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Application of plant artificial cultivation substrates lead to alteration of rhizosphere
environment. Whether this alteration could lead to root microbiome variation was limitedly
investigated. This work aims to determine the diversity shifts in the root microbiome of
cucumber under different plant cultivation substrates and predict corresponding function
of these different root bacterial microbiota. Cucumber root samples cultivated with two
artificial cultivation substrates and greenhouse soils were prepared. Subsequently, high
throughput sequencing and bioinformatics analysis were applicated to compare the root
bacterial diversity of cucumber cultivated in different substrates and their corresponding
function. In total, 311,039 sequences were obtained, and they were annotated to 42
operational taxonomic units (OTUs), belonging to 28 genera, 18 families, 12 orders, four
classes, and three phyla. The a and g diversity of samples from the two cultivation
substrates and greenhouse soils were significantly different. Only 2-3 bacterial species
were found to be discrepancy between cucumber root samples from artificial cultivation
substrates and from greenhouse soils. The relative abundance of genus Asticcacaulis,
Methylophilus, Massilia, Dyella, and Devosia in samples of artificial cultivation substrates
was significantly higher than that of soils, while the relative abundance of genus
Phenylobacterium, Noviherbaspirillum, and Arenimonas was significantly lower than that
of soils. Besides, compared to cucumber root bacterial community cultivated in soils, the
abundance of synthetic pathways for flavonoids and flavonols, bile acids, indole alkaloids,
lactose, and neolactose increased by 41.6-, 28.7-, 5.9-, and 5.5-fold, respectively, in the
bacterial community of the substrate 1-cultivated roots, and the abundance of clavulanic
acid, receptor interaction, sesquiterpenoid, bile acid, flavonoid and flavonol, indole alkaloid,
lactose, and neolactose synthetic pathways increased by 42.3-, 32.4-, 32.4-,13.9-, 10.3-,
6.3-, and 5.2-fold, respectively, in the bacterial community of the substrate two-cultivated
roots. This paper verified the diversity shifts in the root microbiome of cucumber under
different plant cultivation substrates. Besides, the corresponding function difference of
these different root bacterial microbiota was predicted. This work would provide theoretical
support for discovering microbial resources and building artificial microbial flora.
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INTRODUCTION

During long time of coevolution, plants have formed a close
symbiotic  relationship ~ with ~ microorganisms.  These
microorganisms inhabit on surface of plant roots and leaves
as well as within plant tissues performing important ecological
functions (Berendsen et al., 2012). For example, certain
rhizosphere microorganisms play important roles in nutrient
uptake and in assisting plants to resist adverse environments
(Shaikh et al., 2018). Besides, root microbes contribute to
phytopathogen resistance of host plants (Kwak et al., 2018).
Among those microorganisms, bacteria constitute a large
percentage of the various plant rhizosphere and endophyte
microbial communities (Hassan et al., 2019) and are currently
receiving extensive attention from researchers worldwide. Plant
root bacteria have been reported to improve crop productivity
and resistance in an increasing number of studies (de Vries
et al,, 2020; Ling et al, 2022; Pronk et al, 2022), which in
turn has prompted researches on root microbial diversity
in crops.

Previous studies on the diversity of crop root microorganisms
have revealed the effects of factors such as fertilizers, soil
nutrients, soil types, and root diseases on crop microbial
diversity (Yang et al., 2011; Philippot et al., 2013; Kwak et al,,
2018; Qin et al,, 2019). These studies have mainly focused on
the changes in the root microbial diversity of crop cultivated
in field soils (Fang et al., 2019). However, with the development
of modern agriculture, crop cultivation techniques are constantly
updated, and crop cultivation substrates that have a direct
impact on the composition of root microorganisms are no
longer limited to natural field soils. New synthetic substrates
for crop cultivation are continually developed and applicated,
and those artificial substrates support efficient and intensive
plant production since then (Choi et al., 2012; Barrett et al.,
2016; Awad et al, 2017). In contrast, studies on the root
microbial diversity of crops cultivated in artificial substrates
were rarely conducted (Nie et al., 2014). Whether the composition
of microorganisms enriched in the rhizosphere of crops will
alter in the new cultivation substrate or what functional changes
the microbial composition will bring was unknown. Besides,
researchers have begun to construct the root microbiome of
plants to reproduce the microflora function at the community
level (Liu et al, 2019; Zhang et al, 2021), which makes it
more necessary to investigate the shifts in root microbiome
of crops under different plant cultivation substrates.

Cucumber, Cucumis sativus L., is an important economic
crop in China. It is planted in a large scale and brings high
economic benefits each year (Ma et al, 2021). Currently, its
cultivation is primarily dependent on greenhouses owing to
higher retail price compared to seasonal outdoor vegetables
(Xu, 2019). With the advancement of cultivation technology,
more and more farmers are opting to grow cucumbers using
artificial cultivation substrates (Giil et al., 2007; Vukobratovic¢
et al., 2016; Sarwar et al, 2018), which not only reduces the
occurrence of cucumber pests and root diseases but also
promotes the growth of cucumber roots and fertilizer utilization
(Kraska et al., 2018; Sarwar et al., 2018; Shi et al., 2020). As

it has been reported in other crops (Hernandez and Hobbie,
2010; Frouz et al., 2016) and cucumber (Tian and Gao, 2014),
the alteration in cultivation substrates mentioned above would
inevitably bring tremendous effects on root microbial community
of cucumber. However, the root microbial community difference
of cucumber cultivated in field soils and artificial cultivation
substrates was scarcely investigated. Thus, we hypothesized that
the root microbial community of cucumber would shift under
different plant cultivation substrates, and the corresponding
function would also change. Basing on this hypothesis, two
types of artificial cultivation substrates and one greenhouse
soil, which are commonly used in cucumber cultivation and
have different major components, were selected as cultivation
substrates to compare the root bacterial composition of cucumber
under different cultivation substrates in this study. Besides,
the function of cucumber root microbiota under various growing
substrates was predicted and compared. This study would
provide a theoretical basis for exploring beneficial microorganisms
from the cucumber root microbiome and constructing artificial
root microflora.

MATERIALS AND METHODS

Materials

Cucumber variety: Cucumber variety Qiangsheng 719 produced
by the Shandong Lushou Agricultural Company. Three types
of cultivation substrates including greenhouse soils and two
artificial plant cultivation substrates were used in this study.
Specifically, the greenhouse soil (GHS, Organic Matter: 29.8 gkg™,
Total N: 1.68 gkg™", NH,"-N: 6.64 mgkg™', NO,™-N: 48.75mgkg™!,
Olsen-P: 132.67mgkg™', NH,OAc-K: 456.63 mgkg™, pH: 7.02,
and EC: 0.48mS cm™) was collected from the No. 1 greenhouse
in the experimental base of Shandong Shangdao Biotechnology
Co., Ltd. (117°58'58”E, 36°34’41”N). Topsoil (20cm), collected
from five sites (20 m away from each other) inside the greenhouse,
was sieved (2-mm sieve) to remove plant debris and rocks.
Totally, about 50kg, soil was prepared and well mixed before
cucumber planting. Plant cultivation substrate 1 (PCS1, Organic
Matter: 798.6gkg™, Total N: 17.2gkg™", NH,*-N: 113mgkg™,
NO,™-N: 1,345mgkg™", Olsen-P: 3,365mgkg™", NH,OAc-K:
18,720 mgkg™', pH: 5.82, and EC: 2.98 mS cm™) was produced
by Shandong Xinxile Biotechnology Co., Ltd., with the main
component of well-rotted cow dung (85%), and the auxiliary
materials of perlite (5%), vermiculite (5%), and coconut coir
(5%). Plant cultivation substrate 2 (PCS2, Organic Matter:
792.7 gkg™", Total N: 19.4gkg™", NH,*-N:128 mgkg™', NO,™-N:
1,560mgkg, Olsen-P: 2,371 mgkg™', NH,OAc-K: 15,628 mgkg™,
pH: 6.35, and EC: 2.50mS cm™) was produced by Hunan
Xianghui Agricultural E-commerce Co., Ltd., with straw
decomposition as the main component (80%), peat (10%),
perlite (5%), and vermiculite (5%) as auxiliary materials. For
both artificial cultivation substrates, no additional nutrients
were added. For preparing 1x phosphate buffer solution (1x
PBS), 8g NaCl, 0.2g KCL, 1.44g Na,HPO,, and 0.24g KH,PO,
were dissolved in 800ml of distilled water. The pH value was
adjusted to 7.4 with HCl, and the volume was fixed to 1L
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with water and the solution was autoclaved at 121°C for 20 min.
The 1x phosphate buffer solution was prepared for cucumber
root sample washing in preparation of cucumber root microbial
sequencing samples.

Planting of Cucumber Seedlings in
Different Cultivation Substrates

The experiment was conducted in mid-November 2020 in the
same greenhouse at the experimental base of Shandong
Biotechnology Co., Ltd. (117°58'58”E; 36°3441”"N). The mean
temperature in the greenhouse was kept at 26°C-28°C during
the day and 15°C-18°C during the night, with 80%-90% relative
humidity. Besides, only natural sunshine illumination with a
10:14-h light/dark cycle was provided, and no plant growth
lamp was used during the experiment. The three cultivation
substrates were homogenized individually and then filled into
pot of 25cm in diameter and 20cm in depth, respectively.
Each cultivation substrate was filled into 10 pots, and three
cucumber seeds were dispersed and sown separately in each
pot. After sufficiently watering, the three groups of pots were
arranged in cross rows in the middle section of the greenhouse.
Once the seeds sprouted and emerged, one cucumber seedling
per pot was left to grow. According to previous reports (Yu
et al., 2009), the root bacterial abundance of cucumber reached
to its peak at its seedling stage, namely about 30days after
sprouting. Thus, the root samples were taken when five true
leaves of cucumber were grown (30 days after the seeds sprouted).

Preparation of Cucumber Root Microbial
Sequencing Samples

Six seedlings were randomly selected from each of the three
groups of the above cucumber plants. The pot in which the
cucumber seedling was planted was cut from the side with
scissors, and the seedling with all substrates was taken out.
According to the method previously published (Zhang et al.,
2021), pieces of cucumber roots were collected and used to
access the root microbial community. Specifically, the above-
ground part of the cucumber plant was cut off, and the soil
or substrate attached to the root was shaken off. Parts of the
main, lateral, and adventitious roots were cut with scissors
and placed into a sterilized 50-ml centrifuge tube. After collecting
root samples from each cucumber seedling, the tools used,
such as scissors, were sterilized with 75% ethanol and rinsed
thrice with sterilized water to avoid cross-contamination between
samples. The centrifuge tubes with root samples were kept in
iceboxes and transferred to the laboratory immediately. In total,
18 samples in tubes belonging to three groups were collected:
the greenhouse soil group (GHS), plant cultivation substrate
1 group (PCS1), and plant cultivation substrate 2 group (PCS2).
Each sample tube received 35ml of sterilized PBS buffer and
shaken at 180rpm for 20min. The root samples were then
transferred into another tube containing 35ml of sterilized
PBS buffer and shaken as described above. Totally, the root
sample was washed thrice. Subsequently, 0.2g root samples
from each tube were ground thoroughly using liquid nitrogen.
Total deoxyribonucleic acid (DNA) was extracted using a

genomic DNA extraction kit (TTANGEN DP305), and the
extracted DNA was examined for quality using a Thermo
NanoDrop 2000 micro-UV spectrophotometer.

High-Throughput Sequencing of
Cucumber Root Microbiota

The V5-V7 region of root bacterial 16S rRNA was specifically
amplified using primers (Han et al, 2020) including 799F
(5-AACMGGATTAGATACCCKG-3') and 1193R
(5"-ACGTCATCCCCACCTTCC-3'), and the barcode sequence,
provided by Shanghai Majorbio Biotechnology Co. Ltd., was
added to the 5" end of the PCR product. The PCR reaction
mixture was 50pl containing 50ng of total cucumber root
DNA template, 1.5pl of each primer, 5pl of 2mmol L' dNTPs,
2l of MgSO,, 5pl of 10x KOD buffer, and 1pl of KOD Plus,
and the remaining volume was made up with ddH,O. The
PCR conditions were as follows: initial denaturation at 94°C
for 2min; 30cycles at 94°C for 30s, 63°C for 30s, and 68°C
for 30s; and a final extension at 68°C for 5min. Each cucumber
root sample was subjected to three PCR experiments, and the
products were subsequently mixed. The PCR products were
detected using 2% agarose gel electrophoresis. Then they were
purified using the AxyPrep DNA gel recovery kit (AXYGEN).
Before the sequence, the DNA in each sample was quantified
and diluted to equal concentration. The sequencing of amplicons
to generate libraries was accomplished at Shanghai Majorbio
Biotechnology Co., Ltd. using the Illumina Miseq PE250 platform.

High-Throughput Sequencing Data
Processing

The Quantitative Insights into Microbial Ecology (QIIME)
software package was used for quality assessment of sequencing
data and subsequent data analysis (Caporaso et al, 2010).
Sequences with lengths below 200bp, containing ambiguous
bases, and primers with more than two bases of mismatches
were excluded. The processed sequences were clustered into
operational taxonomic units (OTUs) using UPARSE in the
USEARCH package according to the 97% sequence similarity
criterion (Edgar, 2010). Of the clustered sequences, the sequence
with the highest abundance was selected as a representative
sequence for this OTU using RDP classifier v.2.2 for taxonomic
analysis, and the confidence threshold was set to 70% for
taxonomic annotation using the SILVA database (http://www.
arb-silva.de; Quast et al., 2013). The OTU composition of each
sample at different classification levels was counted to generate
an OTU table. One sample from soil (Sample ID: GHS3)
determined the fewest sequence reads (7,733 reads). Thus, the
sequence data was rarefied to 7,733 reads before further
statistical analysis.

Based on the OTU table obtained above, rarefaction curves
were generated using “alpha_rarefaction.py” in QIIME to calculate
the alpha diversity indices (Sobs, ACE, Chaol, Shannon and
Simpson) of the sequenced samples (Schloss et al., 2011). Sobs,
Chaol, and Ace can reflect the species richness of the community.
The Shannon and Simpson can reflect the species diversity of
the community, affected by both species richness and species
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evenness, that is, the two values also consider the abundance
of each species. The Student’s ¢ test was used to compare the
statistical differences in a diversity indices between the two
seedling cultivation substrates and soil, respectively. f diversity
was calculated using non-metric multidimensional scaling
(NMDS, based on a Bray-Curtis distance matrix; Clarke, 1993;
Hammer et al,, 2001) and principal coordinate analysis (PCoA,
weighted normalised UniFrac; Chen, 2012). The Student’s ¢
test was used to compare the differences in genus abundance
between diverse groups of samples.

Functional prediction of cucumber root bacteria was analyzed
using the PICRUSt (Langille et al., 2013). The OTU abundance
table was first normalized. Subsequently, the COG information
and KEGG Ortholog (KO) information corresponding to the
OTU were obtained from the Greengene ID, and the
corresponding abundance was calculated according to the OTU
table. Thus, the information and abundance of the metabolic
pathways at three levels was obtained. As mentioned above,
the DNA in each sample was quantified and diluted to equal
concentration before high-throughput sequencing. Besides, taking
the PCR efficiency variation for each sample during sequencing
into consideration, obtained sequence data were rarefied to
7,733 reads, which were the reads number of sample from
soil (Sample ID: GHS3), before statistical analysis. Thus, each
sample contained 7,733 reads. Basing on this, the abundance
difference of metabolic pathways at the third level among the
three groups was statistically compared with one-way
ANOVA. Metabolic pathways at the third level with statistically
significant differences in the substrate-cultivated cucumber root
bacterial samples compared to soil-cultivated root bacterial
samples were screened. The number of the metabolic pathways
at the third level in the functional categories of environmental
information processing, organismal systems, metabolism and
others were counted. The significant upregulation fold of
metabolic pathways at third level in plant cultivation substrate
1 and plant cultivation substrate 2 samples with those in
greenhouse soil group samples was calculated, and pathways
with upregulation fold more than 1.5 were shown.

RESULTS

Significant Differences in a-Diversity of
Root Bacterial Communities Between
Substrate-Grown and Soil-Grown
Cucumber Seedlings

The rarefaction curves of all samples tended to be flat, indicating
that the sequencing data in this experiment were sufficient to
ensure the reliability of subsequent diversity analysis
(Supplementary Figure S1). Besides, the coverage for the three
groups of samples almost reached to 100%, and no significant
difference were observed among the three groups. Results
revealed significant differences between the root samples from
the substrate- and the soil-cultivation groups in terms of the
richness and evenness of the bacterial communities (Figure 1).
Among a-diversity indices, the Ace, Chao, and Sob indices
of bacterial communities in the substrate 1 group were

significantly higher than those in the soil group, indicating
that there were significant differences between the two groups
of samples in terms of the number of OTUs, and the species
diversity in substrate 1 was higher. Taking the richness and
evenness of microbial communities in the samples into
consideration, there was no significant difference in microbial
diversity between substrate 1 and soil (Shannon and Simpson
index). The Ace, Chao, and Sob indices of microbial communities
in the samples of the substrate 2 group were not significantly
different from those in the soil group, indicating no significant
differences in the number of species comprising the microbial
communities between the two groups. However, the evenness
in the samples of the substrate 2 group was reduced compared
with the samples of the soil group (Shannon and Simpson
index). Although there were differences in a-diversity among
the three cucumber root samples, there was only a slight
difference in the values among the three groups in terms of
each a-diversity index.

Root Bacterial Community p-Diversity of
Substrate-Grown Cucumber Root Samples
Differed Significantly From Soil-Grown
Samples

Considering the evolutionary relationships and abundance of
species in the microbial community, PCoA revealed that root
microbial samples of both the two cultivation substrates clustered
separately from the samples of greenhouse soil, each forming
a statistically different group (PCS1, Figure 2A, ANOSIM,
displacement number=999, R=0.7907, p=0.003; PCS2,
Figure 2B, ANOSIM, displacement number=999, R=0.7741,
p=0.003). The same trend was observed in NMDS analysis,
where the two groups of samples from cultivation substrates
were clustered separately from the samples of greenhouse soil,
each forming a statistically different group (PCS1, Figure 2C,
Adonis, displacement number =999, R*=0.5114, p=0.003; PCS2,
Figure 2D, Adonis, displacement number=999, R*=0.4603,
p=0.003). These results indicated that the cucumber root
samples from the two cultivation substrates differed significantly
in microbial community composition with samples from
greenhouse soils.

Species Composition of Cucumber Root
Bacterial Communities From Different
Cultivation Substrates Was Almost the
Same

Based on sequences annotation, only five bacteria were identified
to the species level, including Flavobacterium anhuiense,
E succinicans, F. suncheonense, Massilia putida, and Pseudomonas
mosselii, whereas the others were only annotated to the genus
or family level. Therefore, in this study, the species composition
in the three groups of samples was analyzed and compared
at the genus level. As presented in Figure 3, bacteria belonging
to 28 bacterial genera including Phenylobacterium (15.35%),
unclassified Comamonadaceae (13.59%), Pseudomonas (11.63%),
Acidovorax (10.21%), unclassified Xanthomonadaceae (7.26%),
Noviherbaspirillum (6.29%), Methylophilus (5.78%), Arenimonas
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FIGURE 1 | The a index of root bacterial microbiota from cucumber grown in different cultivation substrates. “*” in the figure presents significant difference between
the connected bars by the line (Student’s t test), and “NS” no significant difference. PCS1, cucumber root samples cultivated in plant cultivation substrate 1; PCS2,
cucumber root samples cultivated in plant cultivation substrate 2; and GHS, cucumber root samples cultivated in greenhouse sail.

(4.23%), Rhizobacter (3.94%), Sphingomonas (3.63%), Cellvibrio
(3.40%),  Enterobacter  (2.53%),  Pelomonas  (2.22%),
Methyloversatilis (1.93%), Flavobacterium (1.63%), unclassified
Rhodanobacteraceae (1.30%), Thermomonas (1.18%), unclassified
Oxalobacteraceae (1.07%), Ramlibacter (0.88%), Dyella (0.55%),
Massilia (0.50%), Devosia (0.41%), Asticcacaulis (0.22%), Shinella
(0.14%), Streptomyces (0.08%), Actinophytocola (0.02%),
Bradyrhizobium (0.01%), and unclassified Micropepsaceae (0.01%)
were detected in cucumber root samples from soils (GHS).
Similarly, bacteria belonging to 27 bacterial genera including
Asticcacaulis (21.26%), Massilia (16.43%), Methylophilus (12.31%),
unclassified Oxalobacteraceae (11.86%), Dyella (5.83%), Pelomonas
(3.62%), Flavobacterium (3.47%), Bradyrhizobium (3.12%),
Devosia (2.87%), Pseudomonas (2.86%), Methyloversatilis (2.73%),
Shinella (2.46%),  Acidovorax (1.91%), unclassified
Xanthomonadaceae  (1.90%),  Phenylobacterium  (1.77%),
Thermomonas (1.35%), unclassified Micropepsaceae (1.12%),
unclassified Comamonadaceae (0.90%), Ramlibacter (0.86%),
Enterobacter (0.63%), Actinophytocola (0.22%), Noviherbaspirillum
(0.18%), Arenimonas (0.12%), Sphingomonas (0.11%), Rhizobacter
(0.05%), Cellvibrio (0.04%), and Streptomyces (0.04%) were
detected in cucumber root samples from plant cultivation
substrate 1 (PCS1). Besides, bacteria belonging to 26 bacterial
genera including Massilia (33.61%), Pseudomonas (12.71%),
Actinophytocola (12.14%), Dyella (7.06%), Noviherbaspirillum
(5.83%),  Enterobacter  (5.02%), Asticcacaulis  (3.80%),
Methylophilus (3.54%), Streptomyces (2.73%), Bradyrhizobium
(1.56%), Flavobacterium (1.43%), unclassified Oxalobacteraceae
(1.43%), Devosia (1.22%), Ramlibacter (1.22%), Phenylobacterium
(1.18%), Shinella (1.15%), unclassified Micropepsaceae (0.88%),
Pelomonas (0.85%), unclassified Xanthomonadaceae (0.60%),

Sphingomonas (0.59%), Methyloversatilis (0.48%), Arenimonas
(0.34%), Thermomonas (0.28%), Acidovorax (0.26%), unclassified
Comamonadaceae (0.06%), and Rhizobacter (0.03%) were
detected in cucumber root samples from plant cultivation
substrate 2 (PCS2). The root bacterial communities of
cucumber in the three cultivation substrates predominantly
included certain genera, including Acidovorax, Actinophytocola,
Arenimonas,  Asticcacaulis,  Bradyrhizobium,  Cellvibrio,
Devosia, Dyella, Enterobacter, Flavobacterium, Massilia,
Methylophilus, Methyloversatilis, Noviherbaspirillum, Pelomonas,

Phenylobacterium, Pseudomonas, Ramlibacter, Rhizobacter,
Shinella, Sphingomonas, Streptomyces, Thermomonas, and
families  including  Comamonadaceae,  Oxalobacteraceae,

Rhodanobacteraceae, Xanthomonadaceae, and Micropepsaceae.
The abundance of each genus in the root bacteria may vary
slightly between the substrate and soil group samples.
Subsequently, the species composition of bacterial microbiota
from cucumber roots cultivated in different substrates was
compared. At the OTU level (Figure 4A), cucumber root
samples from the substrate 1, substrate 2, and soil groups
contained 41, 40, and 39 OTUs, respectively. Of these groups,
a total of 38 OTUs were common in the substrate 1 and soil
groups, with three OTUs specific to the substrate 1 group and
one OTU specific to the soil group. Additionally, a total of
37 OTUs were common in the substrate 2 and soil groups,
with three OTUs specific to the substrate 2 group and two
OTUs specific to the soil group. At the species level (Figure 4B),
cucumber root samples from the substrate 1, substrate 2, and
soil groups contained 35, 35, and 33 species, respectively (some
of which were not accurately identified to the species level).
Of these groups, substrate 1 and soil shared 32 species, with
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substrate 1; PCS2, cucumber root samples cultivated in plant cultivation substrate 2; and GHS, cucumber root samples cultivated in greenhouse soil.
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three species specific to substrate 1 (Asticcacaulis_sp. 1,
Asticcacaulis sp. 2, and E suncheonense) and one endemic to
soil (unclassified Rhodanobacteraceae). There were 32 species
shared by both the substrate 2 and soil groups, with three
species endemic to substrate 2 (Asticcacaulis sp. 1, Asticcacaulis
sp. 2, and E suncheonense) and one species endemic to soil
(Cellvibrio sp.). The 31 species that the three groups of samples
had in common were as follows: Massilia putida, Pseudomonas
sp., Devosia sp., Methylophilus sp., E succinicans, Thermomonas
sp., uncultured Micropepsaceae, Phenylobacterium sp. 1,
Asticcacaulis  sp., Methyloversatilis  sp., Rhizobacter  sp.,
Phenylobacterium  sp. 2, unclassified Oxalobacteraceae,
E anhuiense, Streptomyces sp., Dyella sp., Enterobacter sp.,
unclassified Xanthomonadaceae, Bradyrhizobium sp., P. mosselii,
Sphingomonas sp., Noviherbaspirillum sp., Telluria sp., Acidovorax
sp., Pelomonas sp., Shinella sp., unclassified Comamonadaceae,
Arenimonas  sp., Ramlibacter sp., Arenimonas sp., and

Actinophytocola sp. At the genus level (Figure 4C), cucumber
root samples from the substrate 1, substrate 2, and soil groups
contained 27, 27, and 28 genera, respectively. A total of 27
genera were common between the substrate 1 and soil groups,
with no genus endemic to substrate 1 and one genus endemic
to soil (unclassified Rhodanobacteraceae) In addition, 27 genera
were common to the substrate 2 and soil groups, with no
endemic genus to substrate 1 and one soil-specific genus
(Cellvibrio). The 26 genera common among all three sets of
samples included Devosia, Dyella, Ramlibacter, Enterobacter,

Massilia, unclassified Micropepsaceae, unclassified
Comamonadaceae, — Pelomonas,  Asticcacaulis, —unclassified
Xanthomonadaceae, Flavobacterium, Methyloversatilis,

Sphingomonas, Phenylobacterium, Arenimonas, Thermomonas,
unclassified Oxalobacteraceae, Methylophilus, Actinophytocola,
Rhizobacter,  Acidovorax,  Bradyrhizobium,  Streptomyces,
Noviherbaspirillum, Shinella, and Pseudomonas.
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FIGURE 3 | Species composition of root bacterial microbiota on genus level from cucumber grown in different cultivation substrates. PCS1, cucumber root
samples cultivated in plant cultivation substrate 1; PCS2, cucumber root samples cultivated in plant cultivation substrate 2; and GHS:

M unclassified Rhodanobacteraceae

cucumber root samples

40

PC81 PC82 GHS PC81

and GHS, cucumber root samples cultivated in greenhouse soil.

FIGURE 4 | Venn diagram for root bacterial microbiota composition of cucumber grown in different cultivation substrates. (A) OTU level, (B) Species level, and
(C) Genus level. PCS1, cucumber root samples cultivated in plant cultivation substrate 1; PCS2, cucumber root samples cultivated in plant cultivation substrate 2;
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Genus Abundance in Root Bacterial
Communities of Cucumber From Different
Cultivation Substrates Were Significantly
Different

Among the top 20 genera in terms of abundance in the bacterial
community of substrate 1 root samples, Asticcacaulis, Methylophilus,
Massilia, Dyella, Devosia, and a genus of the family Oxalobacteraceae
were significantly more abundant whereas the genera
Phenylobacterium, Acidovorax, Noviherbaspirillum, Arenimonas,
Rhizobacter, Sphingomonas, and Cellvibrio and the families

Comamonadaceae and Xanthomonadaceae were significantly less
abundant in the substrate 1 samples than in the soil samples
(Figure 5A). Among the top 20 genera in terms of abundance,
the genera Massilia, Actinophytocola, Dyella, Asticcacaulis, and
Streptomyces were significantly more abundant whereas the genera
Phenylobacterium,  Acidovorax,  Arenimonas,  Sphingomonas,
Rhizobacter, Cellvibrio, and Pelomonas and two genera of the
Comamonadaceae and Xanthomonadaceae families were significantly
less abundant in the substrate 2 samples than in the soil samples
(Figure 5B).
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FIGURE 5 | Comparison of genus abundance in root bacterial microbiota from cucumber root samples grown in different cultivation substrates. (A) Comparison of
genus abundance (Top 20) in root bacterial microbiota from cucumber root samples grown in plant cultivation substrate 1 (PCS1) and greenhouse soil (GHS).
(B) Comparison of genus abundance (Top 20) in root bacterial microbiota from cucumber root samples grown in plant cultivation substrate 2 (PCS2) and
greenhouse soil (GHS). “” at the right of each group of bars in (A,B) present significant difference (‘0 <0.05; “p<0.01; and Student’s t test).

Abundance of Metabolic Pathways in the
Root Bacterial Communities of Cucumber
in Different Cultivation Substrates Was
Significantly Different

The abundance of 101 metabolic pathways in the root bacterial
community of cucumber seedlings cultivated in different
substrates were significantly different (Figure 6A), mainly
including environmental information processing (three
pathways), organismal systems (13 pathways), metabolism (52
pathways), and other functions (33 pathways). Among the
metabolism pathways, the synthetic pathways of certain
metabolites were primarily involved, such as the metabolism
of amino acids, carbohydrates, cofactors and vitamins,
terpenoids and polyketides, secondary metabolites, lipids, and
other compounds etc. (Figure 6A). Compared to root bacterial
community of cucumber roots cultivated in soils, 12 metabolic
pathways in the bacterial community of the substrate
1-cultivated cucumber roots exceeded the soil group in
abundance, with a significant upregulation of more than
1.5-fold (Figure 6B), including the synthetic pathways of
flavonoids and flavonols, bile acids, indole alkaloids, lactose,
and neolactose (glycosphingolipid biosynthesis [A]), which
increased in abundance by 41.6-, 28.7-, 5.9-, and 5.5-fold,
respectively. Besides, the abundance of 12 metabolic pathways
in the bacterial community of substrate group 2 significantly
exceeded that of the soil group. The pathways were significantly
upregulated by more than 1.5-fold (Figure 6C), with the
abundance of clavulanic acid, receptor interaction,
sesquiterpenoid, bile acid, flavonoid and flavonol, indole

alkaloid, lactose, and neolactose (glycosphingolipid biosynthesis
[A]) synthetic pathways increased by 42.3-, 32.4-, 32.4-, 13.9-,
10.3-, 6.3-, and 5.2-fold, respectively.

DISCUSSION

In recent years, the bacterial microbiota of crops have been
manipulated to improve crop fitness (Kwak et al, 2018), which
in turn promoted the investigation of crop associated microbiota.
In this study, the bacterial diversity of cucumber root cultivated
in different substrates examined. In total, bacteria
belonging to 28 genera, including Phenylobacterium, unclassified
Comamonadaceae, — Pseudomonas,  Acidovorax,  unclassified
Xanthomonadaceae, Noviherbaspirillum, Methylophilus, Arenimonas,
Rhizobacter, Sphingomonas, Cellvibrio, Enterobacter, Pelomonas,
Methyloversatilis, Flavobacterium, unclassified Rhodanobacteraceae,
Thermomonas, unclassified Oxalobacteraceae, Ramlibacter, Dyella,
Massilia,  Devosia,  Asticcacaulis, ~ Shinella,  Streptomyces,
Actinophytocola, Bradyrhizobium, and unclassified Micropepsaceae
were detected. The abundance of Massilia, Methylophilus,
Phenylobacterium, — Pseudomonas, Dyella, Acidovorax, and
Actinophytocola was high in cucumber root bacterial community
samples (Figure 3), which indicates that they might be dominant
bacterial genera of cucumber root bacteria. Some of the above
bacterial clades have been reported in previous studies. For example,
bacteria of the genera Pseudomonas and Streptomyces are present
in the rhizosphere of some greenhouse cucumbers (Gao, 2019).
In addition, bacteria from genus Devosia, Dpyella, Massilia,

was
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FIGURE 6 | Metabolic function of root bacterial microbiota from cucumber grown in different cultivation substrates. (A) Quality of metabolic pathways in root
bacterial microbiota, which were significantly different among the two plant cultivation substrates and greenhouse soils. (B) Upregulated metabolic pathways (>1.5)
in root bacterial microbiota from substrate 1-cultivated (PCS1) cucumber roots compared to that from greenhouse soil (GHS). (C) Upregulated metabolic pathways
(>1.5) in root bacterial microbiota from substrate 2-cultivated (PCS2) cucumber roots compared to that from soil (GHS).

Asticcacaulis, Flavobacterium, Methyloversatilis, Sphingomonas,
Rhizobacter, ~ Acidovorax,  Bradyrhizobium,  Streptomyces,
Noviherbaspirillum, Shinella, and Pseudomonas were observed
in the rhizosphere of cucumber seedlings grown in artificial
substrate (Dong et al., 2018). Generally, plant roots produce
specific secretions that allow some specific species of fungi
or bacteria to multiply in the rhizosphere and consequently
form the core microflora of rhizosphere microorganisms
(Doornbos et al., 2011; Wen et al., 2020). Except being affected
by the plant host, the root microbiome is also affected by
the cultivation environment owing to differences in the
physicochemical properties of cultivation substrates (Shao
et al, 2021). As it was shown in Figure 4A, among the
totally detected 39-41 OTUs in samples from both greenhouse
soils and plant cultivation substrates, 36 OTUs were shared
by root samples from three groups. Similar results were also
obtained on bacterial species (Figure 4B) and genus (Figure 4C)
level. Thus, bacterial species detected in this study are likely
to belong to the core group of cucumber root bacteria, which
may not change with cucumber cultivation conditions as had
been reported in Arabidopsis thaliana (Lundberg et al., 2012).
However, this work only focused on one variety of cucumber
and one growth stage, which may not reveal the full view
of cucumber root core microbiota, further investigation on
the core root bacterial microbiota of cucumber needs to
be conducted by taking factors such as the cultivation geography
and cucumber varieties into consideration.

Furthermore, this study observed that the root bacterial
communities of cucumber cultivated in the three cultivation
substrates shared majority of the detected bacterial species
(Figures 3, 4), although both the corresponding o- and p-diversity
were significantly different (Figures 1, 2). The number of species
composition at the OTU, species and genus levels did not
differ dramatically among the three cultivation substrates, with
only approximately 2-3 species specific to the three cultivation
substrates (Figure 4). This may be owing to two reasons. On
one hand, in the process of preparing sequencing samples of
cucumber roots, we cleaned the cucumber roots based on a
previous protocol (Zhang et al., 2021) to wash off the non-root
bacteria adhered to the roots to prevent adulteration of the
cucumber root bacterial community with the bacteria from
cultivation substrates. Consequently, a stable cucumber root
microbiota including both some rhizospheric and endophytic
bacteria was obtained. On the other hand, the cucumber root
secretion species are relatively stable (Xu, 2006). Only specific
species of bacterial phyla in the cultivation substrates and
species carried by cucumber seeds can be enriched and colonize
in cucumber roots under the influence of secretions, although
different species of bacteria may exist in the cultivated substrates.
Therefore, as proposed by previous studies, the root bacterial
species of cucumber in different cultivation substrates were
relatively stable (Muller et al., 2016).

Although the cucumber root bacterial species composition
among the three cultivation substrates was almost the same,
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the abundance of dominant bacterial genera differed significantly
between the two substrates and soil (Figure 4). For example,
genera such as Phenylobacterium and Acidovorax were significantly
more abundant in soil-cultivated cucumber than in cucumber
cultivated in both cultivation substrates, whereas the bacteria
of genera such as Massilia and Dyella were more abundant in
both substrates. Several factors may lead to this phenomenon.
First, there are major differences in nutrient composition between
artificial substrates and soil, and such differences can lead to
changes in the types of root secretions of cultivated crops (Chen
et al., 2020b), which can directly lead to changes in the root
bacterial flora (Doornbos et al., 2011). Second, the differences
in the physical and chemical properties of substrates and soils
may lead to variation in the abundance of certain bacterial
genera. For example, the main component of plant cultivation
substrate 2 was straw; whose microbial metabolites such as
organic acids decrease the overall pH of the substrate (Cui
et al., 2020). Consequently, the abundance of certain specific
genera of bacteria such as Acidovorax who grow well on acidic
media would increase (Willems et al., 1990). Besides, there are
large differences between the physical structure of artificial
cultivation substrates and soil. Generally, the soil is dense and
with a relatively tight physical structure, while the artificial
cultivation substrate is relatively loose in physical structure and
with large voids within it. This difference is likely to lead to
disparities in oxygen levels around the roots during cultivation,
which in turn leads to differences in the abundance of some
bacteria. For example, the aerobic genera Massilia (Yang et al.,
2019) and Asticcacaulis (Vasilyeva et al., 2006) were significantly
more abundant in the artificial cultivation substrate than in
the soil-cultivated samples, whereas the facultative anaerobic
bacteria Phenylobacterium, Arenimonas, and Sphingomonas
(Anjum et al., 2018) were significantly more abundant in the
soil group samples than in the substrate-cultivated cucumber
roots. Third, differences in nutrients in the artificial cultivation
substrate and soil may have contributed to the significant
differences in the abundance of the cucumber root bacterial
genera. The main component of the selected cultivation substrates
in this study is organic matter, which may affect the microbial
community especially the abundance of specific genera according
to previous reports (Tian and Gao, 2014).

Corresponding to the abundance of bacterial genera, certain
metabolic pathways including flavonoids and flavonols, bile acids,
indole alkaloids, lactose and neolactose, clavulanic acid, and
sesquiterpenoid were significantly upregulated in the root bacterial
communities of cucumber grown in both artificial substrates
compared with those grown in soils (Figure 6). According to
previous studies, flavonoids are important in promoting plant
growth, especially root growth (Khalid et al., 2019), and indoles
are essential in the synthesis of plant growth hormones (Baumann
etal., 2017). In addition, sesquiterpenoids are effective in promoting
plant growth and resistance to various adversities (Chen et al.,
2020a). Accordingly, the shift of metabolic pathways mentioned
above may contribute to promoted growth of cucumber in
artificial cultivation substrates than in soils, which was observed
during the experiment (data not provided). Furthermore, the
abundance of certain genera such as Massilia (Yang et al., 2019)

and Asticcacaulis (Okazaki et al., 2021) with growth-promoting,
phosphorus and potassium solubilizing functions were significantly
increased in the root samples of cucumber cultivated in artificial
substrates, which is consistent with the functional predictions.
In conclusion, metabolic pathways associated with the synthesis
of the above-mentioned compounds were upregulated in the
root microbial community of cucumber cultivated with artificial
substrates, and this may promote the growth of cultivated cucumber.

CONCLUSION

High-throughput sequencing revealed that cucumber root
bacteria cultivated with two substrates and soil had significant
differences in a-diversity and B-diversity, which were mainly
owing to the differences in species abundance instead of species
composition. In addition, bacterial species with growth-
promoting effects was more enriched in cucumber root cultivated
with the artificial substrate. Therefore, this study provides a
theoretical basis for exploring beneficial microorganisms from
the cucumber rhizosphere microbiome and constructing artificial
bacterial communities to guide agricultural production in
the future.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories.
The names of the repository/repositories and accession number(s)
can be found at: NCBI BioProject—PRJNA814873.

AUTHOR CONTRIBUTIONS

FZ was responsible for the conceptualization, methodology,
software, data curation, and writing—original draft preparation.
XW was responsible for visualization and investigation. YG
was responsible for the investigation. SF was responsible for
writing—reviewing and editing. HZ was responsible for the
investigation. XZ was responsible for supervision, software,
validation, and writing—reviewing and editing. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was funded by Major Scientific and Technological
Innovation Projects in Shandong Province (2019JZZY020610
and 2021TZXD002) and the New Twenty Policies for University
in Jinan Project (2021GXRC040).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.878409/
full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 878409


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2022.878409/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.878409/full#supplementary-material

Zhou et al.

Cucumber Root Bacterial Diversity Shifts

REFERENCES

Anjum, S. I, Shah, A. H., Aurongzeb, M., Kori, J., Azim, M. K,, Ansari, M. J,
et al. (2018). Characterization of gut bacterial flora of Apis mellifera from
north-West Pakistan. Saudi J. Biol. Sci. 25, 388-392. doi: 10.1016/j.5jbs.2017.05.008

Awad, Y. M., Lee, S.-E., Ahmed, M. B. M., Vu, N. T,, Farooq, M., Kim, I. S,,
et al. (2017). Biochar, a potential hydroponic growth substrate, enhances
the nutritional status and growth of leafy vegetables. J. Clean. Prod. 156,
581-588. doi: 10.1016/j.jclepro.2017.04.070

Barrett, G. E., Alexander, P. D., Robinson, J. S., and Bragg, N. C. (2016).
Achieving environmentally sustainable growing media for soilless plant
cultivation systems—A review. Sci. Hortic. 212, 220-234. doi: 10.1016/j.
scienta.2016.09.030

Baumann, M., Baxendale, I. R., and Deplante, E (2017). A concise flow synthesis
of indole-3-carboxylic ester and its derivatisation to an auxin mimic. Beilstein
J. Org. Chem. 13, 2549-2560. doi: 10.3762/bjoc.13.251

Berendsen, R. L., Pieterse, C. M., and Bakker, P. A. (2012). The rhizosphere
microbiome and plant health. Trends Plant Sci. 17, 478-486. doi: 10.1016/j.
tplants.2012.04.001

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, E D,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335-336. doi: 10.1038/nmeth.£.303

Chen, J. (2012). GUniFrac: generalized UniFrac distances. R package version
1, 2012.

Chen, Y., Luo, H., Chai, Z,, Li, S., Du, L., Zhang, C,, et al. (2020b). Effect of
differern nursery substrates on seedlings growth and root organic acid of
Nandina domestica. Guizhou Forest. Sci. Technol. 48, 20-25. doi: 10.1186/
$40538-021-00280-1

Chen, D.-L., Wang, B.-W,, Sun, Z.-C., Yang, J.-S., Xu, X.-D., and Ma, G.-X.
(2020a). Natural nitrogenous sesquiterpenoids and their bioactivity: a review.
Molecules 25:2485. doi: 10.3390/molecules25112485

Choi, J. M., Lee, C. W, and Chun, J.-P. (2012). Optimization of substrate formulation
and mineral nutrition during the production of vegetable seedling grafts.
Hortic. Environ. Biotechnol. 53, 212-221. doi: 10.1007/s13580-012-0108-1

Clarke, K. R. (1993). Non-parametric multivariate analyses of changes in
community structure. Austral. Ecol. 18, 117-143. doi: 10.1111/j.1442-9993.1993.
tb00438.x

Cui, Y., Sun, G., Guo, A., Shi, H., Wang, G., Wang, J., et al. (2020). Effects
of returning straw and biochar to field on soil physical properties and pH
value in cold rice area. Jiangsu Agric. Sci. 48, 261-266. doi: 10.15889/j.
issn.1002-1302.2020.21.049

de Vries, E T, Griffiths, R. I, Knight, C. G., Nicolitch, O., and Williams, A.
(2020). Harnessing rhizosphere microbiomes for drought-resilient crop
production. Science 368, 270-274. doi: 10.1126/science.aaz5192

Dong, C., Li, L., Zhang, Z., Wang, L., and Shang, Q. (2018). Effect of chitosan
on the rhizospheric bacterial diversity of cucumber plug seedlings. J. Chin.
Agric. Univ. 23, 54-62. doi: 10.11841/j.issn.1007-4333.2018.01.07

Doornbos, R. E, van Loon, L. C,, and Bakker, P. A. H. M. (2011). Impact of root
exudates and plant defense signaling on bacterial communities in the rhizosphere.
A review. Agron. Sustain. Dev. 32, 227-243. doi: 10.1007/s13593-011-0028-y

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than
BLAST. Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/btq461

Fang, J., Zhao, X., Shi, G., Cheng, Y., Zhang, X., Zhang, D., et al. (2019).
Research progress on rhizosphere microorganisms of crops. J. Northern Agric.
47, 102-107. doi: 10.3969/j.issn.2096-1197.2019.04.18

Frouz, J., Toyota, A., Mudrak, O., Jilkov4, V., Filipovd, A., and Cajthaml, T.
(2016). Effects of soil substrate quality, microbial diversity and community
composition on the plant community during primary succession. Soil Biol.
Biochem. 99, 75-84. doi: 10.1016/j.s0ilbio.2016.04.024

Gao, Y. (2019). Monoculture and Organic Amendment Change Soil Properties
and Rhizosphere Microflora in Cucumber and Tomato Greenhouses. Doctor's
Degree, Chinese Academy of Agricultural Sciences.

Gil, A., Kidoglu, E, and Anag, D. (2007). Effect of nutrient sources on cucumber
production in different substrates. Sci. Hortic. 113, 216-220. doi: 10.1016/j.
scienta.2007.02.005

Hammer, @., Harper, A. T, and Ryan, P. D. (2001). PAST: paleontological
statistics software package for education and data analysis. Palaeontol. Electron.
4, 4-9.

Han, Q., Ma, Q., Chen, Y., Tian, B., Xu, L., Bai, Y,, et al. (2020). Variation
in rhizosphere microbial communities and its association with the symbiotic
efficiency of rhizobia in soybean. ISME J. 14, 1915-1928. doi: 10.1038/
541396-020-0648-9

Hassan, M. K., McInroy, J. A., and Kloepper, J. W. (2019). The interactions
of rhizodeposits with plant growth-promoting rhizobacteria in the rhizosphere:
a review. Agriculture 9, 1-13. doi: 10.3390/agriculture9070142

Hernéndez, D. L., and Hobbie, S. E. (2010). The effects of substrate composition,
quantity, and diversity on microbial activity. Plant Soil 335, 397-411. doi:
10.1007/s11104-010-0428-9

Khalid, M., Saeed-ur, R, Bilal, M., and Huang, D.-E (2019). Role of flavonoids
in plant interactions with the environment and against human pathogens—A
review. JIA 18, 211-230. doi: 10.1016/s2095-3119(19)62555-4

Kraska, T., Kleinschmidt, B., Weinand, J., and Pude, R. (2018). Cascading use
of Miscanthus as growing substrate in soilless cultivation of vegetables
(tomatoes, cucumbers) and subsequent direct combustion. Sci. Hortic. 235,
205-213. doi: 10.1016/j.scienta.2017.11.032

Kwak, M. ], Kong, H. G., Choi, K., Kwon, S. K., Song, J. Y., Lee, ], et al.
(2018). Rhizosphere microbiome structure alters to enable wilt resistance
in tomato. Nat. Biotechnol. 36, 1100-1109. doi: 10.1038/nbt.4232

Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D,
Reyes, J. A. et al. (2013). Predictive functional profiling of microbial
communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31,
814-821. doi: 10.1038/nbt.2676

Ling, N., Wang, T., and Kuzyakov, Y. (2022). Rhizosphere bacteriome structure
and functions. Nat. Commun. 13:836. doi: 10.1038/s41467-022-28448-9

Liu, Y. X, Qin, Y, and Bai, Y. (2019). Reductionist synthetic community
approaches in root microbiome research. Curr. Opin. Microbiol. 49, 97-102.
doi: 10.1016/j.mib.2019.10.010

Lundberg, D. S., Lebeis, S. L., Paredes, S. H., Yourstone, S., Gehring, J.,
Malfatti, S., et al. (2012). Defining the core Arabidopsis thaliana root
microbiome. Nature 488, 86-90. doi: 10.1038/nature11237

Ma, Y., Li, Y., Teng, W.,, Fan, H., and Zhang, Q. (2021). Research progress on
breeding technology of disease resistant cucumber varieties in China. Chin.
Fruit Veget. 41, 68-71. doi: 10.19590/j.cnki.1008-1038.2021.03.014

Muller, D. B., Vogel, C., Bai, Y., and Vorholt, J. A. (2016). The plant microbiota:
systems-level insights and perspectives. Annu. Rev. Genet. 50, 211-234. doi:
10.1146/annurev-genet-120215-034952

Nie, Y., Lu, B,, Liu, J., and Long, Q. (2014). Diversity characteristics of rhizospheric
microorganism community function of Anthocephalus chinensis cultured with
different substrates. J. CentSouth Univ. Forest Technol. 34, 7-11. doi: 10.14067/j.
cnki.1673-923x.2014.01.009

Okazaki, K., Tsurumaru, H., Hashimoto, M., Takahashi, H., Okubo, T., Ohwada, T.,
et al. (2021). Community analysis-based screening of plant growth-promoting
bacteria for sugar beet. Microbes Environ. 36:ME20137. doi: 10.1264/jsme2.
ME20137

Philippot, L., Raaijmakers, J. M., Lemanceau, P,, and van der Putten, W. H.
(2013). Going back to the roots: the microbial ecology of the rhizosphere.
Nat. Rev. Microbiol. 11, 789-799. doi: 10.1038/nrmicro3109

Pronk, L.J.U.,, Bakker, P, Keel, C., Maurhofer, M., and Flury, P. (2022). The
secret life of plant-beneficial rhizosphere bacteria: insects as alternative hosts.
Environ. Microbiol. doi: 10.1111/1462-2920.15968 [Epub ahead of print].

Qin, J., Xiong, H., Ma, H., and Li, Z. (2019). Effects of different fertilizers on
residues of oxytetracycline and microbial activity in soil. Environ. Sci. Pollut.
Res. Int. 26, 161-170. doi: 10.1007/s11356-018-3603-9

Quast, C., Pruesse, E., Yilmaz, P, Gerken, ], Schweer, T., Yarza, P, et al.
(2013). The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools. Nucleic Acids Res. 41, D590-D596. doi:
10.1093/nar/gks1219

Sarwar, M., Anjum, S., Khan, M. A., Haider, M. S., Alj, S., and Naseem, M. K.
(2018). Assessment of sustainable and biodegradable agricultural substrates
for eminence production of cucumber for kitchen gardening. Int. J. Recycl.
Org. Waste Agric. 7, 365-374. doi: 10.1007/s40093-018-0222-x

Schloss, P. D., Gevers, D., and Westcott, S. L. (2011). Reducing the effects of
PCR amplification and sequencing artifacts on 16S rRNA-based studies.
PLoS One 6:€27310. doi: 10.1371/journal.pone.0027310

Shaikh, S., Wani, S., and Sayyed, R. (2018). Impact of interactions between
rhizosphere and rhizobacteria: a review. JBMOA 5:1058.

Frontiers in Microbiology | www.frontiersin.org

11

May 2022 | Volume 13 | Article 878409


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.sjbs.2017.05.008
https://doi.org/10.1016/j.jclepro.2017.04.070
https://doi.org/10.1016/j.scienta.2016.09.030
https://doi.org/10.1016/j.scienta.2016.09.030
https://doi.org/10.3762/bjoc.13.251
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1186/s40538-021-00280-1
https://doi.org/10.1186/s40538-021-00280-1
https://doi.org/10.3390/molecules25112485
https://doi.org/10.1007/s13580-012-0108-1
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.15889/j.issn.1002-1302.2020.21.049
https://doi.org/10.15889/j.issn.1002-1302.2020.21.049
https://doi.org/10.1126/science.aaz5192
https://doi.org/10.11841/j.issn.1007-4333.2018.01.07
https://doi.org/10.1007/s13593-011-0028-y
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.3969/j.issn.2096-1197.2019.04.18
https://doi.org/10.1016/j.soilbio.2016.04.024
https://doi.org/10.1016/j.scienta.2007.02.005
https://doi.org/10.1016/j.scienta.2007.02.005
https://doi.org/10.1038/s41396-020-0648-9
https://doi.org/10.1038/s41396-020-0648-9
https://doi.org/10.3390/agriculture9070142
https://doi.org/10.1007/s11104-010-0428-9
https://doi.org/10.1016/s2095-3119(19)62555-4
https://doi.org/10.1016/j.scienta.2017.11.032
https://doi.org/10.1038/nbt.4232
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/s41467-022-28448-9
https://doi.org/10.1016/j.mib.2019.10.010
https://doi.org/10.1038/nature11237
https://doi.org/10.19590/j.cnki.1008-1038.2021.03.014
https://doi.org/10.1146/annurev-genet-120215-034952
https://doi.org/10.14067/j.cnki.1673-923x.2014.01.009
https://doi.org/10.14067/j.cnki.1673-923x.2014.01.009
https://doi.org/10.1264/jsme2.ME20137
https://doi.org/10.1264/jsme2.ME20137
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1111/1462-2920.15968
https://doi.org/10.1007/s11356-018-3603-9
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1007/s40093-018-0222-x
https://doi.org/10.1371/journal.pone.0027310

Zhou et al.

Cucumber Root Bacterial Diversity Shifts

Shao, Q,, Dong, C., Han, Y., and Liang, Z. (2021). Research progress in the
rhizosphere microbiome of plants. J. Plant. Nutr. Fertil. 27, 144-152. doi:
10.11674/zwyf.20203

Shi, H., Chen, X., and Yang, B. (2020). Effects of seeding substrates formula
on the growth of cucumber seedlings in greenhouse. Gansu. Agric. Sci.
Technol. 20, 43-46. doi: 10.3969/j.issn.1001-1463.2020.08.011

Tian, Y., and Gao, L. (2014). Bacterial diversity in the rhizosphere of cucumbers
grown in soils covering a wide range of cucumber cropping histories and
environmental conditions. Microb. Ecol. 68, 794-806. doi: 10.1007/s00248-014-0461-y

Vasilyeva, L. V., Omelchenko, M. V., Berestovskaya, Y. Y., Lysenko, A. M.,
Abraham, W. R., Dedysh, S. N, et al. (2006). Asticcacaulis benevestitus sp.
nov., a psychrotolerant, dimorphic, prosthecate bacterium from tundra wetland
soil. Int. J. Syst. Evol. Microbiol. 56, 2083-2088. doi: 10.1099/ijs.0.64122-0

Vukobratovi¢, M., Lonéari¢, Z., Vukobratovi¢, Z., and Muzi¢, M. (2016). Use
of composted manure as substrate for lettuce and cucumber seedlings. Waste
Biomass Valori. 9, 25-31. doi: 10.1007/5s12649-016-9755-2

Wen, T, Yuan, J., He, X, Lin, Y., Huang, Q., and Shen, Q. (2020). Enrichment
of beneficial cucumber rhizosphere microbes mediated by organic acid
secretion. Hortic. Res. 7:154. doi: 10.1038/s41438-020-00380-3

Willems, A., Falsen, E., Pot, B., Jantzen, E., Hoste, B., Vandamme, P, et al. (1990).
Acidovorax, a new genus for Pseudomonas facilis, pseudomonas delafieldii, E.
Falsen (EF) group 13, EF group 16, and several clinical isolates, with the species
Acidovorax facilis comb. nov., Acidovorax delafieldii comb. nov., and Acidovorax
temperans sp. nov. Int. J. Syst. Bacteriol. 40, 384-398. doi: 10.1099/00207713-40-4-384

Xu, Y. (2006). Influence on the Fusarium Wilt of Root Exudates from Different
Cucumber Disease-Resistant Varieties and Primary Studies on the Mechanism
of the Influence. Doctor's Degree, Yangzhou University.

Xu, P. (2019). Research on the Soil and Cucumber Rhizosphere Microbiomes
in Plastic-Film Greenhouses for Cucumber Cultivation in Hubei Province.
Master’s Degree, Huazhong Agricultural University.

Yang, Y.-H., Chen, D.-M,, Jin, Y., Wang, H.-B,, Duan, Y.-Q., Guo, X.-K,, et al.
(2011). Effect of different fertilizers on functional diversity of microbial
flora in rhizospheric soil under tobacco monoculture. Acta Agron. Sin. 37,
105-111. doi: 10.1016/s1875-2780(11)60003-5

Yang, E., Cui, D., and Wang, W. (2019). Research progress on the genus Massilia.
Microbiol. Chin. 46, 1537-1548. doi: 10.13344/j.microbiol.china.180573

Yu, W, Hong, Z., and Zhang, S. (2009). Studies on the rhizosphere
microorganism of the greenhouse cucumber wilt disease. Chin. Agric. Sci.
Bull. 25, 235-238.

Zhang, J., Liu, Y. X,, Guo, X,, Qin, Y., Garrido-Oter, R., Schulze-Lefert, P,
et al. (2021). High-throughput cultivation and identification of bacteria from
the plant root microbiota. Nat. Protoc. 16, 988-1012. doi: 10.1038/
$41596-020-00444-7

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhou, Wu, Gao, Fan, Zhou and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

12

May 2022 | Volume 13 | Article 878409


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.11674/zwyf.20203
https://doi.org/10.3969/j.issn.1001-1463.2020.08.011
https://doi.org/10.1007/s00248-014-0461-y
https://doi.org/10.1099/ijs.0.64122-0
https://doi.org/10.1007/s12649-016-9755-2
https://doi.org/10.1038/s41438-020-00380-3
https://doi.org/10.1099/00207713-40-4-384
https://doi.org/10.1016/s1875-2780(11)60003-5
https://doi.org/10.13344/j.microbiol.china.180573
https://doi.org/10.1038/s41596-020-00444-7
https://doi.org/10.1038/s41596-020-00444-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Diversity Shifts in the Root Microbiome of Cucumber Under Different Plant Cultivation Substrates
	Introduction
	Materials and Methods
	Materials
	Planting of Cucumber Seedlings in Different Cultivation Substrates
	Preparation of Cucumber Root Microbial Sequencing Samples
	High-Throughput Sequencing of Cucumber Root Microbiota
	High-Throughput Sequencing Data Processing

	Results
	Significant Differences in α-Diversity of Root Bacterial Communities Between Substrate-Grown and Soil-Grown Cucumber Seedlings
	Root Bacterial Community β-Diversity of Substrate-Grown Cucumber Root Samples Differed Significantly From Soil-Grown Samples
	Species Composition of Cucumber Root Bacterial Communities From Different Cultivation Substrates Was Almost the Same
	Genus Abundance in Root Bacterial Communities of Cucumber From Different Cultivation Substrates Were Significantly Different
	Abundance of Metabolic Pathways in the Root Bacterial Communities of Cucumber in Different Cultivation Substrates Was Significantly Different

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material

	References

