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Chinese chive has a long history of planting in China. At present, there are many studies

on endophytic bacteria and rhizosphere microorganisms of Chinese chive, but the effects

of ecological compartment and growth conditions on bacterial communities in Chinese

chives are unclear. Here, we aimed to elucidate the differences in bacterial a-diversity,

β-diversity, community structure, core species differences, interaction networks and

predicted metabolic functions among bacterial communities in different ecological

compartments (the phylloplane, leaf endosphere, stem endosphere, root endosphere,

and rhizosphere) in Chinese chives in an open field, a solar greenhouse, an arched

shed, and a hydroponic system. Sixty samples were collected from these five ecological

compartments under four growth conditions, and we compared the bacterial profiles of

these groups using 16S rRNA sequencing. We evaluated the differences in diversity and

composition among bacterial communities in these ecological compartments, analyzed

the bacterial interaction patterns under the different growth conditions, and predicted the

bacterial metabolic pathways in these ecological compartments and growth conditions.

The results showed that the effects of ecological compartments on bacterial diversity,

community composition, interaction network pattern, and functional expression of

Chinese chives were greater than those of growth condition. Ecological compartments

(R2 = 0.5292) could better explain bacterial community division than growth conditions

(R2 = 0.1056). The microbial interaction networks and indicator bacteria in different

ecological compartments showed that most of the bacteria that played the role of

key nodes (OTUs) in each ecological compartment were bacteria with high relative

abundance in the compartment. However, the bacteria that played the role of key nodes

(OTUs) in bulbs were not Proteobacteria with the highest relative abundance in the

compartment, but Actinobacteria that were significantly enriched in the root endosphere

and rhizosphere ecological compartments. In addition, interactions among bacteria were

interrupted in the hydroponic system, and specific bacterial communities and interaction
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patterns in Chinese chives varied among growth conditions. Prediction of metabolic

functions indicated that plant metabolic activity related to stress responses and induction

of system resistance was greater in belowground ecological compartments.

Keywords: Chinese chive, endophyte, ecological compartment, growth condition, colonization, interaction

1. INTRODUCTION

Chinese chives (Allium tuberosum Rottl. ex Spreng.) is a
perennial plant species in which the leaves are flat and long,
succulent and pungent, and the flowers are mostly white. Chinese
chives are rich in nutrients, containing iron, zinc, and other
trace elements (Wang et al., 2017a), and high in calcium
content, which can effectively prevent iron deficiency anaemia.
Glutamic acid, proline, and alanine are abundant in Chinese
chive leaves (J.Y. et al., 2021), so this plant is a high-quality
amino acid provider. The leaves of Chinese chives also contain
high levels of total dietary fiber and insoluble dietary fiber,
which can effectively promote gastrointestinal peristalsis (Dai
and Chau, 2017) and thus reduce the risk of colorectal cancer
(Wu et al., 2019). In recent years, the medicinal value of Chinese
chives has attracted increased attention from scholars in various
countries. The content of unsaturated fatty acids in Chinese
chive seeds is approximately 85–90%, mainly in the form of
the polyunsaturated fatty acid linoleic acid (Sun et al., 2014a),
which can reduce levels of cholesterol and triglycerides in the
human body and help regulate the concentration of blood lipids
after eating (Wang et al., 2014). Chinese chives have long been
cultivated in China and are the most widely distributed among all
vegetables, and even on the Qinghai-Tibet Plateau, considerable
area is planted in Chinese chives. Therefore, research on the
diversity of endophytic bacteria in this plant is highly applicable
to agricultural practice.

Endophytes are microorganisms (mainly fungi and bacteria)
that live inside healthy plants during almost all life cycle
stages without harming the host plants (Yang and Cao, 2016).
Endophytes are present in numerous tissues and organs in
plants and constitute a natural component of plants. In recent
years, endophytes (Jagannath et al., 2019) isolated from bulbs
of Liliaceae have been found to synthesize abundant growth
promotion hormones (Khan et al., 2020), such as indole acetic
acid, that can promote plant growth (Lang, 2018). A highly
significant difference in chlorophyll content has been found
in maize infected by endophytic bacteria, which indicates that
endophytic bacteria can effectively (Emami et al., 2020) stimulate
the synthesis of chlorophyll in plants, thereby promoting
photosynthesis and growth. Endophytic fungi and bacteria also
increase phosphorus efficiency and the N-use efficiency index
(Da Silveira et al., 2019) in host plants, and some endophytic
bacteria planted on the leaves of host plants can inhibit the
infection and growth of pathogens in plants by secreting specific
metabolites to form competitive advantages (Moin et al., 2020;
Chaouachi et al., 2021). Therefore, microbial endophytes should
be further studied for their potential in plant control disease.

Previous studies have found that intercropping cabbage and
Chinese chives crops can enhance their quality by increasing the

content of vitamin c and soluble sugar in cabbage (Ping, 2020),
and reduce the incidence of diseases (Xu et al., 2016) such as
cabbage soft rot (Li et al., 2020). At the same time, Chinese
chives intercropping with other crops can effectively improve
the activity of urease and phosphatase in soil (Meng ZiLi,
2018). Researchers have speculated that Chinese chives can also
inhibit the occurrence of soft rot. Further studies have shown
that extracts of Chinese chives plants can significantly reduce
decay from bacterial soft rot resulting from infection by Erwinia
carotovora (Ndivo et al., 2018) or Pectobacterium carotovorum
(Simeon and Abubakar, 2014). Moreover, rotation of Chinese
chives with other crops affects crop soil microbial quantity,
species, community structure, and diversity (Gu et al., 2020).
Therefore, it is speculated that Chinese chives contain endophytic
bacteria or associate with rhizospheric microorganisms that
can inhibit pathogens. In the microbial analysis of various
ecological compartments of other plants, it can be found that
ecological compartments have effects on microbial composition
and microbial community function (Wei et al., 2021). However,
the current studies on plant ecological compartments are
mostly between underground compartments (especially in the
rhizosphere and root surface), and the composition differences
of soil microorganisms, rhizosphere microorganisms, and root
endosphere microorganisms and the screening mechanism of
roots are studied (Reinhold Hurek et al., 2015). At present,
the articles on the effects of ecological compartments on plant
microorganisms mainly focus on one of the studies on the
differences in microbial community composition, interaction
network, and function among ecological compartments. There
are few articles that comprehensively analyze the differences
among ecological compartments of plants. Similar to the
decrease of microbial diversity from rhizosphere to root
endosphere (Edwards et al., 2015) and significant differences
in microbial composition in underground compartments, we
believe that different ecological compartments have effects on
bacterial community composition and function of Chinese
chives. Previous studies have shown that different facilities
will affect the soluble sugar content, vitamin c content and
propylene glycol content of plants (Sun et al., 2014b; Chao and
Yingcui, 2019), thereby affecting the quality. In our cultivation
base, due to the lack of heat preservation wall on the north
side, the air temperature and relative humidity in the arched
shed are quite different from those in the solar greenhouse
(Supplementary Table S1). Therefore, we believe that the large-
scale growth condition compared with the small-scale ecological
compartment also affects the community distribution and
interaction of phylloplane, rhizosphere, and endophytic bacteria
in Chinese chives.

In this study, the 16S rRNA V5-V6 gene sequences of Chinese
chives bacteria were sequenced using Illumina-MiSeq to compare

Frontiers in Microbiology | www.frontiersin.org 2 February 2022 | Volume 13 | Article 775002

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Sun et al. Bacteria in Different Ecological Compartments

the differences in bacterial diversity, community composition,
interaction network pattern, and functional expression of
phylloplane, rhizosphere, and endophytic bacteria of Chinese
chives in different ecological compartments and growth
conditions. Filling the current research gap on endophytes in
Chinese chives is helpful for us to analyze the abundance changes
of differential microbiota at the level of bacterial distribution,
and provide a theoretical basis for the subsequent isolation of
endophytes in Chinese chives.

2. METHODS

2.1. Sample Plots and Methods
Sampling was conducted in an open field, a solar greenhouse, an
arched shed (Supplementary Table S1) and a hydroponic system
under similar productionmanagement at Lizhuang Planting Base
(33◦66′N, 113◦26′E) of Pingdingshan Academy of Agricultural
Sciences, Pingdingshan, Henan Province, China, and the area
planted in Chinese chives in the solar greenhouse, arched shed
and field exceeded 600 m2. The Chinese chives in the field
was planted in spring, and the Chinese chives in greenhouse
and arch shed was planted in winter. All Chinese chives in
the three cultivation environments were cultivated in soil.
Fertilization management: a compound water-soluble fertilizer
(N: P2O5:K2O=20%: 20%: 20%, 375–450 kg/ha) was used as
the base fertilizer, applied once in spring and twice in autumn.
Nutrient components in hydroponics: Ca(NO3)2.4(H2O) 425
mg/kg, KNO3 668 mg/kg, KH2PO4 200 mg/kg, (NH4)2SO4 380
mg/kg, K2SO4 116 mg/kg, MgSO4 185 mg/kg. In December
2019, a total of 60 samples (5*4*3) were collected in each growth
condition, including 3 duplicate plant samples (complete Chinese
chives containing leaves, roots, and stems), 3 rhizosphere soil
samples (3 water samples near the roots were collected in a
sterile test tube in a hydroponic environment) and 3 phylloplane
microbial samples (wiped with sterile cotton swabs). Sampling
of plants followed this protocol: healthy Chinese chives about 1
year of age and with growth consistent with surrounding Chinese
chives were selected from each growth condition, which were
planted homogeneously in Chinese chives, and the sampling
distances within each growth condition exceeded 100 m. The
rhizospheric soil sampling followed the following (Courchesne
and Gobran, 1997) method: healthy roots were excavated along
the base of each sampled plant, loose soil attached to the root
was gently shaken off, leaving the soil closely bound to the
root (about 1 mm attached to the root), then the root samples
were sealed in sterile plastic bags, samples were transferred to
a car refrigerator and transported to the laboratory, and the
rhizospheric samples from the hydroponic environment were
obtained by absorbing water samples near the roots (Chi et al.,
2012).

2.2. Study Subjects and Biopsy Collection
In this study, rhizospheric soil samples from the same growth
condition were mixed evenly, then the animal and plant residues
visible in the soil were removed, and finally combined samples
were screened with a 0.2-mm sieve. The collected Chinese chive
samples were rinsed with tap water and then rinsed in distilled

water three times (Zhu et al., 2020). This was done to fully
remove materials attached to leaves, bulbs and roots. Then, clean
Chinese chive leaves, bulbs, and roots were placed in 50-mL
Falcon centrifuge tubes each containing 25mL PBS buffer, shaken
at 180 r/min for 15 min, and cleaned a total of three times.
Samples were then dried by sterile filter paper, and impurities in
the samples were removed by sterile tweezers. Finally, Chinese
chive leaves, bulbs, roots, and corresponding soil were stored at
−80◦C. These samples from different ecological compartments
were used to extract plant and soil microbial genomic DNA, and
high-throughput sequencing (HTS) was performed.

2.3. DNA Extraction
First, the frozen samples were homogenized with an MP
Fastprep-24 5G (MP Biomedicals, USA) at 7200 r/min 4 times
for 30 s each time. Then, according to the manufacturer’s
instructions, the DNA of bacteria in Chinese chive leaves,
bulbs, and roots, soil and water samples was extracted by the
FastDNA R©SPIN Kit for Soil (MP Biomedicals, USA). Finally,
the quality and concentration of DNA were determined by
NanoDrop 2000 UV-Vis spectrophotometry (Thermo Scientific,
USA), and DNA fragments were separated by 1% agarose gel
electrophoresis. High-quality DNA templates were diluted to 10
ng/µl for subsequent PCR of 16S rRNA.

2.4. Bacterial 16s rRNA Amplification and
Sequencing
Nested PCR (Xia et al., 2018) was used in this study. Degenerate
PCR primers 799F-1392R with a barcode added at the 5′ ends to
distinguish different samples were used in the first round. Each
PCR amplification system (20 µL) contained 5 × Fast Pfu Buffer
(4µL), 2.5 mmol/L dNTPs (2 µL 5 µmol/L forward primer (0.8
µL), 5µmol/L reverse primer (0.8µL), FastPfu DNA Polymerase
(0.4 µL), BSA (0.2 µL), template DNA (10 ng), and sufficient
ddH2O to bring the volume to 20 µL. The PCR amplification
procedure was as follows: predenaturation at 95◦C for 3 min;
27 cycles of denaturation at 95◦C for 30 s, annealing at 55◦C
for 30 s, and extension at 72◦C for 45 s); followed by a final
extension at 72◦C for 10 min in the analyzer (ABI GeneAmp R©

9700, USA). For the second round of PCR, primers were 799F-
1193R with a barcode added at the 5′ ends to distinguish different
samples for amplifying the V5-V7 hypervariable regions of the
bacterial 16S rRNA gene (Wang et al., 2020c), and the total
volume of each PCR amplification system was also 20 µL. The
PCR amplification procedure in the second round was as follows:
predenaturation at 95◦C for 3 min; 13 cycles of denaturation
at 95◦C for 30 s, annealing at 55◦C for 30 s, and extension
at 72◦C for 45 s; followed by final extension at 72◦C for
10 min.

Three PCR amplifications were performed per sample, and the
PCR products were detected by 2% agarose gel electrophoresis.
The target length segment (∼400 bp) was cut from each gel
with an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
USA), eluted with Tris-HCl, and detected by 2% agarose
gel electrophoresis. Then, the PCR products were detected
and quantified by a Quantus.Fluorometer (Promega, USA).
Finally, a library was constructed with the NEXTflex R© Rapid
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TABLE 1 | Effective sequence number in different ecological compartments.

Phylloplane Leaf endosphere Stem endosphere Root endosphere Rhizosphere

Total sequences 529727 652761 610660 838167 788626

Effective sequences 489118 618959 581622 475384 334513

Effective rate 92.33% 94.82% 95.24% 56.42% 42.42%

DNA-Seq Kit, and the purified PCR products were sequenced
(2 × 300 nt) on the Illumina MiSeq platform (Illumina,
San Diego, USA).

2.5. Bacterial 16s rRNA Sequence Analysis
After constructing an HTS reference dataset, data were analyzed
byWang et al. (2018) fastp software and FLASH software (http://
www.cbcb.umd.edu/software/flash, version 1.2.7). The process
is described below. First, the barcode was removed from the
sequences, and quality control and splicing of sequencing
sequences at both ends were performed. Each sample was
distinguished according to the barcode sequence, and then the
chimera was identified and removed to obtain the optimized
sequence. Chimera recognition was based on the SILVA database,
and then with this database as the reference sequence, the
nucleotide sequences with lengths greater than 250 bp were
classified into operational taxonomic units (OTUs) with 97%
similarity by UPARSE software (http://drive5.com/uparse/) and
used for analysis of relative abundances of bacterial taxa in
different growth condition samples.

Finally, the sequence data were compared with the Silva
(Release.138) 16S rRNA gene database. The algorithm applied
was Rdp Classifier (http://rdp.cme.msu.edu), and the confidence
threshold was set to 70% (Amato et al., 2013) to determine the
taxonomic status ofmicroorganisms corresponding to sequences.

2.6. Statistical Analysis
The Kruskal-Wallis H test and Tukeys HSD test were used to
evaluate differences in alpha index values (Tan et al., 2021),
and bar charts were used to show the relative abundances
of phyla and genera in different ecological compartments
and different growth conditions. The top 50 bacterial OTUs
were selected for each ecological compartment, and IQ-
Tree software was utilized to construct phylogenetic trees
(Katoh et al., 2002; Price, 2009). Then, the Interactive
Tree of Life (ITOL) (Letunic and Bork, 2007) website was
used for visualization. Based on the Bray-Curtis method,
a principal coordinate analysis (PCOA) (Lozupone and
Knight, 2005) map was drawn by using the relative
abundances of OTUs in different ecological compartments
and growth conditions.

Based on OTUs, a Venn diagram was drawn for analysis of
group-specific bacterial microbiota. Bubble diagrams were used
to show indicator species in each ecological compartment. The
abundance of the bacteria at the genus level was analyzed by
using QIIME2 and the vegan package in R software. The Kruskal-
Wallis test and Wilcoxon rank sum test (between two groups)

were used to evaluate the intergroup significant differences at
the phylum and genus levels based on quadrat community
abundance data. P values were corrected using the false discovery
rate (FDR) (Liu et al., 2007), and Tukey-Kramer was used for
multiple comparisons. Average values of samples within groups
were calculated, analyzed, and visualized by STAMP and R
software (R 4.0.3 statistical package).

To examine the microbial interaction patterns under different
growth conditions, the Spearman method was used to analyze
correlations between bacterial abundances at the genus level.
Coefficients of correlation between bacterial abundances were
calculated by the psych package of R. Cytoscape 3.8.2 was released
to visualize the patterns of microbial interaction networks,
showing only significant correlations (P< 0.05). MENAwas used
to analyze the microbial interaction network between different
ecological compartments, and the OTU of more than 6 times
in 12 samples was analyzed. Randomize the network structure
and then calculate network properties in MENA. Visual analysis
was performed by Gephi 0.9.2. Within-module connectivity (Zi)
and between-module connectivity (Pi) are used for key nodes
(OTUs) analysis.

Tax4Fun software was used to predict gene functions from 16s
rRNA data based on the Silva database to obtain the metabolic
pathway composition of microorganisms in each ecological
compartment and growth condition, and Statistical Analysis of
Metagenomic Profiles (STAMP 2.1.3) and SPSS Statistics (SPSS
25) were used for statistical analysis and mapping. STAMP
was used for pairwise comparisons of ecological compartments
and growth conditions, and Tukey-Kramer was used to adjust
for multiple comparisons. The effect size for differences in
proportions between groups was greater than 0.05.

3. RESULTS

3.1. Sequencing Results for
Microorganisms in Chinese Chives
A total of 3,419,941 reads with an average length of 377 bp
were obtained by 16S rRNAhigh-throughput sequencing analysis
of bacterial communities from 60 samples of Chinese chive
plants and rhizospheres. Among them, a total of 2,499,596
effective sequences (effective rate 73.09%) were obtained, and
the original sequences were then grouped and filtered by
barcode tag sequence (Table 1). When samples were grouped by
growth condition, 607,947 optimal reads (effective rate 68.69%),
639,087 reads (effective rate 71.54 %), 716,750 reads (effective
rate 74.77%), and 535,812 reads (effective rate 78.46%) were
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FIGURE 1 | Bacterial diversity in the different ecological compartments and growth conditions. The bacterial alpha diversity in the different ecological compartments:

(A) Chao index, (B) Simpson evenness index, (C) Shannon index. Bacterial alpha diversity in the different growth conditions: (D) Chao index, (E) Simpson evenness

index, (F) Shannon index. Bacterial alpha diversity in aboveground ecological compartment in different growth conditions: (G) Chao index, (H) Simpson evenness

index, (I) Shannon index, (J). Diagram of sampling in the different ecological compartments and growth conditions. The horizontal bars within boxes represent

medians. The tops and bottoms of boxes represent the 75th and 25th percentiles, respectively. The upper and lower whiskers extend to 1.5 × the interquartile range

from the upper edge and lower edge of the box, respectively. Different letters indicate differences between groups (P < 0.05, ANOVA, Tukey-HSD test). The numbers

of replicated samples in this figure are as follows: in different ecological compartments, n = 12, in different growth conditions, n = 15, root and rhizosphere in different

growth conditions, n = 6.

found from the open field, solar greenhouse, arched shed, and
hydroponic system.

The number of sequences was then standardized to 20,112
(minimum number of sequences among samples) for each
sample, and 3,835 OTUs were clustered with 97% similarity,
with a coverage index above 98.8%. Rarefaction curves
(Figure 1) showed that the number of species detected from
10,000 sequences tended to be saturated, indicating that
most microbial populations were covered in the sequencing
results, which could thus accurately reflect the community
structure of endophytic and rhizospheric microorganisms.
The data described above showed that this method was
suitable for the prediction and analysis of the composition
and functions of bacterial populations associated with

Chinese chives in different ecological compartments and
growth conditions.

3.2. Differences in the Diversity of Bacterial
Communities Associated With Chinese
Chives Among Ecological Compartments
and Growth Conditions
3.2.1. Differences in Alpha Diversity of Bacterial

Communities Associated With Chinese Chives in

Different Ecological Compartments and Growth

Conditions
The alpha diversity of bacteria in the phylloplane, leaf
endosphere, stem endosphere, root endosphere, and rhizosphere
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was analyzed with the Chao index, Shannon index, and
Simpson evenness index (Figures 1A–C). Compared with the
belowground compartments (root endosphere and rhizosphere),
diversity was low in the aboveground compartments
(phylloplane, leaf endosphere, and stem endosphere), the
richness and evenness were poor, and there was no significant
variation among the three compartments, indicating that
the diversity of bacterial communities in the aboveground
compartments was uniform. Bacterial diversity was significantly
higher in root endosphere and rhizosphere than in the
aboveground compartments, and the richness and evenness were
also significantly different (P < 0.001).

In the analysis of alpha diversity of bacteria in the open field,
solar greenhouse, arched shed and hydroponic system, Chao,
Shannon and Simpson evenness indexes were also included
(Figures 1D–F). The bacterial diversity index of each growth
condition was high, and the evenness was low, but it was
not significantly different. The richness index of bacteria in
hydroponic environment was significantly lower than that in
arched shed (P < 0.05). These results showed that ecological
compartment and growth condition had significant indigenous
effects on the alpha diversity index of microbial groups, and
confirmed that the effect of ecological compartment on bacterial
community was higher than that of growth condition on
bacterial community. Through the analysis of bacterial diversity
in different ecological compartments and growth conditions,
there are significant differences between underground ecological
compartments in different growth conditions due to different
cultivation substrates. We are more curious about whether
the growth condition has an impact on the aboveground
ecological compartment. Therefore, we analyzed the differences
in alpha diversity of microbial bacterial communities in the
aboveground ecological compartments of Chinese chives among
growth conditions (Figures 1G–I). Differences in bacterial alpha
diversity between aboveground ecological compartments but not
significant in different growth conditions (P > 0.05). In the
hydroponic environment, the bacterial richness and diversity in
the aboveground ecological compartments were high but the
evenness was low. The bacterial diversity and richness in the
aboveground ecological compartments in the solar greenhouse
environment were higher than those in the arched shed
environment, but the evenness was lower than that in the arched
shed environment. Therefore, although the effect of growth
condition on the bacterial diversity of aboveground ecological
compartments was not significant, there were some effects.

3.2.2. Differences in Beta Diversity of Bacterial

Communities in Different Niches and Growth

Conditions
Analysis of beta diversity with PCoA showed separate clustering
of the root endosphere and rhizosphere groups (Adonis test.
P = 0.001) (Figure 2G). We further analyzed the bacterial
content in the root endosphere and rhizosphere. Diversity,
richness and evenness of rhizospheric bacteria were significantly
higher than for those in roots (P < 0.05). Additionally,
bacterial beta diversity showed a specific clustering among root
endosphere, rhizosphere, and aboveground compartment (stem
endosphere, leaf endosphere, phylloplane) samples (Adonis test,

P = 0.001). This indicates significant differences in bacterial
composition among the root endosphere, rhizosphere, and other
ecological compartments.

3.3. Composition of Bacterial Communities
Associated With Chinese Chives in
Different Ecological Compartments and
Growth Conditions
3.3.1. Differences in Endophytic Bacterial

Components in Different Ecological Compartments of

Chinese Chives
To study the effect of ecological compartment on bacterial
community structure, we analyzed the group differences
among different ecological compartments and compared the
bacterial communities of the phylloplane, leaf endosphere,
stem endosphere, root endosphere, and rhizosphere, including
comparisons at the phylum and genus level. The differences
in abundance among Bacteroidetes, Firmicutes, Chloroflexi,
Gemmatimonadetes, Proteobacteria, Actinobacteria, and
Acidobacteria were extremely significant (P < 0.001) at the
phylum level (Figure 2F), while at the genus level, the abundance
differences among Pseudomonas, Ralstonia, Lechevalieria,
Rhodanobacter, Rhodococcus, Bacillus, and Flavobacterium were
extremely significant (P < 0.001).

Consistent with findings of previous studies, Proteobacteria
was the dominant phylum among the identified OTUs, and
among the five ecological compartments, Proteobacteria
was most dominant in the leaf endosphere (95.35% relative
abundance) and least abundant in the rhizosphere (51.00%)
but was still the most dominant phylum in the rhizosphere.
Actinobacteria ranked second in relative abundance, with the
highest distribution in root endosphere (32.46%) and the lowest
distribution in stem endosphere (29.40%). Pseudomonas was
the most important genus of bacteria among the identified
OTUs (Figures 2A,E). Pseudomonas was most dominant in
the phylloplane, accounting for 90.04% of bacterial genera,
accounted for over 85% in the leaf endosphere and stem
endosphere, and was least abundant in the root endosphere,
accounting for 10.47%. Richness values of aboveground
ecological compartments were lower than those of belowground
ecological compartments: a total of 716 bacterial genera were
detected in the rhizosphere, which exceeded by 100 those in the
aboveground compartments. At the genus level, the community
composition in aboveground compartments (phylloplane,
leaf endosphere, and stem endosphere) was significantly
different from that of belowground compartments, and the
abundances of Lechevalieria, Rhodanobacter, Flavobacterium,
and Burkholderia − Caballeronia − Paraburkholderia in
belowground compartments were higher than values in
aboveground compartments (Figure 2B). At the phylum level,
the abundances of Proteobacteria (59.26%), Actinobacteria
(32.46%), and Bacteroidetes (4.93%) in the root endosphere
were higher than those in the rhizosphere group. At the genus
level, differences between the rhizosphere and root endosphere
were small, but Lechevalieria (9.10%), Rhodanobacter (5.14 %),
and Flavobacterium (4.32%) were more abundant in the root
endosphere than in the rhizosphere.
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FIGURE 2 | Bacterial community composition in different ecological compartments and growth conditions. The bacterial composition at the phylum (A) and genus (B)

levels in different ecological compartments. SE, stem endosphere; LE, leaf endosphere; P, phylloplane; RE, root endosphere; R, rhizosphere. The bacterial

composition at phylum (C) and genus (D) levels in different growth conditions. OF, open field; SG, solar greenhouse; AS, arched shed; H, hydroponics. (E) Bacterial

phylogenetic tree. We selected the top 50 bacteria with relative abundance to construct the system tree. Visualization was performed on the iTOL website (https://itol.

embl.de/). The colors in the inner circle represents the specific bacterial phyla. Four outer circles represent four different groups, and the height shows the abundance

of genera. (F) Significant differences in bacterial phyla among different growth conditions. Bacterial beta diversity PCoA based on Bray-Curtis distance in ecological

compartments, (G) and different growth conditions, (H). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

3.3.2. Differences in Phylloplane, Rhizosphere and

Endophytic Bacterial Components in Chinese Chives

Under Different Growth Conditions
Proteobacteria was the main phylum under all growth
conditions. Relative abundance of Proteobacteria varied

little among growth conditions; the highest percentage was
88.42% in the hydroponic environment, and the lowest was

80.2% in the field. Actinobacteria was the second most abundant

bacterial phylum, but its distribution pattern was opposite to
that of Proteobacteria. Actinobacteria was least abundant in
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hydroponics (4.26%) and most abundant in the field (15.48%).
At the phylum level, Acidobacteria and Bacteroidetes differed
significantly in relative abundance among groups (P < 0.001).
Compared with the three groups with soil as the cultivation
substrate, the relative abundances of Proteobacteria (88.42%) and
Bacteroidetes (5.40%) in the hydroponic group were significantly
elevated, but the relative abundance of Actinobacteria (4.26%)
was significantly lower (Figure 2C).

At the genus level, the differences in abundance of
Lechevalieria, Burkholderia − Caballeronia − Paraburkholderia,
Streptomyces, and Ensifer among groups were extremely
significant (P < 0.001). Pseudomonas was the dominant
genus among these, with the greatest abundance in the
arched shed (65.45%) and the lowest abundance in the
solar greenhouse (62.41%). The relative abundance of
Burkholderia − Caballeronia − Paraburkholderia in solar
greenhouse and arched shed was significantly higher than that
in open field and hydroponic environments. The abundance
of Lechevalieria (6.37%) in the open field was higher than
numbers under the other three conditions, but the abundance
of Rhodanobacter (0.05%) was significantly reduced. The
abundances of Flavobacterium (3.61%), Acidovorax (2.83%),
Ensifer (3.48%), and Rhizobacter (1.44%) were significantly
higher in the hydroponics (Figure 2D).

3.4. Specific Bacterial Communities and
Differences in Bacterial Communities in
Different Ecological Compartments and
Growth Conditions
First, specific bacterial communities were analyzed in different
ecological compartments. There were 4,012 OTUs in different
compartments and 502 OTUs shared by all groups, but
different ecological compartments also featured unique bacterial
communities. A total of 762 OTUs existed only in the
rhizosphere, 209 OTUs existed only in roots, and the number
of unique OTUs in the stem was the lowest at 83. There
were 848 OTUs in the root endosphere and rhizosphere. In
addition, although the numbers of OTUs in the phylloplane,
leaf endosphere, and stem endosphere were similar, there
were only 43 shared OTUs, so bacterial colonization was not
uniform among aboveground ecological compartments. These
data indicate that different ecological compartments have a
greater impact on OTUs (Figure 3A).

We further analyzed the group-specific bacterial genera
in each ecological compartment and growth condition and
determined the indicator species in each ecological compartment,
namely, the bacterial genera that were significantly enriched in
one ecological compartment or growth condition and not present
in other groups (Figure 3B). We found that Flavobacterium,
Rhodanobacter, Streptomyces, Acidovorax, Amycolatopsis,
Lechevalieria, Uliginosibacterium, and Ensifer were enriched in
the root endosphere, and Lechevalieria could be used as a better
indicator of root endosphere ecological communities. Bacillus,
Gaiella, Conexibacter, Ellin6067, and MND1 were enriched in
the rhizosphere, and Bacillus can be used as a better indicator
for the identification of rhizospheric bacterial communities.

Conexibacter and Cloacibacterium were abundant in the stem
endosphere and could be used as indicator bacteria for stem
endosphere ecological communities. Lysinimicrobium, Pantoea,
and Weissella were enriched in phylloplane and can be used as
indicators to identify bacterial genera in phylloplane ecological
communities. Bacteroides only enriched in the leaves can be used
as indicator bacteria to identify the ecological compartments
on the leaf endosphere. Compared with the above ecological
compartments, there were fewer bacteria enriched in the leaf
endosphere because most of the bacteria enriched in the leaf
endosphere were also enriched in the stem endosphere.

In addition, to characterize bacteria in ecological
compartments where external bacterial exchange is more
frequent, we compared the bacterial genera in the phylloplane,
root endosphere, and rhizosphere under different growth
conditions. We found that Ralstonia and Rhodococcus were
significantly more numerous in the hydroponic environment
(Figure 3C). Pseudomonas was more likely to colonize the root
endosphere in the arched shed environment, while Lechevalieria
in the root endosphere was significantly more abundant in the
open field environment (Figure 3D). Because the hydroponic
environment is different from the cultivation substrates in
the other three environments, the bacterial differences in the
rhizosphere are mainly reflected in the hydroponic environment.
Pseudomonas in the rhizosphere of hydroponic culture is
significantly higher than that in other environments (Figure 3E).

Many bacteria were enriched in the belowground
compartments. We wanted to further understand which
bacterial genera were highly abundant in the root endosphere
and rhizosphere under different growth conditions. Therefore,
we compared the differences in bacterial genera in the root
endosphere and rhizosphere under different growth conditions.
We found that Pseudomonas was more enriched in the
hydroponic root endosphere (Figure 3F), while Rhodanobacter
was more abundant in the solar greenhouse and arched shed
but was absent in the open field (Figure 3G). In contrast,
Gaiella was highly enriched in the rhizosphere (Figure 3H),
and Acidothermus was significantly more numerous in the solar
greenhouse and arched shed (Figure 3I). This indicates that
bacteria will exhibit specific enrichment patterns in different
ecological compartments and growth conditions. The same
ecological compartment in different growth conditions has a
great influence on bacterial colonization, which is more obvious
in underground compartments.

3.5. Interaction Patterns and Prediction of
Metabolic Pathways of Bacterial
Communities Associated With Chinese
Chives Under Different Ecological
Compartments and Growth Conditions
3.5.1. Differences in Interaction Patterns of Bacteria

Associated With Chinese Chives Under Different

Growth Conditions
Interactions between bacteria are very important for maintaining
microbial homeostasis. To explore the interaction networks
among bacterial phyla and bacterial genera under different
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FIGURE 3 | Specific bacterial communities in different ecological compartments. (A) UpSet plot shows the OTU count of each group. (B) Indicator species in

ecological compartments. The bacterial abundance at the genus level was analyzed. The shape of the point represents the enrichment or deletion of OTUs in the

population, and the size of the point represents the abundance of OTUs. SE, stem endosphere; LE, leaf endosphere; P, phylloplane; RE, root endosphere; R,

rhizosphere. Differences in bacterial genera in the phylloplane, (C) root endosphere, (D); and rhizosphere, (E) under growth conditions. Comparison and analysis of

OTU abundances of Pseudomonas (F) and Rhodanobacter (G) in the root endosphere and Gaiella (H) and Acidothermus (I) in the rhizosphere among different growth

conditions. OF, open field; SG, solar greenhouse; AS, arched shed; H, hydroponics. *P ≤ 0.05. **P ≤ 0.01. ***P ≤ 0.001.
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FIGURE 4 | Patterns of interaction of bacteria in different growth conditions. Spearman’s test was used to analyze the interactions among the top 50 bacterial OTUs

by abundance. Only a significant correlation (P < 0.05) is shown as a line. Line color indicates positive (green) or negative (red) correlation depending on the Spearman

correlation coefficient. These nodes represent microbial genera, and their colors represent microbial phyla.

growth conditions, we selected the top 50 bacterial genera
for correlation analysis. In the hydroponic environment,
although interactions between bacteria were weaker than
under the other three growth conditions, there were still
a greater number of bacterial interactions, and mutual
promotion outweighed inhibition, which was also shown in
other growth conditions. In the hydroponic environment,
a few Actinobacteria (including Microbacterium and

Brachybacterium) had negative interactions with Proteobacteria
(Figure 4, Supplementary Figure S2). The interactions of
Pseudomonas and Ralstonia in Proteobacteria with other
bacteria were mostly negative, while the interactions of
Flavobacterium, Galbibacter and Haliscomenobacter in
Bacteroidetes with other bacteria were mostly positive and
frequent. We observed that there were more genera with
negative interactions with Ralatonia in different growth
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TABLE 2 | Topological properties of the empirical ecological networks at different ecological compartments in comparison to the random networks.

Groups Empirical network indexes Random networks indexes

Average

degree (avgK)

Density (D) Average clustering

coefficient (avgCC)

Average path

distance (GD)

Modularity Average clustering

coefficient (avgCC)

Average path

distance (GD)

Modularity

P 3.087 0.024 0.122 4.58 0.638 0.023 ± 0.011 4.135 ± 0.105 0.563 ± 0.012

LE 2.985 0.047 0.087 4.223 0.626 0.040 ± 0.019 3.697 ± 0.140 0.526 ± 0.017

SE 2.493 0.035 0.131 5.56 0.725 0.027 ± 0.018 4.406 ± 0.219 0.617 ± 0.017

RE 4.078 0.04 0.016 3.137 0.402 0.211 ± 0.029 2.806 ± 0.058 0.395 ± 0.009

R 13.678 0.073 0.155 3.157 0.132 0.335 ± 0.010 2.464 ± 0.017 0.094 ± 0.002

P, phylloplane; LE, leaf endosphere; SE, stem endosphere; RE, root endosphere; R, rhizosphere.

conditions, such as Lysobacter, Variovorax, Hyphomicrobium,
andMesorhizobium.

It is worth noting that in the open field environment,
negative interactions between bacteria are more frequent, and
there are more competitive relationships. Negative correlations
of Chryseobacterium with Proteobacteria, Actinobacteria, and
Acidobacteria were more frequent in the open field. For
close interactions in the open field, Brevundimonas showed a
strong negative interaction with Bacillus and Conexibacter, and
there was also a negative correlation between Rhodococcus and
Agromyces in Actinobacteria. The interactions of Rhizobacter and
Stenotrophomonas in Proteobacteria with other bacteria were
mostly positive.

Compared with the open field, the positive and negative
interactions between bacteria in the artificial environment were
reduced. Therefore, the original relevant models established
by some bacteria were interrupted, and new interactions were
reconstructed in the artificial environment. Although the arched
shed and solar greenhouse were similar sheltered structures,
according to the grid of interactions between bacteria, the arched
shed seemed to be more conducive to positive interactions
between bacteria.

3.5.2. Analysis of the Bacterial Interaction Network in

Chinese Chives Between Different Ecological

Compartments
To further analyze the effect of ecological compartments on
the interaction between bacteria in Chinese chive, we selected
OTUs with more than 6 OTUs in each sample to carry out the
analysis of the bacterial community cooccurrence network and
the calculation of the topological characteristic index in MENA.
In this study, the modular index of aboveground compartments
was higher than 0.60 (Table 2) and much higher than that of
underground compartments, indicating that microorganisms
in aboveground compartments had modular structure, and
ecological compartments had a significant indigenous effect
on the modular of the microbial interaction network. The
average clustering coefficient and network density reflect the
degree of aggregation of nodes and the complexity of the
network structure in the co-occurrence network. In this analysis,
there were great differences between rhizosphere ecological
compartments and other compartments. The average clustering
coefficient and average degree of the rhizosphere were high,

and the positive interaction relationship was strong, but the
network density was low. This indicates that the aggregation of
bacterial communities between underground compartments is
poor, the positive correlation between microorganisms is strong,
and other functions are more complex. This is consistent with
the conclusion that underground compartments have higher
species richness and community diversity than aboveground
compartments. To identify the microbial groups that play
key nodes (OTUs) in the interaction network, we calculated
the within-module connectivity (Zi) and among-module
connectivity (Pi) of each network node (OTUs). All networks
have higher modularity characteristics than their random
networks (Table 2), indicating that it is reasonable to divide
these networks into modules. According to the topological
characteristics of nodes, node attributes can be divided into the
following four types: nodes with high connectivity within the
module, Modulehubs (Zi>2.5); nodes with high connectivity
between the two modules, Connectors (Pi>0.62); nodes with
high connectivity throughout the network, Networkhubs
(Zi<2.5 and Pi>0.62) and nodes without high connectivity
within and between modules, Peripherals (Zi>2.5 and Pi<0.62).
Except for peripherals, all nodes of three types belong to
the key nodes (OTUs). It can be found in the network we
construct (Figure 5) that the vast majority of nodes in each
network belong to peripherals, and only a few nodes have a
high degree of connection. Compared with the aboveground
compartment microbial networks, the rhizosphere and root
endosphere microbial networks of Chinese chives have more
Modulehubs and Connectors, and Networkhubs were also
detected in the rhizosphere and root endosphere microbial
networks. These phenomena consistently indicate that there
are multiple key microbial groups in the microbial community
of Chinese chive underground compartments that dominate
the occurrence of more complex interspecific interactions.
We show the gate phylum level (Figure 5) and its genus
classification level (Table 2) of all network nodes to determine
the inherent attributes of key network nodes. The results showed
that more than half of Modulehubs occupied the dominant
relative abundance group, while most connectors mainly
existed in lower relative abundance, which was more obvious
in the underground ecological compartment. Proteobacteria
are the most prominent key groups except for the microbial
network of the stem endosphere, and the nodes that play a

Frontiers in Microbiology | www.frontiersin.org 11 February 2022 | Volume 13 | Article 775002

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Sun et al. Bacteria in Different Ecological Compartments

FIGURE 5 | The correlation networks of bacteria in different ecological compartments. One node represents an OTU, and the size of the node is determined by the

degree. The larger the degree is, the larger the corresponding node size is, and the color of the node represents the microbial phylum which the OTU belongs. Line

color indicates positive (green) or negative (red) correlation.

key role in the microbial network of the stem endosphere
are not the highest relative abundance of Proteobacteria in
the stem endosphere but the highest relative abundance of
Actinobacteria in underground ecological compartments. In
addition to Proteobacteria, Acidobacteria, and Actinobacteria
are the main key nodes in rhizosphere and root endosphere
microbial networks, respectively. Chloroflexi, Firmicutes,
Gemmatimonadetes, Verrucomicrobia, and Armatimonadetes
also play a key role in underground ecological compartments.

3.5.3. Prediction of the Metabolic Pathways of

Endophytic Bacteria Associated With Chinese Chives

in Different Ecological Compartments and Growth

Conditions
To further predict and analyze the functions of endophytic
bacteria in different growth conditions, we used the sequencing
results and the SILVA database to annotate the functions of
microbial communities in different ecological compartments
and growth conditions through the Tax4fun package of R.
The metabolic functions of all microorganisms were mainly
focused on carbohydrate metabolism, amino acid metabolism,
signal transduction, andmembrane transport withinmetabolism,
as well as environmental information processing. There were
significant group differences among ecological compartments,
which were mainly differences between the aboveground and
belowground compartments. In most metabolic functions, the
differences between the stem endosphere, leaf endosphere, and
phylloplane of the aboveground compartment were small, and
the differences between the root endosphere and rhizosphere
were only significant for carbohydrate metabolism and energy

metabolism. Most of the secondary pathways of genetic
information processing and metabolism, such as amino acid
metabolism, metabolism of cofactors and vitamins, energy
metabolism, xenobiotic degradation and metabolism, lipid
metabolism, and metabolism of terpenoids and polyketides,
were more prevalent in the belowground compartments than
in the aboveground compartments, but the secondary pathways
of environmental information processing and cellular processes
were less prevalent belowground. It is worth noting that cell
motility within cellular processes was significantly lower in the
root endosphere than in other compartments.

In contrast to the significant differences in the prevalence of
group pathways among ecological compartments, differences
in growth conditions had little effect on microbial metabolic
pathways. Differences observed were mainly present between
hydroponic and other growth conditions. Infectious microbial
pathogens were more abundant in the hydroponic system than
under other growth conditions, while amino acid metabolism
was significantly lower in the hydroponic environment
than in other growth conditions. The differences between
hydroponic and other growth conditions were mainly reflected
in organismal systems. The environmental adaptation pathway
was significantly more prevalent in the hydroponic system
than in the other groups, but endocrine, digestive, and nervous
functions were significantly depressed in the hydroponic system
(P < 0.01).

Among all microbial metabolic pathways, a total of 277
tertiary metabolic pathways were detected, and group difference
tests were performed on 15 tertiary metabolic pathways under
carbohydrate (Supplementary Figure S3) metabolism, the
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secondary metabolic pathway with the greatest prevalence. We
found that the variation was mainly manifested in differences
between the aboveground and belowground compartments, and
differences among the aboveground compartments were small.
The levels of citrate cycle (TCA cycle) metabolism, butanoate
metabolism, inositol phosphate metabolism, propanoate
metabolism, and glyoxylate and dicarboxylate metabolism were
significantly lower than those in the belowground compartments
(P < 0.05).

4. DISCUSSION

In this study, the specific differences in bacteria in different
ecological compartments and growth conditions were described,
and their metabolic pathways were predicted. The results showed
that bacterial communities differed significantly among plant
ecological compartments, and modes of interaction and function
were also significantly different among groups.

4.1. Diversity of Chinese Chive Bacteria
Was Affected by Ecological Compartment
and Growth Condition
The Chinese chive microbial community consists of multiple
ecological compartments (phylloplane, leaf endosphere, stem
endosphere, root endosphere, and rhizosphere), each with
different microbial compositions. Within the study, we found
that the diversity and richness of bacteria in the stem endosphere,
leaf endosphere and phylloplane were significantly lower than
those in the root endosphere and rhizosphere (Figure 1). Plants
often distribute many nutrients to roots (Bulgarelli et al., 2012)
during their growth and release large amounts of nutrients and
energetic compounds, such asmonosaccharides, polysaccharides,
organic acids, phenolic compounds, amino acids, and proteins
(Bais et al., 2006), to the surrounding environment through
their roots, and these resources attract large aggregations of
microbes. In rhizosphere secretions, compounds belonging to
the chemical class of phenolics and terpenoids have strong
external antibacterial and antifungal properties. Among them,
phenolic metabolites can also effectively attract some soil-borne
microorganisms and have beneficial effects on local soil microbial
communities. Phenolic metabolites alter internal and external
plant environments and various ecological compartments and
promote the colonization and growth of specific bacteria.
However, this phenomenon was not obvious in the hydroponic
environment. The overall bacterial diversity and richness in the
hydroponic environment were low, and differences in alpha
diversity among the plant ecological compartments were not
significant. Diversity was lower in the rhizospheric water, and
diversity and evenness in the stem endosphere, leaf endosphere,
and phylloplane in the hydroponic system tended to be more
consistent. These results are consistent with the research
findings of Stouvenakers (Stouvenakers et al., 2020). Microbial
diversity and interaction among ecological compartments of
plants are related to their ability to resist external disturbance
(Kusstatscher et al., 2019; Xie et al., 2021). In this study,
the alpha diversity in the Chinese chive rhizosphere was

significantly higher than that in other ecological compartments,
the rhizosphere microbial network average degree and average
clustering coefficient were higher than those in other ecological
compartments, and the interaction of the microbial network was
more complex. This may be related to the direct contact between
the rhizosphere and soil (nutrient solution), the generation of
a bacterial screening mechanism and the inhibitory effect of
the rhizosphere (Reinhold Hurek et al., 2015; Itumeleng et al.,
2020). Inhibition may result from (trace) nutrient competition,
antibiotic compounds, production of decomposing enzymes,
consumption (Lugtenberg and Kamilova, 2009; Doornbos et al.,
2012) of pathogen-stimulating compounds or other pathways.
The different growth conditions we sampled had little effect
on the diversity of microorganisms, which might be because
although the air temperature and humidity were significantly
different under different growth conditions, fertilization and
management methods were similar. Therefore, the differences in
soil physical and chemical properties among open fields, solar
greenhouses and arched sheds were small, and the impact on
microorganisms was small.

4.2. Ecological Compartments and Growth
Conditions Create Different Microbial
Community Structures and Succession
Patterns
Proteobacteria were dominant in the stem endosphere, leaf
endosphere and phylloplane (Figure 2A), which was consistent
with the findings of previous studies (Wang et al., 2020c).
Proteobacteria were significantly negatively correlated with the
abundance of Actinobacteria, the second most abundant phylum
(Figures 2A,C, Supplementary Figure S2), which was one of
the most important features distinguishing aboveground and
belowground ecological compartments. The genus Pseudomonas
showing the highest abundance in Proteobacteria is consistent
with the results obtained by Lugtenberg and Kamilova (2009;
Zhuang et al., 2020) in the rhizosphere of Allium plants.
Pseudomonas plays a more important role in the co-occurrence
network of rhizospheric bacteria during the late growth
stage and under favourable growth conditions for Allium
plants, and because Pseudomonas is present in aboveground
ecological compartments, it can be isolated and purified by
culturomics for biological control of Chinese chives gray mold.
Among species in this genus, Pseudomonas aeruginosa (Wang
et al., 2020b), Pseudomonas chlororaphis (Cw et al., 2021),
Pseudomonas fluorescens (Zhu et al., 2021), and Pseudomonas
extremorientalis (Wang et al., 2019) have been successfully
isolated from pear rhizosphere soil, tomato and Chinese
cherry and purified and show over 85% inhibitory effects
on Botrytiscinerea. Compared with aboveground ecological
compartments, the relative abundance of Lechevalieria in
the Actinobacteria phylum in roots and rhizosphere was
high. For Lechevalieria, mangromicins, one of their secondary
metabolites, could eliminate free radical activity (as assayed
by DPPH, Takuji et al., 2014) and exhibit high inoxidizability.
In addition, secondary metabolites have also been found to
exert antimicrobial activity and significant inhibitory effects
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on Bacillussubtilis,Kocuriarhizophila,Xanthomonascampestrispv.
oryzae KB88, and Candidaalbicans (Kimura et al., 2018). These
results show that the response of microbial communities in
the root endosphere to fluctuations in the growth environment
was more stable than those in the rhizosphere or soil (Almario
et al., 2017; Han et al., 2020; Xie et al., 2021). Bacteroidetes is
an important component of the bacterial microbial community
(Fernández-Gómez et al., 2013) in a normal aquatic environment
(Chen et al., 2011), which is related to the requirement of
a strict anaerobic environment as a growth condition for
most bacterial strains in this phylum. Bacteria in Bacteroidetes
can hydrolyze organic matter such as carbon polymers and
proteins in aquatic environments and produce a variety of
extracellular enzymes to decompose or utilize complex carbon
sources (Kirchman, 2002). Therefore, Bacteroidetes may play an
important role in maintaining the aquatic ecosystem balance in
hydroponic Chinese chives. Moreover, the bacterial communities
classified within Bacteroidetes are closely associated with the
decomposition of protein organic substances (Ding et al., 2019),
and the conversion of these organic substances is an important
aspect of carbon cycling inside plants and in the rhizosphere.
Therefore, the metabolic functions of microorganisms, such as
signal transduction, membrane transport and metabolism of
other amino acids, are more highly expressed in hydroponics
(Figure 6) than under other growth conditions.

4.3. Different Colonization Patterns of
Bacteria in Ecological Compartments
There are vertical changes in the establishment of plant
endophytic microorganisms and phyllosphere and rhizosphere
microorganisms, and the structure of microbial community
changes with plant ecological compartments. In this study, the
dynamic patterns of phylloplane, rhizosphere and endophytic
microbial communities were also significantly correlated with
the ecological compartment of Chinese chive (Figures 1, 2,
6). The beta diversity analysis based on OTUs revealed that
the microbial community had obvious ecologica compartment
division characteristics. There are both common bacterial
communities and specific bacterial communities in different
ecological compartments of Chinese chives. The diversity index
of microbial bacteria in the rhizosphere was high, and the
number of specific bacteria was large. It can be seen from the
relative abundance and interaction network that most of the
key nodes in the phylloplane and leaf endosphere of Chinese
chives existed in the root endosphere and rhizosphere networks.
As key nodes Proteobacteria and Firmicutes in the phylloplane
ecological compartment, they are also key nodes in the root
endosphere (Figure 5). Rhizosphere microorganisms could enter
the roots of Chinese chives, and some endophytic bacteria
migrated from the root endosphere of Chinese chives to the
upper stems and leaves (Edwards et al., 2015; Xie et al., 2021).
There were some differences in diversity, bacterial composition,
interaction network, and function among the microorganisms
in the phylloplane, leaf endosphere, and stem endosphere of
Chinese chives (Figures 1, 2, 5, 6). This may be because the

phylloplane microorganisms of Chinese chives are derived from
the diffusion of endophytes in the stem endosphere and leaf
endosphere, and on the other hand, the phylloplane is close to
the soil (nutrient solution) and directly or indirectly contacts the
microorganisms from the soil (nutrient solution) (Melotto et al.,
2008), thus forming different bacterial communities from the
leaf endosphere and stem endosphere. However, it can be clearly
seen in the interaction network that this part of the differential
bacterial communities (existing in the leaf endosphere but not
in the stem endosphere) has similarities with the rhizosphere
bacterial communities. For example, we observed that Weissella
is an indicator species of Chinese chive phylloplane in our
analysis of specific bacterial communities. Because Weissella is
mostly distributed in soil or river sediments (Fusco et al., 2015),
we believe that the original source of Weissella in leaves is soil
or nutrient solution. According to our analysis of the specific
bacterial communities in different ecological compartments,
the number of indicator bacteria in the root endosphere
was much higher than that in other ecological compartments
(Figure 3B). The rhizosphere environment exists as a transition
boundary between soil (nutrient solution) and plants. Similar
to phyllosphere microorganisms, the microorganisms inhabiting
the rhizosphere of plants are directly affected by the host plant
and the soil (nutrient solution) environment. Therefore, the r
root endosphere is more plant-specific (Figure 3B), which is
quite different from the microorganisms in phylloplane and
rhizosphere environments. In the beginning, root endosphere
microorganisms are strictly regulated, and then the entry and
exit of related groups are more rigorously controlled (Liu et al.,
2017). The formation of rhizosphere bacterial communities
mainly follows the principle of niche adaptation, while the
root endosphere bacterial communities are more significantly
regulated by host signals.

4.4. Ecological Compartment and Growth
Conditions Have Significant Effects on the
Complexity and Functional Expression of
the Plant Microbial Network
The results showed that the cooccurrence patterns of
microorganisms in each ecological compartment of Chinese
chive were nonrandom (Table 2), and the nonrandom
interaction pattern reflected niche sharing or synergy
between microorganisms. The networks between the ecological
compartments are dominated by positive correlations (Figure 5),
indicating that more beneficial interactions exist or occupy
similar niche spaces among different types of microorganisms.
Due to the characteristics of the microbial community structure
in each ecological compartment, the topological characteristics
of all networks are significantly related to their corresponding
bacterial species diversity. The number of nodes and connections
in underground compartments is much higher than that
in aboveground compartments (Figure 5), indicating that
species diversity and interaction patterns in underground
compartments are more visible and active. Compared with
the aboveground ecological compartment microbial network
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FIGURE 6 | (A) Prediction and analysis of bacterial metabolic pathways in different ecological compartments and different growth conditions. SE, stem endosphere;

LE, leaf endosphere; P, phylloplane; RE, root endosphere; R, rhizosphere. (B) The bar chart shows the abundance of each group, and the different levels of

metabolism are separated by dark gray lines. The heatmaps on the right side indicate significant pairwise differences in abundance and are plotted based on the P

values. OF, open field; SG, solar greenhouse; AS, arched shed; H, hydroponics.
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of Chinese chives, there are a large number of isolated nodes
that do not interact with other nodes in the underground
compartment microbial network, resulting in relatively low
connectivity of the rhizosphere microbial co-occurrence network
(Figure 5, Table 2). This may be related to the microorganisms
in the rhizosphere living in a variety of complex and separated
microhabitats (Zhang et al., 2018). which usually do not have
a large-scale exchange or niche sharing between different types
of microorganisms. Although rhizosphere bacteria have the
highest species richness, most species are not involved in the
network interaction process because a large number of microbial
groups in soil (nutrient solution) exist in an inactive or dormant
state (Fierer and Lennon, 2011). Growth conditions have an
impact on bacterial growth condition interactions and functional
expression. In our study, correlations between bacterial species
in different growth conditions were analyzed (Figure 4).
Mutualistic and inhibitory relationships between bacteria
directly affect the bacterial community structure under different
growth conditions. For example, we observed genera that were
negatively correlated with Ralstonia under different growth
conditions, such as Lysobacter, Variovorax, Hyphomicrobium,
and Mesorhizobium, which were effective factors for the
extraction of bacteria antagonistic against bacterial wilt in
Chinese chives (Wang et al., 2017b). In terms of prediction
of metabolic functions, we found that the prevalence in root
endosphere and rhizosphere of most metabolic pathways, such
as genetic information processing and metabolism (Figure 6,
Supplementary Figure S3), was higher than that in aboveground
compartments, which was similar to findings of previous studies
(Lian et al., 2016; Wang et al., 2020a; Shehata et al., 2021). We
found that inositol phosphate metabolism was significantly
more active in the root endosphere than in other ecological
compartments in the intergroup difference test for the top 15
tertiary metabolic pathways, with the highest abundance in
the secondary metabolic pathway carbohydrate metabolism.
Inositol phosphates produced by this metabolic process are
closely related to plant stress responses and induced system
resistance. In an environment characterized by salt stress and
drought stress, the expression of inositol phosphates in plants is
upregulated (Tan et al., 2013), which is involved in the response
of plants to abiotic stress. In addition, inositol phosphates can

stimulate the development of immune cells, thereby stimulating
plant defense systems (Sauer and Cooke, 2010).

In conclusion, we observed that the ecological compartments
had significant indigenous effects on plant microorganisms,
including the diversity of bacteria, the composition of
bacterial communities, and the interaction network and
functional expression of bacteria in different ecological
compartments. Through the analysis of bacterial relative
abundance composition, indicator genus, and bacterial
interaction network in different ecological compartments,
we found that bacteria in different ecological compartments
had different assembly methods, but most of the bacteria
were still from soil (nutrient solution). The growth conditions
had little effect on the bacterial community. Except for the
differences in bacterial community composition and functional
expression between hydroponic and open fields, arched sheds
and solar greenhouses had no significant effect on bacterial
community structure.
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