a cultivator-hiller (3ZFS-2, Xuzhou, China). (5) Cane
harvesting was conducted using a cane harvester (Austoft-4000, London, OH, USA).

The same treatments were performed identically for the CAC of sugarcane. However,
all the above processes were performed by hand. The sowing density was approximately
90,000 buds per ha. All plots were fertilized with 300 kg ha−2 of urea, 75 kg ha−2 of
K2O, and 300 kg ha−2 of calcium superphosphate per season [4]. At the seedling and
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elongation stages of sugarcane, top dressings with 30% and 70% of the total fertilizer usage,
respectively, were applied.

2.3. Plant Sampling

Plant samples were collected after a 3-year experimental setup in the early harvesting
stage (December 2021), and six plant samples were obtained from each plot using a S-
sampling technique and mixed as biological replicates. Each treatment was replicated three
times. Plant samples were collected randomly according to the method described by Yang
et al. [5] and Xiao et al. [13]. First, these samples were placed in sealed sterile bags and
labeled for return to the lab. Second, the stem samples were rinsed and wiped for 2 min
with sterile water by using a soft brush to remove impurities from the cane surfaces, and
then were washed with 75% ethanol for 1 min, following a wash with a 1% NaClO solution
for 3 min. Finally, all the stems were washed with sterile water for 0.5 min, and then sterile
paper was used to remove surface water [14]. To determine the success of the sterilization
of the cane surface, 100 µL of water from each washing step was placed on a Luria–Bertani
(LB) agar plate (g/L) (NaCl-10, tryptone-5, yeast extract-5, and agar-20) and incubated at
25 ◦C for 7 d. No colonies developed on the plates, confirming that they were thoroughly
sterilized. The sterilization of the stem surface samples was completed before detection
and analysis of the endophytic microorganisms [15]. The stems were placed in sterile bags
and stored at −80 ◦C for pending DNA extraction.

2.4. Analysis of Microbial Diversity

Microbial community genomic DNA was extracted from stem samples using a E.Z.N.A.®

DNA Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions.
The DNA extract was analyzed on a 1% agarose gel, and the DNA’s concentration and pu-
rity was determined using a NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific,
Wilmington, NC, USA). PCR amplification and sequencing of the total DNA extracted from
the plant samples were performed by Shanghai Majorbio Bio-Pharm Technology Co., Ltd.,
Shanghai, China. The endophytic bacterial primers 799F (5′-AACMGGATTAGATACCCKG-
3′) and 1192R (5′-ACGGGCGGTGTGTRC-3′) from the V5-V7 region (endophytic bacterial 16S
rRNA gene) were amplified first, and the primers 799F (5′-AACMG GATTAGATACCCKG-3′)
and 1193R (5′-ACGTCATCCCCACCTTCC-3′) from the V5-V7 region were amplified second;
meanwhile, ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTC
ATCGATGC-3′) primers were employed to amplify the fungal ITS1 region via a ABI GeneAmp®

9700 PCR thermocycler (ABI, Vernon, CA, USA) using standard PCR protocols and condi-
tions. The PCR products were recovered using 2% agar-gel electrophoresis, purified using
an AxyPrep DNA Gel Extraction Kit (Axygen, New York, NY, USA), and quantified using a
Quantus fluorometer (Promega, Madison, WI, USA). The purified amplicons were pooled
in equimolar quantities and paired-end sequenced (2 × 300) on an Illumina MiSeq platform
(Illumina, San Diego, CA, USA) according to the standard protocols of Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China). Raw reads were deposited in the NCBI Sequence
Read Archive (SRA) database (accession number: SRP371574).

2.5. Statistical Analyses

The experimental data were analyzed using Excel 2019 and SPSS Statistics 21.0 (IBM
Corp., Armonk, New York, NY, USA). A T-test and Wilcoxon rank-sum test were used to
analyze the significant differences in the statistical analyses (p < 0.05).

Quantitative insights into microbial ecology (QIIME) (version 1.17) was used to trun-
cate the 300 bp reads (average quality score <20 over a 50 bp sliding window). Operational
taxonomic units (OTUs) with a 97% similarity cut-off were clustered using UPARSE (ver-
sion 7.1, http://drive5.com/uparse/, accessed on 9 April 2022), and chimeric sequences
were identified and removed [16]. The taxonomy of each OTU representative sequence
was analyzed via the RDP Classifier (http://rdp.cme.msu.edu/, accessed on 9 April 2022)
against the 16S and ITS rRNA databases, using a confidence threshold of 0.7 [5].
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Alpha diversities of the bacterial and fungal communities were calculated using
Mothur (version v.1.30.2, https://mothur.org/wiki/calculators/, accessed on 9 April
2022). The Shannon and Ace indices were used to represent the diversity and richness
of the endophytic microbial (bacterial and fungal) community, respectively. Meanwhile,
a Wilcoxon rank-sum test was also performed to evaluate the diversity and richness
of the microbial communities under the FMC and CAC treatments (p < 0.05). A prin-
cipal component analysis (PCA) based on the unweighted UniFrac and a partial least
squares discriminant analysis (PLS-DA) was performed to evaluate the extent of the sim-
ilarity of the endophytic microbial communities, and the R language (version 3.3.1) tool
was used for statistical analysis and graphing [13]. OTU tables with a 97% similarity
level were selected for microbial community composition and Venn diagram analysis,
and the R language (version 3.3.1) tool was used for statistics and graphing. The vegan
package of the R language (version 3.3.1) tool was used and graphed for microbial com-
munity heatmap analysis. A linear discriminant analysis (LDA) was performed using
LEfSe (http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload, accessed
on 9 April 2022) on samples according to different grouping conditions that were based
on taxonomic composition to identify clusters that had a significant differential impact on
sample delineation [3]. A correlation network analysis was performed by using NetworkX
on the plant samples. BugBase was used for the phenotypic prediction of the microbiome.
BugBase (https://bugbase.cs.umn.edu/index.html, accessed on 9 April 2022) was used to
identify the high-level phenotypes present in microbiome samples and enabled the use of
phenotype prediction as a microbiome analysis tool. PICRUSt was used to estimate the func-
tional components of bacterial communities using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) dataset [13]. Functional predictions of the fungal communities were per-
formed with the Fungi Functional Guild (FUN Guild) tool [16]. An online data analysis was
conducted using the free online platform Majorbio Cloud Platform (www.majorbio.com)
from the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The data were
visualized by ImageGP (https://onlinelibrary.wiley.com/doi/10.1002/imt2.5, accessed on
9 April 2022).

3. Results
3.1. Sugarcane Yields

In comparison with the CAC treatment, the cane yields increased by 13.84%, 16.88%,
and 15.57% under the FMC treatment in 2019, 2020, and 2021, respectively (Table 1).
The difference between the FMC and CAC treatments was not statistically significant
(p > 0.05). However, the results still indicate that the cane yields could be improved by the
FMC treatment.

Table 1. Cane yields between FMC and CAC treatments (t ha−1).

Treatments 2019 2020 2021

FMC 100.25 ± 2.01 a 98.58 ± 0.89 a 101.94 ± 0.80 a
CAC 88.06 ± 0.64 a 84.34 ± 0.67 a 88.21 ± 0.71 a

All data are presented as the mean ± standard deviation (SD). A T-test was performed (p < 0.05). Same letters
within a column indicate no significant differences among treatments at p > 0.05. FMC—fully mechanized
cultivation; CAC—conventional artificial cultivation.

3.2. Diversity of Endophytic Bacteria and Fungi in Sugarcane Stems

The results show that the endophytic microbial diversity (Shannon) and richness (Ace)
indices of the sugarcane stems under the FMC treatment were not significantly different
from stems under the CAC treatment (Figure 1a–d). The results suggest that the diversity
and richness of the endophytic microorganisms in sugarcane stems were not significantly
changed by the FMC treatment as compared with the CAC treatment.
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of 97% between FMC and CAC treatments (OTU level). (a) The Shannon index indicates endophytic
bacterial diversity. (b) The Ace index indicates endophytic bacterial richness. (c) The Shannon index
indicates endophytic fungal diversity. (d) The Ace index indicates endophytic fungal richness. (e) PCA
of endophytic bacteria communities. (f) PLS-DA score plot of endophytic bacteria communities.
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The unweighted UniFrac principal component analysis (PCA) and partial least squares
discriminant analysis (PLS-DA) were also performed to evaluate the extent of the similarity
of the endophytic microbial communities at the operational taxonomic unit (OTU) level.
The results showed that the microbial communities of FMC and CAC were clustered
separately, but there were also similarities in the microbial compositions between FMC
and CAC treatments (Figure 1e–h). In addition, both the total and the unique numbers of
microorganisms in sugarcane stems under the FMC treatment were lower than those under
the CAC treatment at the OTU level (Figure 1i,j).

3.3. Composition of Endophytic Bacteria and Fungi in Sugarcane Stems at Different Levels

The dominant endophytic microorganisms (bacteria and fungi) were referred to as
those with relative abundance percentages greater than 1% (Figures 2 and 3). A Wilcoxon
rank-sum test was also performed for the endophytic microorganisms with relative abun-
dance percentages at a phylum and genus level (p < 0.05). However, the results showed that
there were no significant differences in this measure between the FMC and CAC treatments.

At the phylum level, the proportions of dominant endophytic bacterial phyla in
sugarcane under the CAC treatment, from high to low, were Proteobacteria at 94.11%,
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Actinobacteriota at 4.81%, and others at 1.09%. In contrast, the proportions of dominant
endophytic bacterial phyla in sugarcane under the FMC treatment were Proteobacteria
at 96.49%, Actinobacteriota at 2.56%, and others at 0.95%. The relative abundance of
Proteobacteria increased in canes under the FMC treatment as compared with those under
the CAC treatment. Meanwhile, the relative abundances of Actinobacteriota and other
bacteria in sugarcane under the FMC treatment were all lower than those under the CAC
treatment (Figure 2a).
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Figure 2. Compositions of endophytic microorganisms in the stems of sugarcane under FMC and
CAC treatments at phylum level. (a) The proportions of the dominant endophytic bacteria. (b) The
proportions of the dominant endophytic fungi. (c) Test for significant difference in the bacterial
abundance between groups. (d) Test for significant difference in the fungal abundance between
groups. FMC—fully mechanized cultivation; CAC—conventional artificial cultivation.

In addition, the proportions of endophytic dominant fungal phyla in CAC sugarcane,
from high to low, were Ascomycota at 81.56%, Basidiomycota at 12.98%, and unclassi-
fied_k__Fungi at 5.14%. By contrast, the proportions of dominant endophytic fungal phyla
in FMC sugarcane were Ascomycota at 88.15%, Basidiomycota at 7.88%, and unclassi-
fied_k__Fungi at 3.95%. The relative abundance of Ascomycota increased in FMC-treated
sugarcane compared with that under the CAC treatment. Meanwhile, the relative abun-
dances of Basidiomycota and unclassified_k__Fungi were lower under the FMC treatment
compared with those under the CAC treatment (Figure 2b).
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Figure 3. Compositions of endophytic microorganisms in the stems of sugarcane under FMC and
CAC treatments at genus level. (a) The proportions of the dominant endophytic bacteria. (b) The
proportions of the dominant endophytic fungi. (c) Test for significant difference in the bacterial
abundance between groups. (d) Test for significant difference in the fungal abundance between
groups. FMC—fully mechanized cultivation; CAC—conventional artificial cultivation.

At the genus level, the relative abundances of Delftia and unclassified_o__Burkholderiales
were lower under the FMC treatment as compared with the CAC treatment. How-
ever, norank_f__Alcaligenaceae, Pantoea, Klebsiella, Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, and Acidovorax were the special, dominant endophytic bacterial genera in FMC
plots. Leifsonia and norank_f__Mitochondria were the unique, dominant endophytic bacterial
genera in CAC plots (Figure 3a).

Additionally, the proportions of Zasmidium, unclassified_p__Ascomycota, Apiotrichum,
unclassified_k__Fungi, and others were also lower under the FMC treatment as compared
with the CAC treatment. Moreover, Fusarium, Tremella, unclassified_f__Phaeosphaeriaceae,
Cochliobolus, Exophiala, Phaeosphaeriopsis, Pyrenochaetopsis, Ramichloridium, Aspergillus, Neode-
vriesia, Sarocladium, and Phaeosphaeria were the special, dominant endophytic fungal genera
under the FMC treatment. In contrast, unclassified_o__Hypocreales, Exserohilum, and Curvu-
laria were the only unique, dominant endophytic fungal genera under the CAC treatment
(Figure 3b).

An LEfSe analysis was also conducted to identify endophytic microbes in sugarcane
stems under the FMC treatment. A total of 39 bacterial and 12 fungal clades (from phylum
to genus) exhibited significant differences in their cladogram structure (LDA > 2.0).

As seen in Figure 4, there was no significant enrichment of dominant endophytic
bacteria and fungi detected between the FMC and CAC treatments at the phylum level.
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Figure 4. Cladogram showing the phylogenetic distribution of the bacterial (a) and fungal (b) lineages
associated with stems of sugarcane under FMC and CAC treatments. Indicator bacteria (c) and fungi
(d) with LDA scores of 2.0 or greater in microbial communities associated with stems of sugarcane
under FMC and CAC treatments (LEfSe). Circles indicate phylogenetic levels from phylum to genus.
The diameter of each circle is proportional to the abundance of the group. Different prefixes indicate
different levels (p—phylum; c—class; o—order; f—family; g—genus). FMC—fully mechanized
cultivation; CAC—conventional artificial cultivation.

Meanwhile, the endophytic bacteria, such as Romboutsia, Actinomadura, Streptomyces,
Thauera, Cutibacterium, Thermobifida, norank_f__norank_o__Gaiellales, norank_f__SC-I-84, Clostrid-
ium_sensu_stricto_1, Rhodococcus, Conexibacter, and Haematobacter, were significantly enriched
in canes under the CAC treatment at the genus level; in contrast, norank_f__Alcaligenaceae,
Acidovorax, Microbacterium, Paenibacillus, and unclassified_p__Proteobacteria were significantly
enriched under the FMC treatment at the genus level.

Moreover, in comparison with the FMC treatment, there was no significant enrichment
of dominant endophytic fungi under the CAC treatment at the genus level; however,
Scleroramularia, Tetraplosphaeria, Dinemasporium, and unclassified_c__Dothideomycetes were
significantly enriched under the FMC treatment at the genus level.

The correlation between the significant enrichment of endophytic bacterial and fungal
genera is important. Therefore, an interaction network was constructed to further elucidate
the relationship between the significant enrichment of the bacterial and fungal genera.
Based on the abundance of the endophytic bacterial and fungal genera, Spearman’s rank
correlation coefficients were calculated to reflect the correlations between them (Figure 5).
The results showed that the enrichment of the endophytic fungal genera (Scleroramularia,
Tetraplosphaeria, and Dinemasporium) was positively correlated with the enrichment of the
endophytic bacterial genus Acidovorax.
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Figure 5. Correlation network analysis of significantly enriched bacterial and fungal genera. The
Spearman coefficients that showed the significant enrichment of bacterial and fungal genera were
also calculated to reflect the correlation between species, where the absolute value of the correlation
coefficient ≥ 0.5, with p < 0.05. The sizes of the nodes in Figure 5 indicate the abundances of species,
and different colors indicate different species; the color of the connecting lines indicates a positive and
negative correlation, where red indicates a positive correlation, green indicates a negative correlation,
and the thickness of the lines indicates the magnitude of the correlation coefficient. The thicker the
line, the higher the correlation between species; the more lines, the closer the connection between the
nodes (p—phylum; g—genus).

Based on the BugBase analysis, it was found that the endophytic bacterial phenotypes
in sugarcane stems under FMC and CAC treatments were mainly classified into nine groups
(Figure 6). Meanwhile, a Wilcoxon rank-sum test was also performed for the nine bacterial
phenotype groups under FMC and CAC treatments (p < 0.05). The results showed that the
abundances of these nine bacterial phenotypes were not significantly different for FMC and
CAC treatments. However, the abundant percentages of Stress_Tolerant, Forms_ Biofilms,
and Contains_ Mobile_ Elements in the bacterial community increased in the stems under
the FMC treatment as compared with those under the CAC treatment. This result indicates
that the stress resistance of sugarcane could be improved by FMC treatment.

PICRUSt2 and FUNGuild were carried out to predict bacterial and fungal func-
tions, respectively. Meanwhile, a Wilcoxon rank-sum test was also performed to evaluate
the functions of the bacterial and fungal communities under FMC and CAC treatments
(p < 0.05). The results showed that the functions of endophytic bacteria (Figure 7a) and
fungi (Figure 7b) in sugarcane under the FMC treatment were not significantly different
from those under the CAC treatment.
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4. Discussion

Hartman et al. [17] found that management type and tillage intensity were the main
causes of bacteria and fungi in roots. Similarly, in comparison with the CAC treatment, we
found that for the endophytic microbial compositions, the endophytic bacteria as well as
the endophytic fungal compositions in sugarcane were significantly changed by the FMC
treatment. For example, in comparison with the CAC treatment, the relative abundance of
Proteobacteria in stems under the FMC treatment was increased. Endophytic Proteobacteria
have been demonstrated to be a Plant Growth-Promoting Rhizobacteria (PGPR) [18].

At the genus level, Pantoea, Klebsiella, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium,
Acidovorax, Microbacterium, and Paenibacillus were the special or significantly enriched domi-
nant endophytic bacterial genera under the FMC treatment. Previous studies reported that Pan-
toea is a type of polysaccharide-producing, IAA-producing, iron carrier-producing, phosphate-
solubilizing, and antagonistic-to-pathogenic fungi, and is part of the functional fungal genus.
Pantoea also has the function of promoting plant growth and development [19,20]. Meanwhile,
Klebsiella, as one of the nitrogen-fixing bacteria in sugarcane, can have a pro-growth effect [21].
Bigott et al. [22] also suggested that Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium might
be helpful in promoting plant growth and improving resistance against abiotic stress. More-
over, Acidovorax, known as one of the commensal species or plant-helpful bacteria, can produce
secondary metabolites and hormones to promote plant development while simultaneously
being antagonistic to plant pathogens [23,24]. Furthermore, Microbacterium, a producer of
secondary metabolites that belongs to the Gram-positive group of bacteria and is not acid-fast,
can also produce carotenoids with antioxidant and coloring properties [25]. Paenibacillus,
characterized by nitrogen fixation, phosphate solubilization, phytohormone indole-3-acetic
acid (IAA) synthesis, and siderophore release, can improve crop growth. The enrichment
of the dominant endophytic bacterial genera under the FMC treatment not only can help to
defend against insect herbivores such as nematodes but can also resist plant pathogens [26].

Additionally, the enrichment of endophytic fungi, such as Scleroramularia, Tetraplosphaeria,
and Dinemasporium, was also found under the FMC treatment. Scleroramularia, a new, poten-
tially species-rich genus of epiphytic fungus, is often found on the fruit surfaces of several
hosts. This implies that it may have many untapped niches to be investigated [27]. Meanwhile,
Dinemasporium can produce bioactive metabolites with antibacterial, antifungal, and antialgal
activities [28].

5. Conclusions

In comparison with the CAC treatment, even though the diversity and richness of
endophytic microorganisms in sugarcane stems under the FMC treatment were not sig-
nificantly different, the relative abundances of Proteobacteria and Ascomycota increased
under the FMC treatment. Additionally, some dominant endophytic bacterial genera, such
as Acidovorax, Microbacterium, and Paenibacillus, and some dominant endophytic fungal
genera, such as Scleroramularia, Tetraplosphaeria, and Dinemasporium, which belong to ben-
eficial microbes, were all significantly enriched under the FMC treatments. All of our
results suggest that cane growth and health are not only positively impacted by the FMC
treatment, but that this treatment could be considered a sustainable method for future
sugarcane production.
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