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Abstract: The oxygen content in the root zone considerably affects the growth and development
of peach trees. However, few studies have been conducted on the effects of the oxygen content
in the root zones of peach trees on soil microbes and root growth. Four-year-old Ruiguang 33/
Prunus persica (L.) Batsch trees were used to study the effects of root-zone aeration on soil microbes in
a peach orchard, as well as on the soil nutrient contents, peach tree root systems, and plant potassium-
to-nitrogen ratios. The results showed that the root-zone aeration substantially increased the soil
oxygen content in the root zone and changed the soil microbial community structure. Compared
with the control, the relative abundances of soil nitrogen-fixing microorganisms (Beta proteobacteria
and Bradyrhizobium elkanii) and potassium-solubilizing microorganisms (Bacillus circulans) under the
root-zone aeration conditions were greatly enhanced. Root-zone aeration increased the soil’s alkaline
nitrogen content, available potassium content, and organic matter content, as well as the number
and thickness of new white roots of peach trees, and root activity was increased significantly. At the
same time, root-zone aeration changed the relative contents of total potassium and total nitrogen
in the plants and considerably increased the potassium-nitrogen ratio in the shoots. The results
indicate that aeration in the root zone can change the soil microbial community structure, increase the
abundances of nitrogen-fixing and potassium-solubilizing microorganisms, and increase the plant
potassium-to-nitrogen ratio, which are conducive to peach fruit quality.

Keywords: root-zone aeration; peach; soil microbial; soil nutrient content; plant potassium-to-
nitrogen ratio

1. Introduction

The peach, belonging to the family Rosaceae and the genus Amygdalus L., is an
important deciduous fruit tree in China and one of the fruit trees with the largest cultivation
areas and the highest yields in the world [1]. Root system management is the core of the
management of fruit tree cultivation, and is the key to achieving high quality and high
yield through rational root system management. Root systems are fundamental to plant
growth as important organs that absorb water, nutrients, and oxygen [2]. Oxygen is
essential for all aerobic organisms, and taller plants need oxygen to sustain metabolism
and growth [3]. Hypoxia is often encountered throughout plant life, such as during sudden
rainfall, flooding, or microbial activity. Rhizosphere hypoxia reduces plant growth through
its effects on root function [4]. Changes in the oxygen environment of the root zone affect the
respiration, growth, and development of root systems. The rhizosphere environment and
root respiration are important factors in the normal growth of root systems [5]. The injection
of air into the soil reduces soil oxygen deficiency and improves crop yields [6,7]. Nakano [8]
and Xu et al. [9] reported that rhizosphere ventilation improved the gas environment in the
tomato rhizosphere, thereby improving root activity and nutrient uptake. Wen et al. [10]
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reported that rhizosphere aeration enhanced the root activity of maize, increased the ability
of crops to absorb water and nutrients, and promoted plant growth. Other studies have
shown that aeration can alleviate anoxic soil conditions, increase crop yield [6,11], and
increase the sugar content of sugar beetroot [12].

Soil microorganisms are not only an important part of soil, but also the main pro-
moters of soil nutrient cycling. They play an important role in biogeochemical cycles,
including soil organic matter decomposition, nutrient release, energy transfer, etc. [13].
Soil microorganisms participate in nutrient cycling, affect fertilizer-use efficiency, and
directly or indirectly affect the physical, chemical, and biological parameters of the soil
as indicators of soil changes [14]. Rhizosphere microbial activity contributes to increases
in soil fertility through effects such as the exudation of soluble compounds, storage and
release of nutrients, mineralization of nutrients, decomposition of soil organic matter, and
dissolution of potassium [15-18]. Soil microorganisms serve as an indicator of soil health
quality, and soil’s physicochemical properties can affect the characteristics of the soil mi-
crobial community [19]. Soil microbial activities affect the availability of soil nutrients and
the absorption and utilization of those nutrients by root systems, ultimately affecting the
growth and development of plants [15].

The oxygen environment in the root zone affects the root system architecture and
its physiological activities, which affect the absorption and utilization of nutrients by the
root systems. Xiao et al. [20] showed that root-zone aeration promoted the occurrence and
growth of fine root systems of young peach trees and promoted plant growth. Potassium
is the most sensitive element in response to the oxygen environment in the root zone; it
is an indispensable element in plant life activities, and plants must absorb an appropriate
amount of K* from the soil for normal growth and development [21]. Potassium is a very
important element in the growth and development of fruit trees and has a positive effect
in enhancing their photosynthetic properties and promoting the transport of photoassimi-
lates [22]. It is also involved in the synthesis and transport of sugar and starch, promotes
the conversion of starch to sugar in fruits, and favors the increase in sugar content in the
fruit [23]. The application of potassium to orchard soil is closely related to the growth
and development of fruit trees and the formation of fruit flavor quality and yield, and soil
potassium deficiency can reduce fruit flavor quality and affect the yield [24]. Guo et al. [25]
showed that the application of potassium fertilizer can effectively improve peach fruit
yield and quality. Nitrogen is an important element in the growth and development of
plants and the formation of fruit quality. The application of nitrogen fertilizer can improve
peach growth and increase yield, but excessive nitrogen supply can affect the absorption
of other elements and decrease the quality of fruit. Li et al. [26] found that the quality
of peach fruit decreases with an increasing nitrogen application rate. Therefore, proper
nitrogen application is critical to fruit quality. Aerobic and anaerobic microbes are broadly
distributed in soil [27], and changes in the oxygen environment will inevitably affect the
diversity, composition, and structure of soil bacterial communities [28]. Previous studies
have shown that soil aeration can effectively improve the numbers of soil microorganisms
and soil enzyme activity [29,30]. Qian et al. found that aeration increases soil bacterial
diversity and nutrient transformation under mulching-induced hypoxic conditions [31].
Li et al. found that artificial soil aeration increases soil bacterial diversity and tomato root
performance under greenhouse conditions [32].

The root systems of peach trees have high respiratory intensity and large oxygen
demand, and the oxygen content in the root zone considerably affects the growth and devel-
opment of the peach trees [20]. However, the effects of aeration on the soil microorganisms
in peach orchards, the relative contents of potassium and nitrogen (potassium-nitrogen
ratio) in peach trees, and the soil nutrient content are not clear. For this reason, this study
used 4-year-old Ruiguang 33/ Prunus persica (L.) Batsch trees as the test materials, and the
aim was to elucidate whether root-zone aeration could regulate soil nutrient content and
plant potassium-nitrogen ratios by affecting soil microorganisms.
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2. Materials and Methods
2.1. Experimental Sites, Plant Materials, and Sampling Time

The experiment was carried out at the horticultural experiment station of Shandong
Agricultural University with 4-year-old Ruiguang 33/ Prunus persica (L.) Batsch trees as the
test materials in March 2018 (117°16’ E and 36°17’ N). The growth conditions of the test
materials were the same, and the basic physical and chemical properties of the tested soil
were as follows: pH value of 6.74, alkaline hydrolyzable nitrogen content of 45.02 mg-kg 1,
organic matter content of 12.63 g-kg~!, available phosphorus content of 35.24 mg-kg ™!,
and available potassium content of 84.51 mg-kg~!. The growing conditions for the peach
trees were day and night temperatures of 31 and 23 °C, respectively, a natural photoperiod
of around 12.5 h, and constant relative humidity of 30%. There were two treatments in the
experiment: RV (root-zone aeration treatment), and CK (non-aeration as a control). A total
of 20 replicates were set for each treatment and were randomly arranged. The experimental
procedure was as follows: For aeration, radial furrows were excavated 20 cm from the
trunk below the canopy, with an excavation depth of 40 cm, a width of 15 cm, and a length
of 100 cm, and a folded root-control device with a height of 50 cm and a length of 200 cm
was placed in the radial furrow. After the root-control device was placed in the radial
furrow, three bamboo poles with a diameter of 1.5 cm and a length of 60 cm were inserted
into the middle of the folded root-control device to ensure that a certain gap was retained
in the middle of the root-control device after being folded, so that air could enter. Control
radial furrows were excavated 20 cm from the trunk below the canopy, with an excavation
depth of 40 cm, a width of 15 cm, and a length of 100 cm, and a folded root-control device
with a width of 50 cm and a length of 200 cm was placed in the radial furrow. After the
root-control device was placed in the radial furrow, the soil was directly backfilled into the
gap to prevent air from entering (Figure 1).

Trunk

Figure 1. Root-zone aeration device and treatment schematic.

The soil oxygen contents at horizontal distances of 20 cm from the aerator and vertical
depths of 30 cm from the ground were determined on 18 March, 3 May, 18 June, 3 August,
and 18 September 2018. On 19 September, the soil oxygen contents at horizontal distances of
10, 20, and 30 cm from the aerator and vertical depths of 10, 30, and 50 cm from the ground
were measured. Rhizosphere soil samples were collected. On 20 September, five sites
were randomly selected for each treatment to collect fresh soil samples at a horizontal
distance of 20 cm from the aerator and a vertical depth of 30 cm from the ground (10 g
per point, three biological replicates per treatment), which were then mixed; impurities—
such as root systems, weeds, soil animals, and stones—were removed, and then the samples
were passed through a mesh and mixed evenly for soil microbial analysis. On 18 March,
18 June, and 18 September 2018, soil samples were collected to determine the contents of
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soil alkali-hydrolyzable nitrogen, available potassium, and organic matter, and shoots and
root systems were collected to determine the total nitrogen and potassium contents and
potassium-—nitrogen ratio of each organ. Three sites were randomly selected per treatment
at each time point. On 4 October, the length (cm) and stem diameter (mm) of shoots of
different treatments were determined, and the shoot stem diameter x 100/shoot length
was calculated. On 15 October, the number and the diameter of new root systems were
investigated; 3 sites were randomly selected for each treatment. The root systems were
taken back to the laboratory, and the root system architecture parameters were determined
using the professional WinRHIZO root-measuring system (Pro STD4800, Shanghai Zequan,
Shanghai, China), including the total surface area (cm?), number of root tips (number), total
volume (cm3), number of branches (number), number of intersections (number), mean root
diameter (cm), and root system composition. The root systems were graded according to
diameters of <2 mm, 2-5 mm, and >5 mm, and the total length (cm), total volume (cm®),
and total surface area (cm?) of the different grades of root systems were determined. Every
indicator was measured 3 or 5 times, and the average value was used.

2.2. Determination of the Soil Oxygen Content

The oxygen content in the soil was determined using a 13.05.04 Pro portable gas
analyzer (AgriEco Apptec Shanghai LLC, Shanghai, China).

2.3. Determination of the Soil Nutrient Content

The soil organic matter content was determined by the potassium dichromate vol-
umetric method (thermal dilution method) [33]. The soil’s available potassium content
was determined by the NH;OAC extraction flame photometric method [33]. The soil
alkali-hydrolyzable nitrogen was determined by the alkaline diffusion method [33].

2.4. High-Throughput Sequencing Method for the Microbial Community

Soil microbial total DNA was extracted from 0.25 g soil samples with an E.Z.N.A.®
Soil DNA Kit (Omega Bio-tek Inc., Norcross, GA, USA) according to the manufacturer’s
instructions. The DNA concentrations were measured using a NanoDrop™2000 spec-
trophotometer (Thermo Scientific, Waltham, MA, USA). Polymerase chain reactions (PCRs)
for N-transforming functional genes were performed as follows: 95 °C for 5 min, followed
by 40 cycles of 94 °C for 45 s and 55 °C for 45 s, 72 °C for 1 min and, finally, 72 °C for
10 min. The analysis of the bacterial 16S rRNA gene and the fungal ITS region was per-
formed on the [llumina MiSeq platform (www.i-sanger.com, accessed on 25 November
2021). The sequences of the 16S rRNA primers were V4 region 515F and 806R (515F:5'-
GTGCCAGCMGCCGCGGTAA-3/, 806R:5-GGACTACHVGGGTWTCTAAT-3) [34]; the
sequences of the ITS primers were ITS5-1737-F (5-GGA AGT AAA AGT CGT AAC AAG G-
3’) and ITS2-2043-R (5'-GCT GCG TTC TTC ATC GAT GC-3') [35]. The PCR products were
verified on 1% agarose gel and purified. The purified PCR products were subcloned into a
PMD18-T simple vector (TaKaRa, Dalian, China), and the positive clones from each sample
were randomly selected for sequencing (BGI, Beijing, China). The recovered sequences
were subjected to a BLAST search in the NCBI database. All of the verified sequences
were aligned using the DNAMAN program (Lynnon Biosoft, Pointe-Claire, QC, Canada).
Subsequently, standard plasmid DNA was extracted, and thermal cycling and data analysis
were conducted with a real-time PCR detection system using the LightCycler® 480 Cycler
(Roche, Mannheim, Germany) to estimate the abundance of anammox, AOA, and AOB,
amo A, and the nirS and nirK genes. The sequencing of 165 rRNA and ITS was completed
by Beijing Novogene Bioinformatics Technology Co., Ltd. (Beijing, China).

2.5. Determination of Indicators Related to Root System Architecture

Root system architecture parameters were determined using the professional Win-
RHIZO root-measuring system (image resolution of 4800 dpi), including total root surface
area (cm?), total root volume (cm?3), total root length (cm), and average root diameter (cm).
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2.6. Determination of the Contents of Total Nitrogen and Total Potassium in Plants

The total nitrogen content of the plant samples was determined by the Kjeldahl method,
and the total potassium content was determined by the flame photometric method [33].

2.7. Determination of Plant Growth Indicators

The length of the shoots (cm) was measured using a meter ruler, the shoot diameter
(cm) was measured using a Vernier caliper, and the stem diameter x 100/shoot length
was calculated.

2.8. Statistical Analysis

Two-way analysis of variance (ANOVA) followed by Duncan’s test was used to
examine the differences between experimental treatments. Differences were considered
significant at p < 0.05. The significance of the differences between samples was assessed by
Duncan’s multiple range tests using SPSS version 20.0, with three technical replicates for
each sample. In the beta diversity study, the weighted UniFrac distance and the unweighted
UniFrac distance were used to measure the dissimilarity coefficient between two samples.
The numbers on the upper side of the squares in the figure are the dissimilarity coefficients
between the two samples. According to the species annotation and abundance information
of all samples at the genus level, we selected the top 35 genera in terms of abundance and,
according to the abundance information in each sample, clustered them at the species and
sample levels, and drew a heatmap to find out which species were clustered more or less
abundantly in which samples.

3. Results
3.1. Effects of Root-Zone Aeration on the Soil Oxygen and Nutrient Contents

It can be seen from Figure 2a that the oxygen supply in the soil treated with root-zone
aeration was maintained at a high level, which was substantially higher than that of the
control treatment. Figure 2b shows the effects of the root-zone aeration treatment on the
soil oxygen content in the root zones (at different depths) with horizontal distances of
10 cm, 20 cm, and 30 cm from the aerator. The results indicated that the oxygen supply in
the root zone under the root-zone aeration treatment was always maintained at a high level
and was significantly higher than that of the control treatment. The farther away from the
aerator in the horizontal direction, the lower the oxygen content of the soil; the deeper the
soil layer in the vertical direction, the lower the oxygen content of the soil.

Root-zone aeration changed the soil nutrient status of the root zones of young peach
trees. It can be seen from Figure 2c—e that the soil nutrient content in the peach tree root
zones decreased throughout the whole growing season, and the difference between the
two treatments gradually increased. The aeration in the root zone increased the soil alkali-
hydrolyzable nitrogen content, the soil available potassium content, and the soil organic
matter content, and the differences were significant.

3.2. Effects of Root-Zone Aeration on the Alpha Diversity Index, PCA Plot, and Species Abundance
Clustering Heatmap

In the analysis of differences between groups in the alpha diversity index, the boxplot
can intuitively reflect whether the differences in species diversity between groups are
significant. The Shannon index is one of the indices for estimating the diversity of microor-
ganisms in a sample; the higher the value of the Shannon species index, the greater the
species richness of the sample. As can be seen in Figure 3a,b, the species richness of the RV
treatment was higher than that of the CK treatment in terms of bacterial communities and
the fungal communities. The smaller the dissimilarity coefficient between the two samples,
the smaller the difference in species diversity. From Supplementary Figure Sla,b, it can be
seen that the RV treatment was significantly different from the control treatment, indicating
that the root-zone oxygenation changed the soil microbial community structure. Principal
component analysis (PCA) is an applied variance decomposition based on Euclidean dis-
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tances. The more similar the community composition of the samples, the closer they are
in the PCA plot. As shown in Figure 3c,d, there were differences between the RV and CK
treatments in terms of bacterial and fungal communities, and the same treatment had better
repeatability. The abundance of soil bacteria and fungi was significantly different after RV
treatment; the fungal species were mainly Ascomycota and Basidiomycota, and the bacterial
species were mainly Proteobacteria, Acidobacteria, and Actinobacteria. (Figure 3e,f). At the
genus level, after RV treatment (and after removal of unidentified strains), Chujaibacter,
Bacillus, Bradyrhizobium, Pseudolabrys, Bryobacter, Microlunatus, and Reyranella were the

dominant bacterial genera (Figure 3e), while Mortierella and Trichoderma were the dominant
fungal genera (Figure 3f).
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Figure 2. Effects of root-zone aeration on the soil oxygen content and soil nutrient content: (a) The
soil oxygen contents at horizontal distances of 20 cm from the aerator and vertical depths of 30 cm
from the ground at different times. (b) The soil oxygen contents at horizontal distances of 10, 20,
and 30 cm from the aerator and vertical depths of 10, 30, and 50 cm from the ground; A, B, and
C represent the horizontal distances of 10, 20, and 30 cm from the aerator, respectively. (c) Soil
alkali-hydrolyzable nitrogen content. (d) Soil available potassium content. (e) Soil organic matter
content. RV: root-zone aeration treatment; CK: non-aeration as a control. Each point represents the
mean = standard error (n = 3). Different lowercase letters indicate significant differences between
treatments (p < 5%, two-way ANOVA).

3.3. Effects of Root-Zone Aeration on LDA Effect Size and Genus-Level t-Test

LEfSe (LDA Effect Size) is an analytical tool for the discovery and interpretation of
high-dimensional biomarkers that can be used to compare two or more subgroups. It
emphasizes statistical significance and biological correlation, and is able to find biomarkers
with statistical differences between groups. The statistical results of LEfSe include LDA
value distribution histograms and evolutionary clade diagrams. In a clade diagram, the
circles radiating from the inside to the outside represent the taxonomic level from phy-
lum to genus (or species). As shown in Figure 4a,b, c_Acidobacteriales, c_Acidobacteriia,
c_Alphaproteobacteria, f_Rhodanobacteraceae, o_Xanthomonadales, c_Gammaprpteobacteria, and
p_Proteobacteria were the dominant bacterial species under RV treatment. As shown in
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Figure 4c,d, under RV treatment, f_Mortierellaceae, o_Mortierellales, and c_Mortierellomycetes
were the dominant fungal species. In order to find the differences in species between
groups at the genus level, a t-test was performed between groups to determine the species
with significant differences (p value < 0.05). From Figure 2e, it can be seen that the species
abundance of Chujaibacter, Bryobacter, Bacillus, and Bradyrhizobium in the RV treatment
was significantly higher than in the CK treatment at the bacterial genus level, while the
species abundance of unidentified_Acidobacteria was significantly lower than that in the
CK treatment. From Figure 2f, it can be seen that the species abundance of Cladosporium,
Eurotium, and Chrysosporium in the RV treatment at the fungal genus level was signifi-
cantly higher than that in the CK treatment, while the species abundance of Mycena was
significantly lower than that in the CK treatment. Figure 4g,h show significant differ-
ences in soil microbial counts at the species level: Beta proteobacteria, Bradyrhizobium elkanii,
Bacillus circulans, Acetobacteraceae_bacterium_WX59, Agricultural_soil_bacterium and
Mortierella alpina were significantly more abundant than in the control group, while the

anammox bacteria Bacterium_enrichment was lower than in the control group.
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clustering heatmap. (f) Genus-level fungal species abundance clustering heatmap (* p < 0.05).
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Figure 4. Effects of root-zone aeration on LDA Effect Size and genus-level {-tests: (a) Bacterial LEfSe
clade map. (b) Bacterial LDA value distribution histogram. (¢) Fungal LEfSe clade map. (d) Fungal
LDA value distribution histogram. (e) Bacterial differential species abundance. (f) Fungal differential
species abundance. (g,h) Significant differences in soil microbial counts at the species level.

3.4. Effects of Root-Zone Aeration on Genus-Level Evolutionary Trees and Functional Annotation
of Relative Abundance

In order to further study the phylogenetic relationships of species at the genus level,
the representative sequences of the top 100 genera were obtained by multiple sequence
alignment. As can be seen from Figure 5a,b, compared with the control, the bacterial
abundances of Proteobacteria, Acidobacteria, Bacteroidetes, Actinobacteria, and Ascomycota
after root-zone aeration showed significant differences at the genus level. After aeration
treatment, the oxygen environment in the root zone changed, and aeration increased the
abundance of aerobic bacteria (Nocardioides), Bacillus, Reyranella, Mortierella, and Fusarium,
and reduced the relative abundance of Acidobacteria and Solicoccozyma. From the functional
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prediction of PCA in Figure 5c¢, it was found that there were significant differences in soil
bacterial function between the RV and CK treatments. Based on the bacterial database
annotation results and the functional information on level 2 samples, functional t-test plots
and heatmaps were generated, respectively. As shown in Figure 5d,e, compared with CK,
the RV treatment played a positive role in amino acid metabolism, cell growth and death,
cellular processes and signaling, lipid metabolism, and other processes.
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Figure 5. Effects of root-zone aeration on genus-level evolutionary trees and functional annotation
of relative abundance: (a) Bacterial genus horizontal evolutionary tree. (b) Fungal genus hori-
zontal evolutionary tree. (c) Functional prediction of PCA. (d) Bacterial functional annotation of
relative abundance. (e) Bacterial functional annotation clustering heatmap (color scale: —0.6 to 0.6

abundance increases).

3.5. Effects of Root-Zone Aeration on the Root Growth and Root System Architecture of
Peach Trees

As can be seen in Figure 6a—d, root-zone aeration considerably promoted the occur-
rence and growth of peach roots, and large numbers of white new roots were observed.
In the soil treated with root-zone aeration, there were more branches of the peach roots,
the number of growing points was obviously increased, and a large number of network
roots appeared. In addition, the new roots were thicker, and the lifespan of such a root
system may be longer. In the control treatment, the number of peach root systems was
low, the roots were fine and slender, and the life span of such roots may be shorter. As can
be seen from Figure 6e,f, compared with the controls, the number and diameter of new
roots of peach trees under the root-zone aeration conditions increased by 55% and 7.8%,
respectively, and the differences were significant. As shown in Figure 6g—i, the root-zone
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aeration treatment substantially increased the total length, total surface area, and total
volume of the root system with a diameter of 0-2 mm; compared with those of the control,
the length, surface area, and volume of the roots in the soil treated with root-zone aeration
increased by 59.03%, 66.26%, and 239.19%, respectively, and the differences were significant.
It can be seen from Figure 6j-1 that under the root-zone aeration treatment, the proportions
of the root systems of peach trees with diameters of 0-2.0 mm and 2.0-4.0 mm in the
10-30 cm and 30-50 cm soil layers increased, and the proportion of the root system with
a diameter > 4 mm in the 10-30 cm soil layer was greater than that of the control. This
indicates that root-zone aeration promotes roots’ thickening and growth to deep soil.

b

(@]

Number of new root (No.)

CK

Treatments

New root diameter (mm)

Treatment

8000 .
& h ] i
7000 4 L]
=3 700 4
8 i 2 6004 E
5 5000 b 5 o
=) T - £
z 5 500 i E
5 4000 S 4001 =
E E} z
2 3000 £ 300 E
S Z z
& 2000 g 2004 <
! ¥ od ed ¢
1000 4 100 4
c d d
0- u t
0-2mm 2-4mm >4 0-2mm 2-4mm >4 0-2mm 2-4mm >4
Root diameter calss Root diameter calss Root diameter calss
;\:120- a?i(io:':ﬁ': I':,cr = & 30-50cm soil layer - [_]10-30 cm soil layer 30-50cm soil layer  [_]10-30 cm soil layer
o -y SR 0-10cm soil leyer ~ 1204 0-10am soil layer
‘% b b S b B3 N
J 2 .
2" £ 100 £ 10
5] 5 :
2 5 501 2 80
g 3 £
= 604
5 @ E 60 E 60
1 2 5
£ 404 2 b1
& £ 40 £ a0
£ + e b
& ] E 204 £ 204
Z 3 3

Treatments

>

CK

RV
Treatments Treatments

Figure 6. Effects of root-zone aeration on the root growth and root system architecture of peach trees:
(a) Root system under root-zone aeration treatment. (b) Root system scan image under root-zone aer-
ation treatment. (c) Root system under control conditions. (d) Root system scan image under control
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‘ 2 * unidentified_Acidobacteria

* Jesiliy Steroidobacter |'0-5
1

conditions. (e) Number of new roots. (f) Diameter of new roots. (g) Roots’ total length. (h) Roots” total
surface area. (i) Roots’ total volume. (j) Distribution characteristics of root systems with diameters of
0-2.0 mm in the vertical direction. (k) Distribution characteristics of root systems with diameters of
2.0-4.0 mm in the vertical direction. (I) Distribution characteristics of root systems with diameters of
>4 mm in the vertical direction. Each point represents the mean =+ standard error (1 = 3). Different
lowercase letters indicate significant differences between treatments (p < 5%, two-way ANOVA).

3.6. Analysis of Root and Twig Growth'’s Correlation with the Genus-Level Microbial Community

As can be seen from Figure 7a, the soil available potassium content was positively
correlated with the abundance of Bacillus sp. Soil alkaline nitrogen content was positively
correlated with the abundance of Bradyrhizobium sp. and Bryobacter, sp., and negatively
correlated with Dongia sp. As can be seen from Figure 7b, soil available potassium content
was positively correlated with the abundance of Pseudogymmnoascus sp. and Alternaria sp. Soil
organic matter content was positively correlated with the abundance of Mortierella sp. and
negatively correlated with Acaulium sp. and Phaeoacremonium sp. Soil available potassium
content was positively correlated with the abundance of Tausonia sp. Number of tips was
positively correlated with the abundance of Dactylonectria sp. and negatively correlated with
Lepiota sp. It can be seen from Supplementary Figure S2 that the abundance of Mortierella sp.
was significantly positively correlated with the abundance of Bacillus sp., Bradyrhizobium,
and Microlunatus, and significantly negatively correlated with the abundance of Dongia sp.
and Pirellula sp. It can be seen from Figure 7c that Vicinamibacter sp. closely interacted with
other genera after RV treatment. Figure 7d shows the correlation at the fungal genus level.
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Figure 7. Analysis of root and twig growth’s correlation with the microbial community: (a) Analysis
of root and twig growth’s correlation with bacteria. (b) Analysis of root and twig growth’s correlation
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with fungi. (c) Bacterial dynamic network diagram. (d) Fungal dynamic network diagram. * p < 0.05,
**p <0.01, ** p < 0.001; the scale represents the correlation, and the larger the |r| value, the stronger
the correlation.

3.7. Effects of Root-Zone Aeration on Potassium and Nitrogen Uptake and the Potassium-nitrogen
Ratio in Peach Trees

This study found that root-zone aeration treatment dramatically increased the nitrogen
content and potassium content of peach trees. It can be seen from Figure 8a—f that compared
with those of the control, the total nitrogen contents of the new shoots of the time points
with root-zone aeration treatment were increased by 14.3%, 4.02%, and 5.05%, respectively;
the total nitrogen contents of the coarse roots were increased by 6.93%, 4.75%, and 17.03%,
respectively; the total nitrogen contents of fine roots were increased by 12.73%, 3.34%, and
3.79%, respectively, and the differences were significant; the total potassium contents of
peach shoots were increased by 9.82%, 7.18%, and 26.59%, respectively; the total potassium
contents of coarse roots were increased by 52.13%, 9.62%, and 19.30%, respectively; and
the total potassium contents of fine roots were increased by 3.19%, 15.81%, and 51.82%,
respectively, and the differences were significant. It can be seen from Figure 8g-i that the
aeration in the root zone changed the relative contents of total potassium and total nitrogen
in the peach trees, along with the potassium—nitrogen ratios of the new shoots, coarse
roots, and fine roots. The potassium-nitrogen ratio of the shoots subjected to the root-zone
aeration treatment was considerably increased.
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Figure 8. Effects of root-zone aeration on total potassium and total nitrogen contents in peach trees:
(a) Total nitrogen contents of the new shoots. (b) Total nitrogen contents of the coarse roots. (c) Total
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nitrogen contents of the fine roots. (d) Total potassium contents of the new shoots. (e) The total
potassium contents of the coarse roots. (f) Total potassium contents of the fine roots. (g) The
potassium-nitrogen ratio of the new shoots. (h) The potassium-nitrogen ratio of the coarse roots.
(i) The potassium-—nitrogen ratio of the fine roots. Each point represents the mean + standard
error (n = 3). Different lowercase letters indicate significant differences between treatments (p < 5%,
two-way ANOVA).

4. Discussion

The root system is the link between the plant and the soil. A healthy soil environment
can promote the development of the root system which, in turn, promotes the growth of
plants [36]. The results of this study showed that root-zone aeration could maintain the soil
oxygen content throughout the growing season at levels substantially higher than that of
the control (Figure 2a,b). The root-zone aeration changed the soil nutrient contents in the
root zone; the alkali-hydrolyzable nitrogen content, the soil organic matter content, and the
available potassium content increased (Figure 2c—e); at the same time, the soil microbial
species changed significantly (Figure 3). This may be because the soil nutrient contents
are related to the soil microbial activity, soil enzyme activity, and nutrient uptake of plant
roots. Previous research has found that under root-zone aeration treatment, changes in
the soil gas environment take place, and the concentrations of O, and CO; in the soil
change, altering the metabolic activity of microorganisms [37,38]. An increase in the soil
oxygen content promotes the metabolic activities of aerobic microorganisms, accelerates the
decomposition and conversion of soil organic matter, and increases the contents of soil’s
available nutrients [7]; these observations are similar to the results of this study.

Microorganisms (e.g., bacteria and fungi) have a functional relationship with plants,
interact with plants as a whole system, and play an important role in plants’ growth and de-
velopment. Beneficial microorganisms promote plant growth and increase plant yield [39].
Biological nitrogen fixation, performed by prokaryotes—mostly bacteria—with the ability
to convert atmospheric nitrogen into ammonia and, thereafter, other nitrogen compounds
that can be assimilated by plants, stands out as a key process for agricultural production and
environmental sustainability [40]. Bradyrhizobium [41] is an important genus of bacteria for
biological nitrogen fixation and a member of the ‘rhizobium group’ of bacteria that establish
mutualistic relationships with legumes (Fabaceae family), on which they induce nodules
that are formed on roots [42]. However, some species and strains of Bradyrhizobium have
been found to be capable of free-living nitrogen fixation [43-45]. Evidence has been found
that Bradyrhizobium spp. may play a role in free-living N2 fixation (FLNF) associated with
non-leguminous plants, without the formation of nodules—for example, in rice [46-48],
maize [49], sweet potato [50], sorghum [44,51], and sugarcane [52,53]. Bradyrhizobium elkanii
is of agricultural importance because it fixes atmospheric nitrogen [54]. Chen et al. [55]
showed that 3-proteobacteria can be specific symbionts of legumes, and also confirmed the
role of 3-proteobacteria in symbiotic nitrogen fixation in legumes. The measurement results
showed that the relative abundances of Bradyrhizobium elkanii and Beta proteobacteria were
significantly higher than those in the control treatment (Figure 4) and were significantly
correlated with soil alkaline nitrogen (Figure 7a), indicating that soil aeration may enhance
Bradyrhizobium elkanii and Beta proteobacteria activity, thereby increasing the soil content of
alkali-hydrolyzed nitrogen.

The bacteria that are involved in the solubilization of potassium from K-bearing min-
erals are called potassium-solubilizing bacteria (KSB). These bacteria have the ability to
convert insoluble /mineral K into available K in soil [17]. KSB in the soil and rhizosphere
plays a central role in the cycling of K [56]. Shaaban et al. [57] found that feldspar inocu-
lated with Bacillus circulans significantly improved leaf K content, fruit weight, yield, and
fruit quality. Zeng et al. isolated a potassium-solubilizing strain Bacillus Circulans Z1_3
from soil. The potassium-solubilizing ability of the strain Z;_3 can increase solubilization
of potassium by about 70% compared to the control experiments under the appropriate
conditions. The strain Z;_3 was demonstrated to be an efficient potassium-solubilizing
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bacterium with broad potential application [17]. This study found that the contents of
available potassium in soil increased after RV treatment, which was significantly correlated
with the abundance of Bacillus (Figure 7a), which may because Bacillus circulans converts
insoluble/mineral potassium in soil into available potassium that plants can absorb and
utilize. Through the correlation heatmap (Figure 7b), we also found that the abundance
of Mortierella was positively correlated with soil organic matter content, the abundance of
Trichoderma was positively correlated with coarse root potassium content, and the abun-
dance of Dactylonectria was positively correlated with the number of root tips. Root-zone
aeration increased soil nutrient content by changing microbial species, which was beneficial
to peach tree growth.

Studies have shown that high gas permeability is favorable for root growth [58].
Guo et al. [59] studied the effects of rhizosphere ventilation on the growth and root activity
of potted maize and revealed that rhizosphere ventilation could increase root activity and
improve plant growth. The study by Li et al. [60] showed that the root fresh weight, root
dry weight, and root activity of cucumbers treated with root ventilation were substantially
increased. Rhizosphere aeration can improve the root environment of peach trees, ensure
aerobic respiration, increase nutrient uptake by roots, and promote plant growth [3]. In this
experiment, the soil texture was clay loam, the gas permeability was poor, and the oxygen
content in the soil became one of the factors limiting root growth. The results showed that
an increase in the oxygen content of the soil promoted the occurrence of peach root systems,
and the total root length, root area, root volume, and number of root tips were increased
greatly (Figure 6), which increased the number of new roots and the root activity. The
number of new roots under the root-zone aeration treatment was relatively high, which
improved the lifespan of the root system and increased the root activity. The increase in
the number of fine roots enhances the ability of plants to absorb nutrients, and the total
surface area of the root system is closely related to the exchange and absorption of the
root system and is a reflection of the passive absorption capacity of roots [61]. Moreover,
aeration treatment in the root zone is favorable for the peach trees’ root systems to grow
into the deeper soil layers, which is essential for improving the stability of the root systems
and promoting their absorption and utilization of water and nutrients.

Bai et al. [62] showed that the application of potassium fertilizer could increase the
intrinsic quality of peach fruit to different degrees and significantly increase the contents
of soluble solids and soluble starch in the fruits. Potassium plays an important role in
peach fruit quality and yield. This study indicated that rhizosphere aeration could promote
the total nitrogen and total potassium contents in plant shoots, coarse roots, and fine
roots compared to those under the control treatment (Figure 8). In combination with the
plant potassium-to-nitrogen ratio (Figure 8), it can be seen that under aeration conditions
the potassium content in the plants was relatively increased, promoting the transport of
photoassimilates and the conversion of starch in the fruit to sugar, which is beneficial
for increasing the sugar content in fruit. The above results show that root-zone aeration
can regulate the nitrogen and potassium balance of plants and has a positive effect on
improving fruit quality.

5. Conclusions

In summary, root-zone aeration considerably increased the soil oxygen content in the
root zone and changed the soil microbial community structure, significantly increasing
the relative abundances of soil nitrogen-fixing microorganisms (Beta proteobacteria and
Bradyrhizobium elkanii) and the potassium-solubilizing microorganism Bacillus circulans. The
root-zone aeration enabled the root system to grow into the deep soil, and the number,
diameter, and activity of the new white roots of the peach trees treated with root-zone
aeration were greatly increased. Root-zone aeration changed the relative contents of
total potassium and total nitrogen in the plant and considerably increased the potassium-—
nitrogen ratio of the shoots, and the shoots were plump. These findings indicate that root-
zone aeration can increase the soil oxygen content, change the soil microbial community
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structure, increase the relative abundances of nitrogen-fixing and potassium-solubilizing
microorganisms in the soil, increase the plant potassium-nitrogen ratio, and improve peach
fruit quality.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /microorganisms10101879/s1, Figure S1: Heatmap of soil microbial
beta diversity index under different treatments—(a) bacterial beta diversity index; (b) fungal beta
diversity index. Figure S2: Fungal and bacterial correlation heatmap.

Author Contributions: M.S.: Conceptualization, Methodology, Software, Data Curation, Writing—
Original Draft; X.L.: Visualization, Software, Validation, Investigation; K.S.: Software; F.P.: Conceptu-
alization, Methodology, Software, Supervision, Writing—Review and Editing; Y.X.: Methodology,
Supervision, Funding Acquisition, Writing—Review and Editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by National Key R & D Program of China (2020YFD1000203,
2019YFD1000103) and the National Modern Agroindustry Technology Research System Fund
(No. CARS-30-2-02).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationship that could have appeared to influence the work reported in this paper.

References

1.  Manganaris, G.A.; Minas, I; Cirilli, M.; Torres, R.; Bassi, D.; Costa, G. Peach for the future: A specialty crop revisited. Sci. Hortic.
2022, 305, 111390. [CrossRef]

2. Shu, H.R. Physiology of Fruit Tree Cultivation; Agricultural Press: Beijing, China, 1993; Volume 93, pp. 162-166.

3. Xu, C,; Chen, L; Chen, S.; Chu, G.; Wang, D.; Zhang, X. Effects of rhizosphere oxygen concentration on root physiological
characteristics and anatomical structure at the tillering stage of rice. Ann. Appl. Biol. 2020, 177, 61-73. [CrossRef]

4. Irfan, M.; Hayat, S.; Hayat, Q.; Afroz, S.; Ahmad, A. Physiological and biochemical changes in plants under waterlogging.
Protoplasma 2010, 241, 3-17. [CrossRef]

5. Niu, W.Q,; Jia, Z.X.; Zhang, X.; Shao, H.B. Effects of soil rhizosphere aeration on the root growth and water absorption of tomato.
CLEAN-Soil Air Water 2012, 40, 1364-1371. [CrossRef]

6.  Bortolini, L. Injecting air into the soil with buried fertirrigation equipment. Inf. Agrar. 2005, 61, 33-36.

7. Khan, H. Effect of simulated aeration, leaching and ground water on selected chemical characteristics of pyritic marine sediments.
I. Indian Soc. Soil Sci. 2001, 49, 354-357.

8.  Nakano, Y. Response of tomato root systems to environmental stress under soilless culture. Jpn. Agric. Res. Q. JARQ 2007,
41,7-15. [CrossRef]

9. Xu, Z,; Tian-lai, L.; Zhou-ping, S. Effects of substrate-aeration cultivation pattern on tomato growth. Yingyong Shengtai Xuebao
2010, 21, 74-78. [CrossRef]

10. Wen-Quan, N.; Chao, G.; Hongbo, S.; Pute, W. Effects of different rhizosphere ventilation treatment on water and nutrients
absorption of maize. Afr. ]. Biotechnol. 2011, 10, 949-959.

11.  Goorahoo, D.; Carstensen, G.; Zoldoske, D.; Norum, E.; Mazzei, A. Using air in sub-surface drip irrigation(SDI) to increase yields
in bell peppers. Int. Water Irrig. 2002, 22, 39-42.

12.  Vyrlas, P.; Sakellariou-Makrantonaki, M. Soil aeration through subsurface drip irrigation. In Proceedings of the 9th International
Conference on Environmental Science and Technology Vol. B—Poster Presentations, Rhodes, Greece, 1-3 September 2005;
pp- 1-3.

13. Ruggiero, P; Dec, J.; Bollag, J. Soil as a catalytic system. Soil Biochem. 1996, 9, 79-122.

14. Gianfreda, L.; Bollag, J. Influence of natural and anthropogenic factors on enzyme activity in soil. Soil Biochem. 1996, 9, 123-193.

15. Parmar, P; Sindhu, S. Potassium solubilization by rhizosphere bacteria: Influence of nutritional and environmental conditions.
J. Microbiol. Res. 2013, 3, 25-31.

16. Archana, D.; Nandish, M.; Savalagi, V.; Alagawadi, A. Characterization of potassium solubilizing bacteria (KSB) from rhizosphere
soil. Bioinfolet-A Q. J. Life Sci. 2013, 10, 248-257.

17.  Zeng, X,; Liu, X,; Tang, J.; Hu, S.; Jiang, P; Li, W.; Xu, L. Characterization and potassium-solubilizing ability of Bacillus Circulans

Z 1-3. Adv. Sci. Lett. 2012, 10, 173-176. [CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms10101879/s1
https://www.mdpi.com/article/10.3390/microorganisms10101879/s1
http://doi.org/10.1016/j.scienta.2022.111390
http://doi.org/10.1111/aab.12589
http://doi.org/10.1007/s00709-009-0098-8
http://doi.org/10.1002/clen.201100417
http://doi.org/10.6090/jarq.41.7
http://doi.org/10.3724/SP.J.1142.2010.40491
http://doi.org/10.1166/asl.2012.3726

Microorganisms 2022, 10, 1879 16 of 17

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.
40.

41.

42.

43.

44.

45.

46.

Verma, ].P; Yadav, J.; Tiwari, K.N.; Kumar, A. Effect of indigenous Mesorhizobium spp. and plant growth promoting rhizobacteria
on yields and nutrients uptake of chickpea (Cicer arietinum L.) under sustainable agriculture. Ecol. Eng. 2013, 51, 282-286.
[CrossRef]

Marschner, P.; Kandeler, E.; Marschner, B. Structure and function of the soil microbial community in a long-term fertilizer
experiment. Soil Biol. Biochem. 2003, 35, 453-461. [CrossRef]

Xiao, Y,; Peng, E; Dang, Z.; Jiang, X.; Zhang, J.; Zhang, Y.; Shu, H. Influence of rhizosphere ventilation on soil nutrient status, root
architecture and the growth of young peach trees. Soil Sci. Plant Nutr. 2015, 61, 775-787. [CrossRef]

Wang, Y.; Wu, W.-H. Genetic approaches for improvement of the crop potassium acquisition and utilization efficiency. Curr. Opin.
Plant Biol. 2015, 25, 46-52. [CrossRef]

Sardans, J.; Pefiuelas, J. Potassium control of plant functions: Ecological and agricultural implications. Plants 2021, 10, 419.
[CrossRef]

Marschner, H. Marschner’s Mineral Nutrition of Higher Plants; Academic Press: Cambridge, MA, USA, 2011.

Lester, G.E.; Jifon, ].L.; Makus, D.J. Impact of potassium nutrition on postharvest fruit quality: Melon (Cucumis melo L.) case study.
Plant Soil 2010, 335, 117-131. [CrossRef]

Guo, L,; Zhang, B.; Song, H.; Ma, R.; Yan, J.; Wang, C. Effect of potassium fertilizer application on fruit quality and vegetative
growth of flat peach. Acta Bot. Boreali-Occident. Sin. 2015, 35, 2273-2279.

Li, E; Meng, Y;; Jia, X.; Chen, Q.; Xu, X; Han, Z. Effects of nitrogen applied rate on fruit yield, quality and leaf nutrient content of
‘Bayuecui’ peach. Plant Nutr. Fertil. Sci 2006, 12, 918-921.

Guo, Y;; Hou, L.; Zhang, Z.; Zhang, ].; Cheng, J.; Wei, G.; Lin, Y. Soil microbial diversity during 30 years of grassland restoration
on the Loess Plateau, China: Tight linkages with plant diversity. Land Degrad. Dev. 2019, 30, 1172-1182. [CrossRef]

Pan, ].; Zhang, L.; He, X.; Chen, X.; Cui, Z. Long-term optimization of crop yield while concurrently improving soil quality. Land
Degrad. Dev. 2019, 30, 897-909. [CrossRef]

Li, Y; Jia, Z.; Niu, W.; Wang, J.; Zhang, M. Effect of post-infiltration soil aeration at different growth stages on growth and fruit
quality of drip-irrigated potted tomato plants (Solanum lycopersicum). PLoS ONE 2015, 10, e0143322. [CrossRef]

Li, Y;; Niu, W.; Dyck, M.; Wang, ]J.; Zou, X. Yields and nutritional of greenhouse tomato in response to different soil aeration
volume at two depths of subsurface drip irrigation. Sci. Rep. 2016, 6, 39307. [CrossRef]

Qian, Z.; Zhuang, S.; Gao, J.; Tang, L.; Harindintwali, ].D.; Wang, F. Aeration increases soil bacterial diversity and nutrient
transformation under mulching-induced hypoxic conditions. Sci. Total Environ. 2022, 817, 153017. [CrossRef]

Li, Y;; Niu, W.; Zhang, M.; Wang, J.; Zhang, Z. Artificial soil aeration increases soil bacterial diversity and tomato root performance
under greenhouse conditions. Land Degrad. Dev. 2020, 31, 1443-1461. [CrossRef]

Bao, S. Soil Agrochemical Analysis; China Agricultural Press: Beijing, China, 2000; Volume 30, (In Chinese). [CrossRef]
Bergmann, G.T.; Bates, S.T.; Eilers, K.G.; Lauber, C.L.; Caporaso, ].G.; Walters, W.A.; Knight, R.; Fierer, N. The under-recognized
dominance of Verrucomicrobia in soil bacterial communities. Soil Biol. Biochem. 2011, 43, 1450-1455. [CrossRef]

Findley, K.; Oh, J.; Yang, J.; Conlan, S.; Deming, C.; Meyer, ].A.; Schoenfeld, D.; Nomicos, E.; Park, M.; Kong, H.H. Topographic
diversity of fungal and bacterial communities in human skin. Nature 2013, 498, 367-370. [CrossRef]

Pierret, A.; Moran, C.J. Plant roots and soil structure. In Encyclopedia of Agrophysics; Encyclopedia of Earth Sciences Series;
Glinski, J., Horabik, J., Lipiec, J., Eds.; Springer: Dordrecht, The Netherlands, 2011.

Li, Y. Discussion on the soil enzyme activity and soil fertility. Chin. J. Soil Sci. 1989, 4, 190-192.

Mi, G.; Yuan, L.; Gong, Y.; Zhang, E; Ren, H. Influences of different water and nitrogen supplies on soil biological environment in
solar greenhouse. Trans. Chin. Soc. Agric. Eng. 2005, 21, 124-127.

Vessey, ] K. Plant growth promoting rhizobacteria as biofertilizers. Plant Soil 2003, 255, 571-586. [CrossRef]

Hungria, M.; Franchini, J.; Campo, R.; Graham, P. The importance of nitrogen fixation to soybean cropping in South America. In
Nitrogen Fixation in Agriculture, Forestry, Ecology, and the Environment; Springer: Berlin/Heidelberg, Germany, 2005; pp. 25-42.
Miljakovi¢, D.; Marinkovié, J.; Tamindzi¢, G.; Pordevi¢, V.; Tintor, B.; Milogevi¢, D.; Ignjatov, M.; Nikoli¢, Z. Bio-priming of
soybean with Bradyrhizobium japonicum and Bacillus megaterium: Strategy to improve seed germination and the initial seedling
growth. Plants 2022, 11, 1927. [CrossRef] [PubMed]

Giraud, E.; Moulin, L.; Vallenet, D.; Barbe, V.; Cytryn, E.; Avarre, J.-C.; Jaubert, M.; Simon, D.; Cartieaux, F,; Prin, Y. Legumes
symbioses: Absence of Nod genes in photosynthetic bradyrhizobia. Science 2007, 316, 1307-1312. [CrossRef]

Rouws, L.LEM,; Leite, J.; de Matos, G.E,; Zilli, J.E.; Coelho, M.R.R.; Xavier, G.R.; Fischer, D.; Hartmann, A.; Reis, V.M.; Baldani, J.I.
Endophytic Bradyrhizobium spp. isolates from sugarcane obtained through different culture strategies. Environ. Microbiol. Rep.
2014, 6, 354-363. [CrossRef]

Hara, S.; Morikawa, T.; Wasali, S.; Kasahara, Y.; Koshiba, T.; Yamazaki, K.; Fujiwara, T.; Tokunaga, T.; Minamisawa, K. Identification
of nitrogen-fixing Bradyrhizobium associated with roots of field-grown sorghum by metagenome and proteome analyses. Front.
Microbiol. 2019, 10, 407. [CrossRef] [PubMed]

Smercina, D.N.; Evans, S.E.; Friesen, M.L.; Tiemann, L. K. To fix or not to fix: Controls on free-living nitrogen fixation in the
rhizosphere. Appl. Environ. Microbiol. 2019, 85, €02546-18. [CrossRef]

Chaintreuil, C.; Giraud, E.; Prin, Y.; Lorquin, J.; B4, A.; Gillis, M.; De Lajudie, P.; Dreyfus, B. Photosynthetic bradyrhizobia
are natural endophytes of the African wild rice Oryza breviligulata. Appl. Environ. Microbiol. 2000, 66, 5437-5447. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.ecoleng.2012.12.022
http://doi.org/10.1016/S0038-0717(02)00297-3
http://doi.org/10.1080/00380768.2015.1045404
http://doi.org/10.1016/j.pbi.2015.04.007
http://doi.org/10.3390/plants10020419
http://doi.org/10.1007/s11104-009-0227-3
http://doi.org/10.1002/ldr.3300
http://doi.org/10.1002/ldr.3276
http://doi.org/10.1371/journal.pone.0143322
http://doi.org/10.1038/srep39307
http://doi.org/10.1016/j.scitotenv.2022.153017
http://doi.org/10.1002/ldr.3560
http://doi.org/10.1007/978-90-481-3585-1_121
http://doi.org/10.1016/j.soilbio.2011.03.012
http://doi.org/10.1038/nature12171
http://doi.org/10.1023/A:1026037216893
http://doi.org/10.3390/plants11151927
http://www.ncbi.nlm.nih.gov/pubmed/35893631
http://doi.org/10.1126/science.1139548
http://doi.org/10.1111/1758-2229.12122
http://doi.org/10.3389/fmicb.2019.00407
http://www.ncbi.nlm.nih.gov/pubmed/30915047
http://doi.org/10.1128/AEM.02546-18
http://doi.org/10.1128/AEM.66.12.5437-5447.2000
http://www.ncbi.nlm.nih.gov/pubmed/11097925

Microorganisms 2022, 10, 1879 17 of 17

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

Piromyou, P; Greetatorn, T.; Teamtisong, K.; Tittabutr, P; Boonkerd, N.; Teaumroong, N. Potential of rice stubble as a reservoir of
bradyrhizobial inoculum in rice-legume crop rotation. Appl. Environ. Microbiol. 2017, 83, €01488-17. [CrossRef]

Greetatorn, T.; Hashimoto, S.; Sarapat, S.; Tittabutr, P.; Boonkerd, N.; Uchiumi, T.; Teaumroong, N. Empowering rice seedling
growth by endophytic Bradyrhizobium sp. SUTN 9-2. Lett. Appl. Microbiol. 2019, 68, 258-266. [CrossRef]

Roesch, L.EW.,; Camargo, FA.; Bento, EM.; Triplett, E.W. Biodiversity of diazotrophic bacteria within the soil, root and stem of
field-grown maize. Plant Soil 2008, 302, 91-104. [CrossRef]

Terakado-Tonooka, J.; Fujihara, S.; Ohwaki, Y. Possible contribution of Bradyrhizobium on nitrogen fixation in sweet potatoes.
Plant Soil 2013, 367, 639-650. [CrossRef]

Rodrigues Coelho, M.R.; De Vos, M.; Carneiro, N.P.; Marriel, L.E.; Paiva, E.; Seldin, L. Diversity of nifH gene pools in the
rhizosphere of two cultivars of sorghum (Sorghum bicolor) treated with contrasting levels of nitrogen fertilizer. FEMS Microbiol.
Lett. 2008, 279, 15-22. [CrossRef]

Thaweenut, N.; Hachisuka, Y.; Ando, S.; Yanagisawa, S.; Yoneyama, T. Two seasons’ study on nifH gene expression and nitrogen
fixation by diazotrophic endophytes in sugarcane (Saccharum spp. hybrids): Expression of nifH genes similar to those of rhizobia.
Plant Soil 2011, 338, 435-449. [CrossRef]

Fischer, D.; Pfitzner, B.; Schmid, M.; Simobes-Araujo, J.L.; Reis, V.M.; Pereira, W.; Ormefio-Orrillo, E.; Hai, B.; Hofmann, A.; Schloter,
M. Molecular characterisation of the diazotrophic bacterial community in uninoculated and inoculated field-grown sugarcane
(Saccharum sp.). Plant Soil 2012, 356, 83-99. [CrossRef]

Okazaki, S.; Zehner, S.; Hempel, J.; Lang, K.; Gottfert, M. Genetic organization and functional analysis of the type III secretion
system of Bradyrhizobium elkanii. FEMS Microbiol. Lett. 2009, 295, 88-95. [CrossRef]

Chen, W.-M.; Moulin, L.; Bontemps, C.; Vandamme, P.; Béna, G.; Boivin-Masson, C. Legume Symbiotic Nitrogen Fixation
byp-Proteobacteria Is Widespread inNature. . Bacteriol. 2003, 185, 7266-7272. [CrossRef] [PubMed]

Diep, C.N.; Hieu, T.N. Phosphate and potassium solubilizing bacteria from weathered materials of denatured rock mountain, Ha
Tien, Kién Giang province Vietnam. Am. ]. Life Sci. 2013, 1, 88-92. [CrossRef]

Shaaban, E.; El-Shamma, M.; El-Shazly, S.; El-Gazzar, A.; Abdel-Hak, R. Efficiency of rock-feldspar combined with silicate
dissolving bacteria on yield and fruit quality of Valencia orange fruits in reclaimed soils. J. Appl. Sci. Res. 2012, 8, 4504—4510.
Yang, L.; Zhong, N. The relationship between root system growth and soil physical property. Agric. Mechan. Res. 2007, 8, 22-24.
Guo, C.; Niu, W. Effects of rhizosphere ventilation on growth and root activity of potted maize. Zhongguo Shengtai Nongye
Xuebao/Chin. ]. Eco-Agric. 2010, 18, 1194-1198. [CrossRef]

Li, S.; Qi, Z.; Wang, J.; Wu, P,; Zhang, J. Effects of rhizosphere ventilation environment on potted cucumber growth. . Henan
Agric. Univ 2008, 42, 280-283. (In Chinese)

Qiao, H.T,; Yang, H.Q.; Shen, W.B.; Jiang, Q.Q.; You, S.Z.; Zhang, L. Effect of Nitrogen -deficientand Iron-deficienton Root
Architecture of Young Seedlings of Malushupehensis(Pamp) Rehd. Acta Hortic. Sin. 2009, 36, 321-326. (In Chinese)

Bai, H.; Tao, J.; Shi, P; Guo, D.H.; Fan, C.H. Effects of Topdressing Potassium Fertilizer on Fruit Yield and Quality and Tree
Nutrition of Chongyanghong’Peach before Harvest. Acta Agric. Boreali-Occident. Sin. 2016, 25, 1-8. (In Chinese)


http://doi.org/10.1128/AEM.01488-17
http://doi.org/10.1111/lam.13114
http://doi.org/10.1007/s11104-007-9458-3
http://doi.org/10.1007/s11104-012-1495-x
http://doi.org/10.1111/j.1574-6968.2007.00975.x
http://doi.org/10.1007/s11104-010-0557-1
http://doi.org/10.1007/s11104-011-0812-0
http://doi.org/10.1111/j.1574-6968.2009.01593.x
http://doi.org/10.1128/JB.185.24.7266-7272.2003
http://www.ncbi.nlm.nih.gov/pubmed/14645288
http://doi.org/10.11648/j.ajls.20130103.12
http://doi.org/10.3724/SP.J.1011.2010.01194

	Introduction 
	Materials and Methods 
	Experimental Sites, Plant Materials, and Sampling Time 
	Determination of the Soil Oxygen Content 
	Determination of the Soil Nutrient Content 
	High-Throughput Sequencing Method for the Microbial Community 
	Determination of Indicators Related to Root System Architecture 
	Determination of the Contents of Total Nitrogen and Total Potassium in Plants 
	Determination of Plant Growth Indicators 
	Statistical Analysis 

	Results 
	Effects of Root-Zone Aeration on the Soil Oxygen and Nutrient Contents 
	Effects of Root-Zone Aeration on the Alpha Diversity Index, PCA Plot, and Species Abundance Clustering Heatmap 
	Effects of Root-Zone Aeration on LDA Effect Size and Genus-Level t-Test 
	Effects of Root-Zone Aeration on Genus-Level Evolutionary Trees and Functional Annotation of Relative Abundance 
	Effects of Root-Zone Aeration on the Root Growth and Root System Architecture ofPeach Trees 
	Analysis of Root and Twig Growth’s Correlation with the Genus-Level Microbial Community 
	Effects of Root-Zone Aeration on Potassium and Nitrogen Uptake and the Potassium–nitrogen Ratio in Peach Trees 

	Discussion 
	Conclusions 
	References

