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Endophyte resources have important research value in multiresistance breeding,

ecological protection, germicide development, and other fields. In this study,

high-throughput sequencing (Illumina-MiSeq) technology was employed to analyse the

diversity and community composition of white radish (Raphanus sativus) endophytes

and rhizosphere bacteria in different compartments and cultivation conditions, including

greenhouse and open field cultivation, at both the phylum and genus levels. Alpha

diversity index analysis showed that the bacterial richness and diversity values of

rhizosphere bacteria were higher than those of endophytes in different compartments.

NMDS analysis and microbial co-occurrence network analysis showed that apart from

the similarity in the endophytic bacterial composition of the leaf and root endosphere, the

endophytic bacterial composition in flesh and epidermis of radish were also more similar.

The dominant endophytic bacteria in white radish were Proteobacteria, Bacteroidetes,

and Actinomycetes at the phylum level. We analyzed the effects of different ecological

compartments and two cultivation environments on radish microorganisms, and found

that ecological compartments played an important role, which was related to the

mechanism of microbial assembly in plants. The same facility cultivation can also improve

the diversity of radish microorganisms in different ecological compartments, and change

the biomarkers that play a major role in rhizosphere microorganisms and endophytes of

radish. Bacteria plays an important role in the process of plant growth, and the study

of endophytes enriches the understanding of microbial diversity in white radish, which

helps to provide insight into the ecological function and interaction mechanisms of plants

and microorganisms.
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1. INTRODUCTION

In recent years, research on the interaction between plants and
microorganisms has increased gradually, but the understanding
of the ecological function of plant microorganisms is still limited,
especially from the perspective of crop breeding for disease
resistance and cold tolerance. Plant endophytes are ubiquitous in
the cells of organs and tissue such as roots, stems, leaves, flowers
and fruits and have maintained a certain close relationship
with host plants during their long evolutionary process. Most

plant endophytes are beneficial to plants and can produce
biologically active substances that play an intriguing role in the

microbe-host relationship. Different endophytes occupy different
compartments, and their interactions reach a dynamic balance.

Studies have shown that the distribution of plant endophytes
is affected by many factors, such as plant species, geographic
location, growth environment, and climatic conditions.
Therefore, endophytes also have rich biodiversity (Long et al.,
2015). Wang et al. (2006) found Pantoea, Erwinia, Salmonella,
Enterobacter, Citrobacter, Klebsiella, and other endogenous
bacteria on legumes in Mexico and Guatemala. The distribution
of endophytes depends on the host itself and the type of
endophyte, and there are also differences across different organs
of the host (Ottesen et al., 2013; Zheng et al., 2014; Wang
et al., 2015). Gottel et al. (2011) compared the bacterial (and
fungal) microbiota of mature poplar (Populus deltoides) trees
using 16S ribosomal RNA (rRNA) gene pyrosequencing and
revealed highly different endophytic bacterial communities in
the root compared to the rhizosphere soil. Many endophytes
can complete their own life cycle without relying on plants,
and endophytes are very different across the different growth
and developmental environments of plants (Kiers and Heijden,
2006), showing a large degree of environmental dependence. Hu
et al. (2009) screened endogenous antagonistic bacteria against
Pinellia rot. Cao et al. (2009) isolated a kind of endophytic
bacterium from a Solanum plant that can be used to remove
Cd2+ from the soil to avoid heavy metal pollution. Bacterial
microbiota may improve nutrient bioavailability and transport
from the soil, increase host tolerance to biotic stressors, promote
stress resistance, and influence crop yield and quality (Beckers
et al., 2017). In return, the host plant provides a habitat
and a constant supply of energy and carbon sources to the
microorganisms (Mendes et al., 2011; Bulgarelli et al., 2012).

Bacterial communities can live in many tissues of a plant,
including the soil-root interface (rhizosphere/rhizoplane), the
plant inner tissues (root, stem, and leaf endosphere), and the
air-plant interface (phyllosphere environment), which provide
specific biotic and abiotic conditions for the residing bacterial
communities. Research on plant endophytes has become a
popular research topic in the fields of botany, plant protection,
pesticides, pharmacy, and Chinese medicine, and it has
broad exploration and application potential in the fields of
agriculture and forestry (Vandenkoornhuyse et al., 2015). Radish,
a cruciferous crop, is an important traditional vegetable in
China and is also widely planted around the world (Li et al.,
2020). Endophytes can inhibit pathogens and improve plant
resistance through competition, antibiotics and cross protection.

Breeding new varieties with high yield, disease resistance, low-
temperature tolerance, and suitability for cultivation in late
autumn or greenhouses in winter is an important scientific
research direction for endophytes in radish crops.

In this study, the V5–V6 region of the 16S rRNA gene
in endophytes and rhizosphere bacteria from white radish
was sequenced by Illumina-MiSeq. The bacterial endophyte
communities in the rhizosphere and different radish inner
compartments in different cultivars and environments were
analyzed. The main influencing factors of the endophyte
community in the plant were also explored to understand the
resource distribution of endogenous bacteria in the different
compartments and to provide a research basis for further
exploration of the ecological function and interactionmechanism
of microorganisms and plants.

2. MATERIALS AND METHODS

2.1. Sampling Method
The study site was located at the Pingdingshan Academy of
Agricultural Sciences in Chinese Henan Province (Latitude:
33◦34′N; Longitude: 113◦03′E). Two varieties of white radish,
Pingqing No. 1 and Pingfeng No. 5, which had strong upright
growth characteristics after systematic cross breeding, were
screened as the research objects. They are also excellent
varieties resistant to downy mildew, viral disease and black
rot and can be planted in both open fields and greenhouses.
Samples of the abovementioned double varieties were collected
randomly from four integrated plots, including two open fields
and two greenhouses, where unified agronomic management
measures were adopted for fertilization and irrigation. In the
initial stage, organic fertilizers were mainly used, and then
nitrogen, phosphorus, and potassium compound fertilizers were
supplemented. According to the soil conditions, the watering
frequencies of the four plots were also similar, especially the leaf
growth period and underground tuber growth period. The area
of each of the abovementioned plots was over 900 m2, and other
endangered or protected species were not identified.

On December 23, 2019, a total of 60 microbial samples
that represented different cultivation conditions and radish
varieties from these five different compartments (radish flesh,
leaf, epidermis, root, and rhizosphere soil) were sampled from
the abovementioned 4 plots before harvesting the white radish.
It needs to be further clarified that the samples corresponding to
each compartment of different radish varieties under the specific
cultivation conditions had three replicates.

When sampling rhizosphere soil, the radish was directly
pulled up to the ground using hands with sterile gloves. After
shaking off the loose soil around the fibrous roots, the samples
of rhizosphere soil that were thinly attached to the surface of
fibrous roots were peeled off with a sterile swab and packed
into sterile plastic bags to avoid contamination (Kobayashi et al.,
2015). Collection of microorganisms at the phyllosphere: The leaf
samples were put into a marked sterile sealed polyethylene bag
and brought back to the laboratory in a portable icebox. The
impurities on the surface of the vegetation were first cleaned
with deionized water and then cut to 0.5 cm with aseptic scissors
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and placed in a 500 mL conical bottle. Then, 100 mL of PBS
solution (10 mmol·L− 1) at pH 7.2 and steel ball particles were
added. The solution was oscillated with a constant temperature
culture oscillator for 30 min and washed in an ultrasonic cleaner
with 40 W power for 10 min so that the microorganisms around
the leaf were separated from the plant; the solution was then
oscillated for another 30min. After shock, the bacterial liquid was
centrifuged, and the sediment at the bottom of the centrifuge tube
was preserved for subsequent sequencing (Zhu et al., 2018).

Undamaged samples of radish leaves, fibrous roots or
abnormal fleshy roots were collected and rinsed more than three
times with distilled water (Zhu et al., 2020). Plant samples,
including three replicates, were collected randomly from radish
leaves, fibrous roots, flesh and epidermis with a sterilized scalpel;
samples were collected from different varieties and growth
conditions. The mass of all samples, including the rhizosphere
soil, was more than 5 g (part was used for the measurement of
soil physicochemical properties), and the samples were packed
into sterile plastic sampling bags and put into containers with ice
at −20◦ immediately after on-site collection. After being sent to
the lab, the collected soil samples were sieved through a 4 mm
filter, and the radish tissues were ground by an MP FastPrep-24
5G homogenizer. Then, the samples were stored at−80◦C before
DNA extraction.

2.2. DNA Extraction and Amplicon
Selection
Bacterial DNA was extracted from the rhizosphere soil, roots,
leaves, epidermis, and radish flesh samples using the FastDNAr

SPIN Kit for Soil (Mpbio Bio-tek, USA) according to the
manufacturer’s instructions. The concentration and purity of
DNA samples were determined by a NanoDrop 2000 ultraviolet-
visible spectrophotometer (Thermo Scientific, USA). DNA
samples were also electrophoresed on a 1% agarose gel to further
assess their quality and integrity. In this experimental research,
we chose the primers 799F (5′-AACMGGATTAGATACCCKG-
3′) and 1193R (5′-ACGTCATCCCCACCTTCC-3′) to amplify
the V5-V6 hypervariable region of the bacterial 16S rRNA
encoding gene, which can effectively avoid the interference of
chloroplasts in plants. The V5–V6 hypervariable regions of the
bacterial 16S rRNA gene were amplified with the primers 799F
and 1193R with barcodes (AGTCAC) according to a previously
reported method (Bram et al., 2016; Sun et al., 2022). The PCR
system included 4 µL of 5× FastPfu buffer, 2 µL of 2.5 mM
dNTPs, 0.8 µL of forward primer (5 µM), 0.8 µL of reverse
primer (5 µM), 0.4 µL of FastPfu DNA Polymerase, 0.2µL of
BSA, 10 ng of template DNA, and ddH2O up to 20 µL. The PCR
parameters were as follows: initial denaturation at 95◦C for 3min;
27 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 a final extension at 72◦C for 10
min. The PCR product was purified using an AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, USA), and the PCR product
was detected and quantified with a QuantusTM Fluorometer.
According to the sequencing requirements of each sample and
the standard protocols from Majorbio Bio-Pharm Technology
Co., Ltd. (Shanghai, China), purified PCR products were pooled

in equimolar amounts and paired-end sequenced (2× 300 nt) on
an Illumina MiSeq platform (Illumina, San Diego, USA).

2.3. Sequence Quality Control and Analysis
Fastp software was employed to perform quality control on the
original sequencing data (https://github.com/OpenGene/fastp),
and FLASH (http://www.cbcb.umd.edu/software/flash, version
1.2.7) software (Chen et al., 2018) was used for sequence splicing.
The taxonomy assignment of each sequence was obtained by
aligning against the Silva 16S rRNA database (release 138)
through the RDP classifier (http://rdp.cme.msu.edu/, version 2.2)
with a confidence threshold of 70%.

2.4. Statistical Analysis
The rarefaction curve was performed at the operational
taxonomic units (OTU) level with normalized OTU abundance
data at 97% similarity according to the index calculated by
Mothur. The difference in the alpha index value was evaluated
using the Wilcoxon rank-sum test. Through ANOSIM analysis
based on Bray-Curtis, the differences between groups were tested
to determine whether the grouping was meaningful. Qiime
calculated beta diversity distance matrix, R “vegan” software
package for Non-metric multidimensional scaling analysis
(NMDS) and mapping. At the same time, a Venn diagram was
used to compare the shared and unique bacterial flora in different
compartments at both the phylum and genus levels. The pie chart
shows the distribution of bacteria in different compartments
at the phylum level. The sample-species relationship diagram
visualized the correspondence between samples and species, and
the distribution proportion of dominant species in different
groups was plotted by LefSe (LDA > 4.0). Microbial source
analysis was performed by SourceTracker (Knights et al., 2011) of
R software. Cooccurrence network analysis was used to show the
distribution between samples and species. Network analysis was
performed by Molecular Ecological Network Analysis Pipeline
(MENAP) (http://ieg4.rccc.ou.edu/mena/), network diagram was
drawn by Gephi.

Depending on the community abundance data in the sample,
significant differences at the phylum and genus levels were
evaluated by Kruskal-Wallis H-test and Wilcoxon rank-sum test
(two groups). P-values were corrected using the false discovery
rate (FDR) for multiple comparisons. The data for each group
were calculated and analyzed based on the average of the samples
within a group, and the figures were plotted by R software (Stat
package of R-3.3.1 and vegan package).

3. RESULTS

3.1. Effects of Ecological Compartment
and Cultivation Environment on Microbial
Diversity
A total of 3,160,716 reads were obtained from 60 white radish
and soil samples after denoising. The singletons (OTUs with
only one sequence) were removed from the dataset since these
singletons could be due to sequencing artifacts (Beckers et al.,
2017). All sequences were clustered into 2,598 OTUs with 97%
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similarity. These samples all almost reached the saturation phase
with a Good’s coverage index ≥ 98.6%, which showed that the
sequencing was reliable (Supplementary Figure 1).

According to the sequencing data, the majority of the
root endophyte samples were saturated at ∼400–500 OTUs,
and while saturation was reached at ∼300–400 OTUs for the
epidermis samples. The flesh and leaf samples closely saturated
at ∼100–200 OTUs. The OTUs of rhizosphere soil samples
were higher than those of plant samples, reaching ∼700–1,100
OTUs (Supplementary Figure 1). Statistical differences in the
OTU richness, Shannon diversity index and Simpson even index
were inferred from alpha diversity measures (Figure 1). These
indices of rhizosphere soil samples were obviously separated
from those of the radish endosphere samples (P < 0.01),
and the rhizosphere soil samples had higher diversity and
richness than the radish endosphere samples (Figures 1A,B).
In terms of sample evenness, there were significant differences
between rhizosphere soil samples and plant endosphere samples
(including roots), and there were no significant differences
among the plant tissue samples (Figure 1C).

In order to clarify the effect of grouping on endophytic
and rhizosphere bacterial communities in white radish,
we used PERMANOVA based on bray-curtis distance
matrix to determine the main driving factors of microbial
community structure. The ecological compartment was the
largest explanation of bacterial distribution difference in
white radish (51.8%). Among all ecological compartments
of white radish, plant cultivation had the largest explanation
of bacterial community differentiation (16.0–43.6%), and
the underground ecological compartment had the strongest
response to the environment (41.0% in root and 43.6% in
rhizosphere soil, Supplementary Table 1). Compared with the
higher interpretation of bacterial community distribution in the
cultivation environment, the varieties did not have significant
differences in the interpretation of bacterial distribution
in all ecological compartments. It is worth noting that in
bulbs, varieties explained the highest difference in bacterial
communities (12.1%) and lowest in roots (6.5%).

At the same time, NMDS analysis also confirmed that the
effect of ecological compartment on microbial clustering was
greater than that of cultivation environment (Figures 1D,F).
When grouping by plant compartment, at the OTU level, the
results of NMDS analyses indicated that the separation between
the epidermis and flesh groups was not obvious, the relative
position of scattered points between the radish root and leaf
groups was closer, and the rhizosphere soil group and radish root
group were clearly separated from other plant endosphere groups
(Figure 1D). When grouping by vertical stratification, there
was a clear difference between aboveground and belowground
bacterial communities. Redundancy analysis (RDA) of bacterial
communities in different growth conditions showed that
the samples were divided according to the environmental
factors of the planting site (Figure 1E). The results of the
Mantel test showed that the bacterial community structure
was significantly correlated with TN (total nitrogen) and SOM
(soil organic matter) (P < 0.05), and SOM had the highest
correlation coefficient. The PERMANOVA analysis based on

bray-curtis distance also proved that SOM content was the main
factor affecting the underground ecological compartment.
SOM had the highest explanatory power (38.4–40.3%,
Supplementary Table 3) for the difference between groups
of white radish cultivated in facilities and field. For the leaves and
epidermis of aboveground ecological compartment, potassium
had the highest explanatory power for the difference between
the two compartments in different cultivation environments,
which was 25.0 and 18.2%, respectively. In the stem, available
potassium explained the highest amount of group (23.3%).

Then, we compared the community structure of the five
compartments and cultivation environments at the OTU levels.
At the OTU level, there were 363 OTUs shared by all groups, but
different ecological compartments also featured unique bacterial
flora. A total of 594 OTUs existed only in the rhizosphere soil, 110
OTUs existed only in radish epidermis, and the number of unique
OTUs in the radish flesh was the lowest at 34. These data indicate
that the bacterial flora were more abundant in the belowground
environment than in the aboveground ecological compartments
(Figure 2A). For both fields and greenhouses, the total number
of OTUs is 630, while the field has 119 unique OTUs, far more
than the greenhouse has 34 unique OTUs (Figure 2B).

3.2. Analysis of Microbial Community
Composition in Different Ecological
Compartments and Cultivation
Environments
There were 28 bacterial phyla, 73 classes, 195 orders, 361 families,
772 genera, and 1,441 species found across all samples. Among
them, there were 10 phyla and 48 genera with abundances
of more than 1%. The high uniformity within the group
indicates (Figure 3A) that the sampling data is accurate and can
effectively represent the bacterial differences between groups.
Proteobacteria and Bacteroidetes were the two most abundant
bacteria in the four different compartments of radish, and both
Proteobacteria and Actinomycetes were the two most abundant
bacteria in the rhizosphere soil group (Figures 3B,C). In all
groups, the total abundance of the dominant phyla, including
Proteobacteria, Bacteroidetes, and Actinomycetes, exceeded 90%
entirely, similar to previous research (Maida et al., 2016; Sun
et al., 2022). In the rhizosphere soil sample, Bacteroidetes showed
the least abundance (2.3%), and Actinomycetes (42.2%) showed
the highest abundance. The abundances of Actinomycetes in the
other groups were∼5.7–18.6% (Figure 3C), and Bdellovibrionota
had a higher abundance in the plant endosphere samples. The
top five most abundant bacterial phyla all showed significant
differences among the radish compartments. Chryseobacterium,
Flavobacterium, Cellvibrio, Brevundimonas, and Pseudomonas
had higher abundances in radish compartments at the genus
level. Nocardioides had higher abundances in the rhizosphere
soil groups.

In the shared OTUs, we analyzed the microorganisms that
found significant changes in the two environments, and analyzed
the bacterial genera that were up-regulated and down-regulated
compared with those in the greenhouse (Figure 2C). In the
open field, the abundance of Pseudarthrobacter, Flavobacterium,
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FIGURE 1 | The Shannon (A), Chao1 (B), and Simpsoneven indices (C) Shannon index of the leaf endosphere, epdermis, radish flesh, root endosphere, and

rhizosphere soil in open field and greenhouse. NMDS analysis of different ecological compartments (D) and cultivation environments (F). Redundancy analysis (RDA)

of the bacterial community in open field and greenhouse growth conditions (E). The bar represents the median, and whiskers represent the minimum and maximum

values. Data were calculated by means of a Kruskal–Wallis test. Significant differences are indicated with different lowercase letters (P < 0.05). The NMDS results were

colored using the Bray-Curtis method. Different colors represent different plant compartments. Statistical data were analyzed by ANOSIM.

Lechevalieria, Paenarthrobacter, Arenimonas were higher than
those in the greenhouse, and the abundance ofChryseobacterium,
Granulicella, Asticcacaulis, Lysinimonas, Actinospica were lower
(Figures 2C, 3A). In white radish leaves, the abundance
of Pseudomonas in the open field was also significantly
higher than that in the greenhouse, while the abundances
of Chryseobacterium, Variovorax and Sphingomonas in the
greenhouse were significantly higher than those in the open
field. Among the endophytes of white radish roots, seven
genera exhibited significant differences between the greenhouse
group and open field group: Variovorax, Brevundimonas,
Dyella, Streptomyces, Cellvibrio, Caulobacter and a genus of

Comamonadaceae. In the open field group, the abundances
of Variovorax, Streptomyces, and Caulobacter were significantly
higher than those in the greenhouse group.

3.3. Biomarkers Analysis in Different
Ecological Compartments and Cultivation
Environments
We analyzed the biomarkers in different ecological
compartments in open field and greenhouse cultivation.
Biomarkers were found in one ecological compartment,
but relatively low in other compartments. There are more
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FIGURE 2 | Unique and shared OTUs present in the different ecological compartments (A) and cultivation environments (B). OTUs changes significantly in field

cultivation compared to greenhouse cultivation (C). Red represents OTU that is significantly enriched, blue represents OTU that is significantly depleted, and the

different blocks represent phylum to which OTU belongs.

biomarkers in underground compartments, which is related
to the high community richness and high species diversity
in underground compartments. The number of biomarkers
in the epidermal core of the aboveground septum was
lower, which was more obvious in the greenhouse. In the
greenhouse, only one biomarker was Alphaproteobacteria. In
the field, there are more biomarkers in the epidermis, including
Nocardioides, Bacteroides, and Lactobacillus at the genus level,
and Lactobacillales, Bacteroidales, and Propionibacteriales
at the Order level. In contrast, the number of biomarkers in
leaves in greenhouses is much higher than in fields where only
Gardnerella is at the genus level (Figures 4A,B). In addition
to the biomarker analysis of ecological compartment, we also
carried out biomarkers for the two cultivation environments
(Figure 4C). The results showed that there weremore biomarkers
in the field, and there were biomarkers such as Granulicella,
Occallatibacter, Holophaga, Catenulispora, Catenulisporaceae,

Leifsonia, Asticcacaulis, Methylobacterium − Methylorubrum in
the genus level greenhouse.

We analyzed the microbial sources of ecological
compartments in the fields and facilities (Figures 4D,E).
There were significant indigenous differences in the assembly
process of microorganisms in the non-cultivated environment,
especially in the leaves and stems. 70.8% of the microorganisms
in the leaves of the fields came from the stems, while only 26.2%
of the microorganisms in the leaves of the greenhouse came from
the stems, and most (50.3%) sources were unknown. In the stem
of radish in greenhouse, 92.8% of the microorganisms were from
the epidermis, while in the field, only 12% of the microorganisms
were from the leaves (82%). The composition of microorganisms
in roots was also different. The microorganisms in roots in
greenhouses were the same source as the outer epidermis of
radish, while the main source of microorganisms in roots was
unknown in the field.
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FIGURE 3 | Community composition of different white radish ecological compartments at the phylum level (A). Significant differences in the abundances of the top

five phyla (B). The major contributing phyla of rhizosphere soil, root endosphere, radish epidermis, leaf endosphere, and radish flesh are shown in different colors. Pie

chart of different compartments. Different colors indicate different phyla (C), and the area of the pie indicates the percentage of the taxa. Significant differences in the

different groups were evaluated with the Kruskal–Wallis H-test, n = 12, in each group. LE, leaf endosphere; E, epidermis; RF, radish flesh; RE, root endosphere; RS,

rhizosphere soil. ***P < 0.001.
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FIGURE 4 | Biomarker analysis for each ecological compartment in open field (A) and greenhouse (B), and biomarker analysis for both field and greenhouse

environments (C). Different colors indicate different groupings, showing biomarkers from class level to genus level from inside to outside, and light yellow indicates the

absence of biomarkers in this classification. Microbial source analysis of ecological compartments in open field (D) and greenhouse (E).

3.4. Effect of Ecological Compartment on
Microbial Interaction Network
In order to further analyze the effect of ecological compartments
on the relationship between leek species, OUTs with the number
of more than six in each sample were selected for bacterial
community co-occurrence network analysis in this study. In
addition, we analyzed the interaction of microorganisms in

the ecological compartments of radish and the key species
that played the main connecting hub in different microbial
networks. The cooccurrence network was used to display the
cooccurrence relationship of species in different samples at
the OTU level. The nodes in the network represent sample
nodes or species nodes, and the line represents the interaction
between OUTs (Figure 5). The modularity of all microbial
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networks was more than 90%, and the network hubs which
played a key role in the whole network structure were detected
in five ecological compartments. The number of module
hubs in the underground ecological compartment was the
largest, with a total of 12 identified, while only 3, 2, and
3 module hubs were identified in the leaves, epidermis, and
stems, respectively. We further analyzed the species information
of these 20 module hubs, and it was Proteobacteria that
played the role of connecting center in the microbial network
of the aboveground ecological compartment, followed by
Bacteroidetes and Actinobacteria. In the underground ecological
compartment, the main key species are Actinobacteria, followed
by Bacteroidetes, Firmicutes, Armatimonadota, Proteobacteria,
Acidobacteria, and Chloroflexi. We also analyzed the interaction
patterns of the top six genera. The results showed that the
active genera in the five ecological compartments were strongly
positive interaction.

4. DISCUSSION

4.1. Effects of Ecological Compartment
and Greenhouse on the Community
Structure of Endophytic Bacteria,
Leaf-Surrounding Microorganisms, and
Rhizosphere Microorganisms in Radish
In this study, 16srRNA was used to identify the microorganisms
in each sample, and the specific changes of bacteria in different
ecological compartments of radish in protected cultivation and
field cultivation were analyzed. The results showed that there
were significant differences in the diversity and community
structure of endophytic bacteria, leaf bacteria, and rhizosphere
bacteria in radish between ecological compartments and
cultivated environment (Figure 1). There were also significant
differences in the co-occurrence network of bacteria between
ecological compartments. For the ecological compartment,
the underground ecological compartment has high microbial
diversity and richness, and because of the complex soil
environment (Roesch et al., 2007), the richness and diversity
of the rhizosphere soil sample group are the highest. The
abundance and diversity of endophytic bacteria in stem
ecological compartment were lower than those in other ecological
compartments. The stem ecological compartment was located
in the interior of radish without direct contact with the
outside world, and the formation of radish tuber was later
than that of root. Therefore, we believe that the bacterial
community follows the gradient distribution from soil to
root to stem (Shi et al., 2021), which indicates that root is
also involved in the construction of the transmission channel
between soil bacterial community and endophytic bacteria in
other plant components. Regarding microbial uniformity, there
was no significant difference among the endogenous samples
corresponding to different radish compartments, but they were
all significantly different from the rhizosphere soil samples
(Figure 1). The rhizosphere soil-root interface acts as a selective
barrier, and the endophytic competence of colonization is limited
to specific bacterial species. Microorganisms colonizing plants

were significantly different from those colonizing rhizosphere
soil; however, these microorganisms were also related to each
other because the soil around the root system is also influenced
by the physiological activities of plants.

In this study, nitrogen, soil organic matter (SOM) content
and potassium content significantly affected endophytic
bacteria communities in leeks from different growth conditions
(Figure 2B). This conclusion is consistent with previous studies
(Ishida et al., 2009; Lauber et al., 2009; Shakya et al., 2013).
In particular, studies in forests along a continuous transect
80 m from the coastline show that vegetation and microbial
communities along the transect are strongly correlated with soil
organic matter content (Merila et al., 2010). Some research has
shown that the composition of plant microbes depends more on
the type of soil (environment) than on the plant genotype itself
(Davide et al., 2012; Mendes et al., 2013; Vandenkoornhuyse
et al., 2015). Compared with field cultivation, radish soil planted
in greenhouse received more organic and inorganic fertilizers,
and the contents of total nitrogen and organic carbon were
significantly higher than those in field soil. However, excessive
fertilization and the use of pesticides may lead to the decrease
of soil diversity in greenhouse. Our study also confirmed this
view. Compared with field cultivation, the bacterial evenness,
richness, and diversity of rhizosphere soil in greenhouse were
lower. However, in the root and epidermis, the results were
completely opposite. Greenhouse cultivation not only improved
the bacterial alpha diversity index in the root and epidermis, but
also changed the bacterial community structure in the root and
epidermis, and enriched the bacteria promoting plant growth
(Iliev et al., 2021) such as Bradyrhizobium and Dyella in the root.

Niche largely explains the changes in bacterial community
structure (Figure 1D), highlighting the importance of niche
in driving bacterial community composition and function in
soil-plant continuum. It was found that the clustering of
endophytic bacteria was different with compartments, and the
overground and underground parts were obviously grouped into
one group respectively. Plants often distribute many nutrients
to the roots during their growth, and release a large number
of nutrients and energy substances such as monosaccharides,
polysaccharides, organic acids, phenolic compounds, amino
acids, and proteins (Reinhold-Hurek et al., 2015) to the
surrounding environment through their roots, which attract a
large number of microorganisms. This phenomenon is more
obvious when host plants are infected by pathogens. It caused
changes in the internal and external environment of plants
and different ecological compartments, and promoted the
colonization and growth of specific endophytes. The rhizosphere
microbial community is abundant in soil, and some bacteria
can move actively or passively and eventually colonize plants
(Hardoim et al., 2008; Stéphane et al., 2010; Sun et al., 2022).

4.2. Ecological Compartment and
Greenhouse Affected the Enrichment of
Radish Biomarkers
Generally speaking, the recruitment of microorganisms in plant
roots is divided into two processes: the first step is to recruit
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FIGURE 5 | Microbial co-occurrence network diagram in leaf endosphere, radish epidermis, radish flesh, root endosphere, and rhizosphere soil. The distribution of

central nodes in leaf endosphere, radish epidermis, radish flesh, root endosphere, and rhizosphere soil. The edge interaction type of genus with connectivity in the top

six in different groups.

microorganisms near the roots, and the second step is to invade
the roots by specific microbial species (Hardoim et al., 2008;
Stéphane et al., 2010). Our study found that the microbial
groups from rhizosphere in the root endosphere of the open
filed decreased, indicating that some microorganisms initially
recruited to the rhizosphere were bound to the root surface
and selectively filtered by the roots, which significantly affected
the microbial community assembly in the roots (Figure 4).
Endophytic bacteria also come from microorganisms in the air.
We found that 82% of the bacteria in the stems of the field came
from the leaves, while the main source of bacteria in the stems
of the greenhouse was the epidermis (92.8%). 20.5–50.3% of the
leaves were unknown, and we speculated that this part came
from the air. There were differences in the proportion of bacteria
from soil in rhizosphere between the greenhouse and the field.
Compared with 96.3% of bacteria from soil in the greenhouse,
91.7% of bacteria from soil in the field. These results indicated
that soil and rhizosphere communities were more sensitive to soil
environmental changes, while rhizosphere communities had less
response to environmental changes, which might be due to the

fact that root fineness provided a more stable environment for
microorganisms (Zhong et al., 2022).

There are more independent species in open field cultivation,
and some genera of Actinobacteriota, Chloroflexi, and Firmicutes
are significantly up-regulated in the open field (Figures 2, 3).
Compared with greenhouse, the water content and soil nutrients
in field cultivation are gradually reduced, indicating that open
field cultivation is facing higher environmental pressure. Soil
microbial community composition and function are usually
related to SOC, which is mainly limited by soil carbon in field soil.
In addition, temperature disturbance has always been considered
as an important environmental indicator affecting microbial
activity (Zander et al., 2017). The winter temperature in protected
cultivation is much higher than that in field, and there is no
rapid “regulation ability” in soil. There are high heterogeneity
and variability in soil environmental factors, such as seasonal
or periodic changes of temperature and soil moisture (López-
Mondéjar et al., 2015).

The biomarkers of radish epidermis cultivated in the field were
Nocardioides and Bacteroides, which were involved in organic
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decomposition and polysaccharide metabolism (Qiu et al., 2018;
McKee et al., 2021). Biomarkers of the epidermis also include
Massilia, which has the functions of dissolving phosphorus,
degrading phenanthrene, and improving salt tolerance in crops
(Krishnamoorthy et al., 2016; Lou et al., 2016). Massilia grew
faster for nutrient-rich bacteria and responded significantly to
fertilization, suggesting higher sensitivity to competition and
changes in nutritional status (Suding et al., 2005; Barbosa
et al., 2014). According to the strong phosphorus solubility
characteristics ofMassilia (Krishnamoorthy et al., 2016; Lou et al.,
2016), and the study found that the abundance of Massilia was
positively correlated with the activity of phosphate-solubilizing
enzymes (Cardinale et al., 2019). Therefore, we believe that
in field cultivation with low nitrogen content and organic
matter content, Massilia as a biomarker in the epidermis can
provide more effective phosphorus for radish, and the increase
in the relative abundance of Massilia may also be a potential
biological pathway to improve the aboveground biomass and
yield of radish.

Greenhouse cultivation through reasonable management
measures can reduce the impact of UV on plants, and the leaf
surface is characterized by much harsher conditions, such as
oligotrophy, exposure to UV radiation and desiccation (Knie
et al., 2010; Atamna-Ismaeel et al., 2012; Vorholt, 2012). In our
study, it was found that the number of biomarkers in the field
leaves was also significantly decreased (Figures 4A,B). However,
the radish leaves cultivated in greenhouse had Microbacterium
that promoted the conversion of insoluble potassium to soluble
potassium (Zhang and Kong, 2014), Chryseobacterium and
Sphingomonas that promoted the decomposition of organic
matter (Dahal et al., 2021), andVariovorax that promoted growth
(Jing et al., 2015). The endophytes in the radish flesh, leaf and root
compartments were significantly different between greenhouse
and open field cultivation. For example, the abundances of
Pseudomonas and Streptomyces in the open field group were
higher than those in the greenhouse group. Plant microbiota can
be seen as a component of plant defence (Tan et al., 2017). The
difference may be part of their survival mechanism for adapting
to different humidities and temperatures.

4.3. Raphanus sativus—Specific Microbial
Community Improves Stability of
Underground Compartment
The microbial co-occurrence network in the underground
compartment has much higher network diameter, node
number and connection number than that in the aboveground
compartment (Figure 5), and has a larger scale of co-occurrence
network and more complex and stable network structure. With
the upward movement of the ecological compartment, the
node hub role of Actinomycetes in the microbial co-occurrence
network decreases, and the hub role of Proteobacteria increases.
In addition, in a specific network, higher modularity represents a
relatively stable community. In our study, the modularity level of
epidermis is the highest (80.7%), while that of leaf is the lowest
(50.8%). This trend is proportional to the proportion of negative
interactions between ecological compartments. Therefore, we

believe that the modularity level is related to the interaction
between microbial communities (Herren and McMahon, 2017).
Modularization can reduce the impact on its own modules by
limiting biological groups, and prevent the disappearance of
biological groups from affecting other parts of the network.

The positive and negative correlation between
microorganisms is also an important indicator reflecting the
microbial network structure. The results showed that most of the
interactions among microorganisms in ecological compartments
were positively correlated (90.2–99.5%), indicating that most
microorganisms were inclined to co-occurrence rather than
co-exclusion. The study of microbial interaction network shows
that when there is a high proportion of negative and positive
correlation between microbial groups, the ecological network is
more stable and the ability to cope with environmental changes is
stronger, which is related to the negative interaction that reduces
the co-oscillation of disturbed communities (Coyte et al., 2015).
In this study, it is found that there will be a high proportion
of negative interactions between underground ecological
compartments, which may be related to the more complex
environment in which underground ecological compartments
need to respond to environmental changes. Studies have also
shown that environmental stress undermines the stability
of microbial community networks, as positive correlation
communities occur more frequently under higher environmental
stress (Stouffer and Bascompte, 2011). It is worth noting that
in stems, the top six genera with connectivity have higher
negative interactions, which may be related to the competition
for niche resources within plants. This competition is generally
divided into two types: one is that microorganisms compete
with each other due to the lack of sufficient food, resulting in
a high proportion of negative correlation (Zhong et al., 2022);
second, niche overlap occurs when multiple microorganisms
utilize the same resource in the stem of radish. Therefore,
microorganisms with similar ecological characteristics or similar
survival requirements are more prone to niche overlap in the
community. The value of niche overlap is proportional to the
strength of competition for resources. If this overlap exists in the
case of full saturation of environmental capacity, it will lead to
competitive exclusion (Clavel et al., 2011; Duan et al., 2017).

Since they are closely related to other microorganisms, key
species in the community may play a unique and critical role in
maintaining community structure and stability, which can drive
the formation of microbial communities (Banerjee et al., 2016).
Therefore, by analyzing the intra-module connectivity and inter-
module connectivity of nodes (OTUs) in different ecological
compartment ecological networks, the key species in different
ecological compartment ecological networks are identified.
In the networks with different ecological compartments, the
connectivity between modules of most OTUs is <0.62, and
the connectivity within modules is <2.5. In other words, the
connectivity between modules and within modules of most
OTUs is not high, belonging to peripheral nodes, which is
similar to the distribution of different species among ecological
compartments. The main connection hub between aboveground
compartments is Proteobacteria, and the main connection
hub between underground compartments is Actinobacteria
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(Figures 4, 5). It has been pointed out that the microbial
network structure needs to rely on some very active OTUs for
information exchange or intermediate metabolites to maintain
a large and complex modular structure. More modular hubs
can improve the exchange efficiency of microbial communities.
When encountering environmental disturbance, the lack of
key species may damage the stability of the community, and
cause great changes in the composition and function of the
community (Banerjee et al., 2019). Therefore, microorganisms in
underground ecological compartments with more module hubs
and connections may be more efficient for material transmission
and utilization, and at the same time, they have stronger ability to
resist environmental disturbances.

In summary, we analyzed the effects of different
ecological compartments and two cultivation environments
on microorganisms in radish, and found that ecological
compartments played an important role, which was related
to the assembly mechanism of microorganisms in plants.
The same facility cultivation could also improve the diversity
of microorganisms in different ecological compartments of
radish, and change the biomarkers that played a major role in
rhizosphere microorganisms and endophytic microorganisms
of radish. The sources of microorganisms in different ecological
compartments of radish indicated that greenhouse changed the
assembly mechanism in plants. We also analyzed the interaction
network of radish microorganisms in different ecological
compartments, and found that different key microorganisms
play a connecting hub role in different ecological compartments.
These results showed that different ecological compartments
and cultivation environments had significant indigenous effects
on plants, which provided a theoretical basis for the subsequent
isolation and screening of endophytic bacteria.
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