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Daylily intercropping: Effects
on soil nutrients, enzyme
activities, and microbial
community structure

Jingxia Gao and Hua Xie*

Ningxia Academy of Agriculture and Forestry Sciences, Yinchuan, Ningxia, China

The daylily (Hemerocallis citrina Baroni)/other crop intercropping system can be
a specific and efficient cropping pattern in a horticultural field. Intercropping
systems contribute to the optimization of land use, fostering sustainable and
efficient agriculture. In the present study, high-throughput sequencing was
employed to explore the diversity in the root-soil microbial community in the
intercropping of four daylily intercropping systems [watermelon (Citrullus
lanatus)/daylily (WD), cabbage (Brassica pekinensis)/daylily (CD), kale (Brassica
oleracea)/daylily (KD), watermelon/cabbage/kale/daylily (Ml)], and determine the
physicochemical traits and enzymatic activities of the soil. The results revealed
that the contents of available potassium (2.03%-35.71%), available phosphorus
(3.85%-62.56%), available nitrogen (12.90%-39.52%), and organic matter
(19.08%-34.53%), and the urease (9.89%-31.02%) and sucrase (23.63%-50.60%)
activities, and daylily yield (7.43%- 30.46%) in different intercropping soil systems
were significantly higher compared to those in the daylily monocropping
systems (CK). The bacterial Shannon index increased significantly in the CD
and KD compared to the CK. In addition, the fungi Shannon index was also
increased significantly in the MI, while the Shannon indices of the other
intercropping modes were not significantly altered. Different intercropping
systems also caused dramatic architectural and compositional alterations in
the soil microbial community. A prominently higher relative richness of
Bacteroidetes was noted in Ml compared to that in CK, while Acidobacteria in
WD and CD and Chloroflexi in WD were pronouncedly less abundant compared
to those in CK. Furthermore, the association between soil bacteria taxa and soil
characteristic parameters was stronger than that between fungi and soil. In
conclusion, the present study demonstrated that the intercropping of daylily with
other crops could significantly improve the nutrient levels of the soil and
optimize the soil bacterial microflora composition and diversity.
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daylily, soil nutrients, enzymatic activity, microbial diversity, intercropping, yield
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1 Introduction

Daylily (Hemerocallis citrina Baroni.), common names Citron
daylily and long yellow daylily, is a species of herbaceous perennial
plant in the family Asphodelaceae, which is native to central and
northern China, the Korea Peninsula, and Japan (Hou et al., 2017).
Citron dayliy is now cultivated widely in Asia as ornamental plant
and vegetable plant because of its beautiful flower, pleasant flavor,
and beneficial secondary metabolites (Lin et al., 2013). In addition,
daylily flowers has been used to treat various diseases including
inflammation, insomnia, and depression (Yang et al., 2017). Due to
the low cost of field management of day lily, one-time planting can
benefit many years, and it has great economic benefits, so the
cultivation area and output are constantly expanding. Growing
demand for yields and the limited arable land have resulted in
daylily production with high cropping intensity and monocultures
over long periods (Zhu et al., 2018). Previous researches reported
that continuous cropping obstacles often appear after a few years of
continuous cropping (Xiong et al., 2015). Even with a good field
management regime, crops under a continuous cropping system
may still be affected by slower growth and development, lower yield
and quality, and increased disease incidence (Li et al., 2016; Gao
et al., 2019; Zeng et al., 2020).

Soil microorganisms are crucial for agricultural production as
these contribute to maintaining soil quality and sustaining nutrient
cycling (Sun et al, 2015; Beckers et al, 2017). The interaction
between soil properties and the soil bacterial microflora affects the
plant pathogens in certain cases, thereby influencing the health of
plants (Wei et al,, 2015). Therefore, management strategies related
to the soil bacterial microflora have become an imperative research
direction in the field of sustainable agriculture (Zhang et al., 2019).
Intercropping refers to the concurrent cultivation of 2 crops in
proximity. Intercropping, in addition to affecting crop yield, may
also cause functional and architectural alterations in the soil
microbiota (Duchene et al.,, 2017; Yu et al., 2018). In the
intercropping systems, the soil microorganisms, enzymes, and
nutrients may interact in various ways, which could either
enhance or compromise the bacterial quantity and the enzymatic
action, thereby facilitating or challenging the soil micro-ecotope
improvement (Zhou et al., 2019). Soil microorganisms are crucial
for facilitating various chemical, biological, and physical events in
the soil, including the formation of the soil architecture, nutrient
cycling, toxin aggregation/removal, organic matter turnover, and
soil-borne pathogen inhibition (Bever et al., 2012; Blagodatskaya
and Kuzyakov, 2013). Therefore, to elucidate the effects of
intercropping on the soil microbiota architecture and diversity,
enzyme activities, and nutrient levels, further research is warranted.
Such research would be crucial for determining the energy output
and nutrient status of the soil microorganisms in agroecosystems.

While the intercropping-induced alterations in soil microbial
traits have been explored in a few studies (Jin et al., 2020), the
alterations in the soil microbiota due to intercropping with other
crops have not been studied in detail in the context of daylily. The
diverse intercropping patterns exert different kinds of effects on the
microbial characteristics and physicochemical traits of the
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soil. Therefore, in the present study, the bacterial and fungal
microflora alterations occurring in the intercropping systems
comprising daylily with various other crops were assessed. It was
hypothesized that intercropping would greatly impact the soil
physicochemical traits, enhance the microbiota diversity and
enzyme activities, and alter the architecture of the soil microbiota.
The main objectives of the present study were as follows: (1)
investigating the effects of daylily intercropping with various
other crops on the soil physicochemical properties, soil enzyme
activities, and daylily yield; (2) comparing the differences in the
bacterial and fungal diversity and the soil microflora composition
between monocropping and intercropping; and (3) determining the
associations of soil bacterial microflora with the enzymatic activities
and physicochemical traits of the soil.

2 Materials and methods
2.1 Experimental design and sampling

The experiment was conducted at the Modern Agricultural
Plantation of the Ningxia Academy of Agriculture and Forestry,
Yinchuan, Ningxia, China (38°2848” N, 106°13°31” E; altitude 1100
m). The field soil was sand-loam, and a 3-year continuous daylily
cropping was implemented for the plantation. The climate of the
temperate continental was semi-arid kind with the average yearly
temperature (8.5°C), precipitation (200 mm), potential
precipitation (2250 mm), and sunshine (2850 h), respectively. The
frost-free season lasted for 185 days.

Watermelon (Citrullus lanatus), cabbage (Brassica pekinensis),
and kale (Brassica oleracea) were intercropped with daylily. The
experimental design included the following 5 treatments: (1)
watermelon-daylily intercropping (WD); (2) cabbage-daylily
intercropping (CD); (3) kale-daylily intercropping (KD); (4) row
mixed intercropping in which watermelon, cabbage, and kale were
alternately intercropped with daylily (MI); (5) monoculture of
daylily (CK). A completely randomized design was adopted for
field experimentation, with 3 plots (each with a surface area of 120
m?) per treatment. Daylily was planted on April 16, 2020, and later,
on May 20, 2020, watermelon, cabbage, and kale were intercropped
with daylily. The planting densities of different treatments are
presented in Figure S1. Drip irrigation was used for all crops, and
the entire cultivation was managed conventionally.

The soil near the roots of daylily were collected from 15 test
plots using an auger on August 30, 2020. After the random
collection of 5 soil sub-samples (10-20 cm depth) from each
experimental plot, all samples were integrated into a whole soil
sample. Prior to laboratory transfer, this whole soil sample was
sieved through a 2-mm mesh for complete homogenization and
elimination of stones, roots, and plant residues. Each sample was
divided into 2 aliquots, one of which was stored at an ambient
temperature for use in the chemical assay while the other was
cryopreserved at —80°C for later use in the biological analysis. The
soil samples for chemical analysis were cryopreserved at —20°C after
a week of air-drying treatment.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1107690
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Gao and Xie

2.2 Soil properties and enzyme activities

Soil pH was determined using a pH meter (PHS-25, Shanghai,
China) at a constant soil/water ratio of 1:2.5. The available nitrogen
(AN) concentration in the soil samples was determined using the
DigiPREP TKN System (KJELTEC 8400, Foss, Denmark). A UV-
Vis spectrophotometer (UH5300, North Points Ruili) was utilized
for assessing the available phosphorus (AP) concentration in the
soil. The available potassium (AK) in the soil was quantified using
an inductively coupled plasma (ICP) spectrometer (Spectro
Analytical Instruments, Kleve, Germany). The K,Cr,0,-H,SO,
oxidation approach was adopted to assess the organic matter
(OM) content in the soil.

Soil enzymes associated with nitrogen, phosphorus, and carbon
degradation, including peroxidase (POD), sucrase (SC), and urease
(UE), were evaluated for their activity. The soil UE activity was
determined as described by Bao (2000) (Bao, 2000) using urea as the
substrate. The spectrophotometric approach was adopted for the
soil POD quantification in a 96-well microplate, using L-3,4-
dihydroxyphenylalanine (L-DOPA) as the substrate (Bach et al,
2013). The soil SC activity was evaluated by determining the glucose
discharge from an 8% sucrose solution following 24 h of incubation
at 37°C (Chen et al., 2010).

2.3 Soil DNA extraction, PCR amplification,
and sequencing

The total genomic DNA was extracted from the soil samples
using sterile cotton swabs and the FastDNA spin kit for soil (MP,
USA) according to the provided protocol. The extracted genomic
DNA was amplified and sequenced by the Gene Denovo company.
Li and Wu’s report (2018) was referred to for designing the specific
primers ITS4-2409R and ITS3_KYO2F for the ITS2 zone
amplification of the ITS rRNA gene, and the specific primers
341F and 806R for the V3-V4 zone amplification of the 16S
rRNA gene (Li and Wu, 2018). In order to sequence the purified
amplicons, paired-end sequencing (HiSeq 2500, PE250) was
performed on the Illumina platform following standard operations.

Quality filtration and sequence fusion were conducted on the raw
fastqfiles of 50 microbial samples using FASTP version 0.18.0 and
FLSAH version 1.2.11, thereby deriving Tags. The next step was to
filter out the low-quality tags following the Tags Quality Control
process of QIIME Ver. 1.9.1, which generated high-quality Clean
Tags (Edgar, 2013). The chimeras of the tags were recognized and
deleted via the UCHIME algorithm by exploiting the reference
database, thereby generating valid Clean Tags (Edgar et al., 2011).
Finally, using UPARSE version 9.2.64, the Clean Tags were assigned
to the identical Operational Taxonomic Units (OTUs) in the
similarity setting of tingil (Edgar, 2013). In this process, for every
OUT, the tag sequence with the maximum richness was selected as
the typical sequence, and for every typical sequence, the classification
information was annotated via the Mothur algorithm in the Silva
database (Quast et al., 2013).
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2.4 Statistical analyses

The “Vegan” R software version 2.5-6 was employed for
estimating the alpha- and beta-diversities (Bray—Curtis dissimilarity).
SPSS 25.0 (IBM, USA) was used for conducting the one-way analysis
of variance (ANOVA) and the least significant difference (LSD)
approach (p < 0.05) to determine whether the differences in the
inter-sample diversities based on the alpha index were statistically
significant. The distribution trends of the soil microorganism
communities in different treatments were assessed using the labdsv’
package for the principal coordinates analysis (PCoA). Analysis of
similarities (ANOSIM) and permutational multivariate analysis of
variance (ADONIS) with 999 permutations were used for
determining the significant inter-sample group differences in the
beta diversity using Bray-Curtis distance matrices. The taxonomic
traits of the microbial species characterizing the inter-treatment
differences (https://www.cloudtutu.com) were elucidated through the
linear discriminant analysis effect size (LEfSe) assay. In order to
simplify the LEfSe process, only the OTUs with a relative richness of
>0.01% were selected through OTU table filtration screened. The taxa
with significant differential inter-group richness levels were recognized
using the factorial Kruskal-Wallis sum-rank test (o = 0.05).
Thereafter, the effect size was computed for every discriminative
trait based on the logarithmic LDA score (threshold = 2.0). The
associations of the environmental parameters with the microbial
communities were explored using the “vegan” R software for
redundancy analysis (RDA) and the Mantel test. Using the
same”vegan” package, the associations of the OTUs with the
physicochemical properties and enzymatic activities were visualized
through RDA.

3 Results

3.1 Effects of intercropping on the soil
physicochemical properties and
enzyme activities

Among all treatments, prominently higher levels of AN, AK,
AP, and OM (LSD, p < 0.05, Table 1) were noted in the
intercropping soil systems (WD, CD, KD, and MI) compared to
that in the monocropping system (CK). The nutrient levels were
higher in WD compared to CK by 12.90% for AN, 15.8% for AP,
35.71% for AK, and 30.95% for OM. The nutrient levels were higher
in CD compared to CK by 39.52% for AN, 62.56% for AP, 26.47%
for AK, and 34.53% for OM. The nutrient levels were higher in KD
compared to CK by 17.21% for AN, 35.90% for AP, 14.90% for AK,
and 20.46% for OM. The nutrient levels were higher in MI
compared to CK by 31.73% for AN, 3.85% for AP, 2.03% for AK,
and 19.08% for OM (Table 1). Among the different intercropping
soil systems, CD presented the highest concentrations of soil AN,
AP, and OM, while WD presented the highest soil AK
concentration (Table 1). The WD, CD, and KD systems were less
different from CK in terms of soil pH while presenting significantly
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TABLE 1 Chemical properties and enzymatic activities of soil.

WD cD KD Ml CK P-values significant
pH 7.90 + 0.01b 7.91 + 0.01b 7.90 + 0.02b 7.95 + 0.02a 7.91 + 0.01b 0.004 ot
OM (g/kg) 20.86 + 0.93ab 2143 + 1.79a 19.19 + 0.77b 18.97 + 1.11b 15.93 + 0.45¢ 0.001 o
AN (mg/kg) 70.00 + 1.01c 86.5 + 1.49a 72.67 + 1.53¢ 81.67 + 1.52b 62.00 + 1.05d 0 o
AP (mg/kg) 15633 £ 0.77a 211.33 + 0.42¢ 176.67 + 0.63b 135.00 + 0.43d 130.00 + 0.35¢ 0 o
AK (mg/kg) 79.70 + 0.58¢ 75.78 + 2.89a 68.85 + 3.06b 59.92 + 1.01d 58.73 + 1.02e 0 o
UE (Ulg) 73.80 + 0.25¢ 70.14 + 0.59d 83.63 + 0.53a 80.08 + 0.58b 63.83 + 2.08¢ 0 o
POD (U/g) 4224 + 0.47a 37.97 + 0.59d 39.45 + 0.55¢ 41.81 £ 0.192 40.71 + 0.16b 0 ot
SC (Ulg) 241.45 + 1.55¢ 293.29 + 1.38a 257.91 + 1.91b 294.12 + 1.29a 1953 + 1.41d 0 ot
Yield (kg/ha) 21,553 + 113a 18,637 + 125¢ 17,749 + 131d 19,553 + 113b 16,521 + 182 0 e

Values are presented as mean + standard error (n = 3). Different lowercase letters indicate statistically significant differences (P < 0.05) by Tukey’s test between different treatments. **, indicates a
significant difference at the P < 0.01 level. AN, available nitrogen; AP, available phosphorus; AK, available potassium; OM, organic matter. UE, urease; POD, peroxidase; SC, sucrase. WD,
watermelon-daylily intercropping; CD, cabbage-daylily intercropping; KD, kale-daylily intercropping; MI, row mixed intercropping, watermelon, cabbage, and kale were alternately intercropped

with daylily; CK, monoculture daylily.

increased MI (Table 1). Similarly, soil enzyme activities differed
significantly. The UE and SC activities were significantly higher in
the intercropping soil systems (WD, CD, KD, and MI) compared to
the monocropping soil system (CK) (Table 1). The POD activity
was significantly higher in WD and MI compared to CK, while it
was significantly lower in CD and KD (Table 1). For yield, the yield
of daylily in all intercropping soil systems was higher than that in
monocropping systems, with WD having the highest yield
(30.46%), followed by MI (18.35%), CD (12.81%) and KD
(7.43%) (Table 1).

3.2 Effects of intercropping on
microbial community diversity and
community structure

Approximately 1,665,552 superior-quality V3-V4 sequences
and 1,501,148 superior-quality ITS2 sequences were yielded in
total in the raw-read sequencing process. The mean read lengths
for bacteria and fungi were 456 bp and 357 bp, respectively. The
sequences of all samples were clustered into 93,898 bacterial OTUs
and 8,372 fungal OTUs, using an identity threshold of 97%. The
flat trend of the rarefaction curve (Figure S2) suggested that the
desired overall coverage of OTUs was provided by deep
sequencing. Figure 1 depicts the calculated alpha diversity (o
diversity) indices of the bacterial and fungal communities for the
different intercropping modes based on the Shannon index metric,
which incorporates both the abundance and evenness of the
microbiota. In the case of the bacterial microflora, the Shannon
diversity values were in the following order: KD > CD > MI >WD
> CK; in comparison to CK, the Shannon diversity values of CD
and KD were pronouncedly higher (LSD, p < 0.05, Figure 1A),
while no significant differences (p > 0.05, Figure 1A) were
observed among WD, MI, and CK. In the case of the fungal
microflora, the Shannon diversity values were in the following
order: MI > CD > KD > WD > CK; in comparison to CK, the
Shannon index of MI was pronouncedly higher (p < 0.05,
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Figure 1B), while no significant differences were observed
among CD, KD, WD, and CK (p > 0.05, Figure 1B). The
microbiota differences among the different treatments were
assessed using the Bray-Curtis distance-based principal
coordinate analysis (PCoA). In the case of bacterial microbiota,
a sharp separation was observable among CD, WD, KD, MI and
CK, while KD and MI were partially overlapped (Figure 1C); as
demonstrated by the PCoA outcomes, the first 2 axes explained
36.3% and 26.05%, respectively, of the overall variation in the
bacterial microflora. In the case of fungal microbiota, a distinct
separation was observed among KD, WD, MI, and CK, while CD
was overlapped with both KD and WD (Figure 1D); the PCoA
outcomes revealed that the first 2 axes explained 25.31% and
16.91%, respectively, of the overall variation in the fungal
microflora. The results of ANOSIM and ADONIS also indicated
significant differences in the bacterial and fungal microbiota in the
soil between a minimum of two treatments (Table S1). The Venn
diagrams verified that the variation in the microflora among
different soil intercropping systems was due to the alterations in
the composition of several unique and shared OTUs. Among all
the OTUs identified in this study, the bacteria shared across all
intercropping soil systems had 2679 OTUs, the WD had 463
unique OTUs, the CD had 481 unique OTUs, the KD had
470 unique OTUs, the MI had 579 unique OTUs, the CK had
527 unique OTUs (Figure 1E). Among all the OTUs identified in
this study, the fungi shared across all intercropping soil systems
had 160 OTUs, the WD had 69 unique OTUs, the CD had 54
unique OTUs, the KD had 63 unique OTUs, the MI had 89 unique
OTUs, the CK had 80 unique OTUs (Figure 1F).

3.3 Effects of intercropping on the
composition of soil microbiota

Figure 2 depicts the outcomes of the sequence analyses

conducted at the genus and phylum levels. In the case of bacteria,
the richest phylum was Proteobacteria (35.93%), followed by
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Microbial community diversity in different intercropping modes. Shannon index diversity of bacteria (A) and fungi (B) communities under different
treatments. A lowercase letter on each box represents a least significant difference (LSD; p < 0.05) between treatments. Principal coordinate analysis
(PCoA) plots based on the Bray-Curtis distance demonstrating the separation between soil bacteria (C) and fungi (D) communities of different
treatments. The Venn diagram shows the numbers of bacteria (E) and fungi (F) operational taxonomic units (OTUs) that are shared or unshared by
different treatments. WD, watermelon-daylily intercropping; CD, cabbage-daylily intercropping; KD, kale-daylily intercropping; MI, row mixed
intercropping, watermelon, cabbage, and kale were alternately intercropped with daylily; CK, monoculture daylily.

Gemmatimonadetes (16.51%) and Acidobacteria (12.99%),
respectively. Among the dominant taxa, the abundances of
Proteobacteria, Gemmatimonadetes, Planctomycetes,
Actinobacteria, Patescibacteria, and Firmicutes did not change
significantly in the intercropping soil systems (CD, WD, KD, and
MI) compared to their abundances in the monocropping soil
system (CK) (Table S2, Figure 2A). Rokubacteria in KD and
Acidobacteria in WD and CD were significantly less abundant
compared to CK. A significantly greater abundance of Chloroflexi
in WD and Bacteroidetes in MI was observed compared to CK
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(Table S2, Figure 2A). The richest genera in the different
intercropped soils were Sphingomonas (3.94%), Lysobacter
(3.33%), RB41 (2.51%), Subgroup_10 (1.49%), Lactobacillus
(1.34%), MNDI1 (1.33%), SWB02 (1.29%), Dongia (0.90%),
SM1A02 (0.80%), and Arenimonas (0.67%) (Figure 2C, Table S2).
Sphingomonas, MND1, SWB02, Dongia, and Arenimonas were not
significantly altered in the intercropping systems (WD, CD, KD,
and MI) compared to the monocropping system (CK) (Table 52). A
significantly greater abundance of Lysobacter in CD, KD, and MI
and that of Lactobacillus in WD was observed compared to CK.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1107690
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Gao and Xie

A
00| M - - Phylm
M Rokubacteria
801 Firmicutes

M Patescibacteria

B Chloroflexi
Bacteroidetes

B Actinobacteria

B Planctomycetes

B Acidobacteria
Gemmatimonadetes

704
60

504

Relative abundance(%)

B Proteobacteria

Ch KD MI WD CK
c groups
. Genus
18 - . - weem W Arenimonas
;\? 16 | pm . . SMl[.\OZ
S 144 . . M Dongia
E 124 B SWB02
-g MND1
E 10 . I I M Lactobacillus
: 8 M Subgroup 10
.E o W RB41
% Lysobacter
&

M Sphingomonas

WD CK

CD KD Ml
groups

FIGURE 2

10.3389/fpls.2023.1107690

B
[ W 0 7 & Phylum
904 M Aphelidiomycota
@ 80 M Rozellomycota
% 704 Glomeromycota
2 M Mucoromycota
= i
-g 60 B Chytridiomycota
_g 50 M Basidiomycota
: 40 Mortierellomycota
=z B Ascomycota
= 304
o
& 20
10
0 -
ChD KD MI WD CK
roups
D group
] — G€NUS
40— — M Microascus
S 35 - Acaulium
% B Madurella
] 304 M Peziza
.E 25 . Coprinellus
3 M Schizothecium
= 207 M Kotlabaea
o
2 154 M Mortierella
=
% Pseudaleuria
~ 104 M Fusarium
5 -
0 —

CD KD Ml

groups

WD CK

Relative abundance at phylum and genus level of soil microbial community of intercropping systems (top 10 shown). (A) bacteria phylum level;
(B) fungi phylum level; (C) bacteria genus level; (D) fungi genus level. WD, watermelon-daylily intercropping; CD, cabbage-daylily intercropping;
KD, kale-daylily intercropping; MI, row mixed intercropping, watermelon, cabbage, and kale were alternately intercropped with daylily; CK,

monoculture daylily.

RB41 in WD and CD, Subgroup_10 in WD, and SM1A02 in MI
were significantly less abundant compared to CK (Table S2).

In the case of fungj, the richest phylum was Ascommycota (89.05%),
followed by Mortierellomycota (6.11%) and Basidiomycota (3.88%).
Among the dominant taxa, the abundances of Ascomycota,
Chytridiomycota, Glomeromycota, Rozellomycota, and Aphelidiomycota
did not change significantly in the 4 investigated intercropping systems
compared to those in the monocropping soil system (CK) (Table S3,
Figure 2B). A significantly greater abundance of Mortierellomycota in
WD and CD, Basidiomycota in KD and MI, and Mucoromycota in CD
was observed compared to CK (Table S3, Figure 2B). The richest genera
in the different intercropping soil systems were Fusarium (10.65%),
Pseudaleuria (6.92%), Mortierella (6.11%), Kotlabaea (5.42%),
Schizothecium (5.06%), Coprinellus (2.11%), Peziza (1.88%), Madurella
(1.46%), Acaulium (1.13%), and Microascus (0.92%) (Figure 2D, Table
S3). Kotlabaea and Schizothecium were prominently richer, while
Fusarium and Peziza were pronouncedly less abundant in the 4
investigated intercropping systems compared to their abundances in
the monocropping soil system (CK); the differences in the abundance of
Microascus were not significant between the two kinds of systems (Table
S3). Significantly greater abundances of Mortierella in WD, CD, and KD,
Pseudaleuria in KD, Coprinellus in KD and MI, and Madurella and
Acaulium in WD were observed compared to CK. Significantly lower
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abundances of Pseudaleuria in WD and CD and Madurella in CD, KD,
and MI were observed compared to CK (Table S3).

Further, the effects of the different intercropping patterns on
soil microbial community composition were determined using the
linear discriminant analysis effect size analysis (LEfSe). LEfSe results
revealed seventy-seven bacterial taxa that differed significantly in
terms of relative richness among the different intercropped soil
systems. As depicted in Figure 3A, 12 bacterial taxa in WD, 18
bacterial taxa in CD, 13 bacterial taxa in KD, 11 bacterial taxa in MI,
and 23 bacterial taxa in CK were identified as biomarkers. As
revealed by LEfSe, 60 fungal taxa differed significantly in terms of
relative richness among the different intercropped soil systems.
Among the identified biomarkers were one fungal taxon in WD, 4
fungal taxa in CD, 15 fungal taxa in KD, 26 fungal taxa in MI, and
14 fungal taxa in CK (Figure 3B).

3.4 Relationships between the
soil properties and the soil
microbial communities

Redundancy analysis (RDA) revealed a relationship between the
microbial community structure, soil properties (soil chemistry and
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enzymatic activity) and daylily yield. In the case of bacteria, AK, AP,
AN, and OM were closely associated with WD and CD; UE, pH,
and SC were closely related to KD and MI; POD was closely related
to CK; Yield was closely related to WD and CD, and was also
affected by AK, AP, AN and OM (Figure 4A). The ANOVA-like
permutation test revealed that OM, UE, SC, AN, AK, Yield, and AP
were significantly associated with the bacterial communities (Table
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$4, p-value < 0.01), while pH and POD did not exhibit a significant
association (Table S4, p-value > 0.05). In the case of fungi, AP, AK,
and OM were closely related to WD, CD, and KD; AN, UE, and pH
were closely related to MI; POD and SC were closely related to CK;
Yield was closely related to WD, CD and KD, and was also affected
by AK, AP, AN and OM (Figure 4B). The ANOVA-like
permutation test revealed that AP, AK, and SC were significantly
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Statistical correlation of soil properties with the microbiome. Redundancy analysis (RDA) based on bacteria (A) and fungi (B) community composition
of intercropping systems. Network analysis reflected the co-occurrence relationship between bacteria (C) and fungi (D) taxa and soil parameters.
Purple vee nodes represent soil parameters. Grey ellipse nodes represent microbial members. Direct connections between nodes indicate strong
correlations (Pearson correlation coefficient, |r| > 0.5; P < 0.05). The color of the edges represents positive correlation (pink) or negative correlation
(blue). The sizes of vee nodes are proportional to the interconnected degree. The sizes of ellipse nodes are proportional to the relative abundance.
AN, available nitrogen; AP, available phosphorus; AK, available potassium; OM, organic matter. UE, urease; POD, peroxidase; SC, sucrase. WD,
watermelon-daylily intercropping; CD, cabbage-daylily intercropping; KD, kale-daylily intercropping; MI, row mixed intercropping, watermelon,
cabbage, and kale were alternately intercropped with daylily; CK, monoculture daylily.

associated with the fungal communities (Table S4, p-value < 0.05),
while pH, OM, AN, UE, POD, and Yield did not exhibit a
significant association (Table S4, p-value > 0.05).

The co-occurrence patterns between the microbiome and soil
properties were investigated using network analysis. As depicted in
Figures 4C, D, overall, the module was more densely connected in

the case of bacteria (average degree = 1.72) compared to fungi

(average degree = 1.28). Several microbial taxa were associated
significantly with various soil parameters, particularly AN, which
exhibited high connectivity. For instance, Blastocatella was
linked positively to SC and negatively to AN, AP, and OM,

Gemmatimonas was associated positively with SC and POD and
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negatively with OM and AK (Figure 4C), Fusicolla was associated
positively with AN, AP, and UE, and Stachybotrys was associated
negatively with OM, AN, AP, and UE (Figure 4D).

4 Discussion

Intercropping is considered to be an environmentally friendly
system that can improve crop yield as well as water and nutrient-use
efficiency (Gaiser et al., 2004; Li et al., 2014; Cong et al., 2015; Dai et al.,
2019). One of the greatest superiorities of intercropping is a further
efficient utilization of lands and positive inter-crop interplays, which
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facilitates the survival, fitness, and growth of crops (Hauggaard-
Nielsen and Jensen, 2005). Intercropping systems are reported to
improve the carbon and nitrogen concentrations, physicochemical
traits, bulk density, and pH of the soil (Bedoussac and Justes, 2009; Liu
etal, 2014; Li and Wu, 2018; Cuartero et al,, 2022). The present study
also verified that the levels of nutrients (AP, AN, AK, and OM) in the
soil and daylily yields were prominently higher in all intercropping
systems compared to the monocropping system, suggesting that
concurrent growth of 2 or more crops could contribute to elevating
the levels of soil nutrients (Table 1). The soil nutrient contents and
daylily yields of the different intercropping soil systems (WD, CD, KD,
and MI) were significantly different, indicating the existence of crop
competition for soil nutrients. For instance, a pronouncedly lower
nitrogen concentration in WD was noted compared to that in CD,
KD, and MI (Table 1). This could be related to the development of
watermelon, as substantial nitrogen is necessary for promoting
photosynthesis and, ultimately, the watermelon vine growth, thereby
affecting the watermelon quality (Gulut, 2021). The contents of AK
and AP were significantly increased in the intercropped soils, which
may be attributed to the increased richness of the soil nutrient cycling-
associated microorganic taxa, such as phosphate- and potassium-
solubilizing bacteria and rhizobia (Palm, 1995). This increase in yield
could be due to higher nitrogen disposal from the rhizosphere of
intercropping systems, which should be higher in soils with low N
fertilization addition (Yu et al,, 2018). This fact has previously been
observed in other intercrop relationships, such as cowpea-maize
(Latati et al., 2014).

Soil enzymatic activity is a vital parameter indicating how organic
matter is degraded, and the nutrients are cycled in the soil
(Nannipieri et al,, 2012; Hussain et al., 2021). Soil enzymatic
activity is reportedly impacted by the physicochemical traits and
microbial communities of the soil (Gu et al.,, 2009). In the present
study, the intercropping soil systems (WD, CD, KD, and MI)
presented the highest UE and SC activities compared to the CK.
Bai et al. (2022) also reported that the sucrase activity of the soil in the
intercropping forests was higher than that in the monocropping
walnut and tea forests. Zhou et al. (2011) reported elevation in the soil
urease activity in the cucumber-garlic/onion intercropping system,
with this effect persisting a few growing seasons compared to the
cucumber monocropping system. Sucrase hydrolyzes sucrose and,
therefore, reflects the convertibility of the soil organic carbon, while
urease impacts the metabolism of soil nitrogen through urea
hydrolyzation (Cantarella et al., 2018). Peroxidase activity is
considered a crucial predictor of the dynamics of soil organic
matter (Tian and Shi, 2014). In the present study, the
intercropping soil systems (WD, CD, KD, and MI) presented
weakened POD activity as the availability of inorganic nitrogen
increased (Table 1), which is consistent with the results reported by
Bai et al. (2022). It appears that different intercropping patterns of
different crops play a pivotal role in the aggregation, decomposition,
and conversion of the soil organic carbon, and are, therefore, capable
of offering sufficient energy to the soil microbes.

Soil microorganic diversity is strongly associated with the stability
of the soil ecotope and soil nutrient conversion, and intercropping
facilitates the management of diverse agroecosystem services through
the upgradation of soil quality (Cong et al.,, 2015). It is noteworthy
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that the composition of soil microbiota is linked remarkably to the
alterations in the soil chemical traits (Lauber et al., 2008; Campbell
et al, 2010). In the present work, intercropping systems presented
improved microbial diversity and nutrient content in the soil
(Figures 1A, B; Table 1), suggesting that besides enhancing the
quality of the continuous cropping soil, intercropping also
facilitates enhancing the stability of the facility ecosystem. The
potential factors that influence the soil microbiota include the soil
types, plant varieties, and root exudates (Wiecland et al, 2001;
Broeckling et al, 2008; Lauber et al, 2008; Lauber et al., 2009).
Significant alterations in the composition of the soil microorganic
taxa were noted among the monocropping and intercropping systems
in the present study (Figures 2C, D). For instance, both unique OTUs
and marker taxa in the different intercropping soil systems (WD, CD,
KD, and MI) were altered compared to CK (Figure 1E, F; Figure 3).
The prevailing taxonomic groups identified in the investigated soils
were Proteobacteria, Actinobacteria, Acidobacteria, Firmicutes,
Gemmatimonadetes, Planctomycetes, Chloroflexi, and Bacteroidetes,
all of which are ordinary soil inhabitants (Zhou et al., 2018), and the
same result was also observed in this study. As implied by a higher
relative richness of Bacteroidetes in MI and the lower richness of
Acidobacteria in WD and CD and that of Chloroflexi in WD,
compared to CK (Table S2), the richness of the prevailing taxa in
the soil is alterable through changes in both planting patterns and
crop species, as since these taxa are adaptable to a novel
microenvironment (Zhang et al., 2018; Gong et al., 2019; Zhi-dan
et al.,, 2019).

Further, the different intercropping modes led to alterations in
the soil physicochemical traits and enzymatic activities, prompting
the enrichment of a particular subset of functional bacteria and fungi
in the soil, which manifested as elevated diversities of both microbial
types in the intercropped soil compared to the tea monoculture (Bai
et al., 2022). Previous reports have indicated that Bacteroidetes are
linked to the cycling of N and P in soil (Lidbury et al., 2021). A few
plant-beneficial microbes recognized in previous studies, such
as Bacillus, Pseudomonas, Sphingomonas, and Streptomyces
(Bhattacharyya and Jha, 2012; Asaf et al.,, 2020), were reported to
be capable of lowering the proportion of harmful fungi in the soil
(Negawo and Beyene, 2017) through the inhibition of fungal growth
and facilitating plant growth (Tejera-Hernandez et al., 2011;
Sivasakthi et al., 2014). In the present study, the richness of
Pseudomonas exhibited a significant positive association with AP,
AN, and OM (Figure 4C). In addition, the richness of Chujaibacter, a
bacteria implicated in nitrification (a process of N cycling) (Semenov
et al,, 2020), was linked positively to the levels of AP, AN, and OM in
the soil (Figure 4C). Improvement in the uptake of nitrogen and
phosphorus in the presence of Oidiodendron has been reported
previously (Vohnik et al,, 2005). In the present study, the richness
of Oidiodendron exhibited a significant positive association with OM
and AN (Figure 4D). In addition, the different intercropping soil
systems (WD, CD, KD, and MI) presented the enrichment of a few
bacterial genera related to potassium and phosphorus solubilization.
Examples of these bacterial genera include Pseudomonas,
Arthrobacter, Sphingomonas, Bacillus, and Burkholderia (data not
presented), which have been previously acknowledged to possess
functions such as facilitation of plant growth, solubilization of
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phosphorus, fixation of nitrogen, organic compound degradation and
bioconversion, and stimulation of growth (Rodriguez and Fraga,
1999; Sharma et al., 2013; Panhwar et al., 2014; Chen et al., 2016;
Sadauskas et al., 2020; Tapia-Garcia et al., 2020; Yang et al., 2020).
Similarly, the potassium-solubilizing activities of Bacillus and
Burkholderia have also been reported previously (Basak and Biswas,
2008; Zhang and Kong, 2014). These results indicated that
intercropping impacts the soil nutrient levels, microbiota composition,
and enzymatic activity favorably and that microorganisms have crucial
roles to play in nutrient cycling.

5 Conclusion

Intercropping of daylily with other crops could increase the
concentrations of organic matter, nitrogen, potassium, and
phosphorus in the soil and daylily yield, thereby facilitating the
improvement of soil nutrient status greatly. Meanwhile, the
different intercropping modes also caused great alterations in
the architecture and diversity of the microbial communities in the
soil. In addition, the microbial taxa in the soil were closely related to
soil characteristic parameters. In conclusion, besides significantly
optimizing the microbiota architecture in the soil, the intercropping
system also led to an enhanced relative abundance of the beneficial
taxa of bacteria and fungi associated primarily with disease
prevention and nutrient cycling. Further long-term analysis of
these intercropping systems will be needed to reinforce findings on
the positive interaction between daylily and other crops microbiota
and their functions, and to study more in depth which intercropping
pattern would be the most beneficial for the farmer and contribute to
the development of sustainable agriculture.
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The competitive strategies of
poisonous weeds Elsholtzia
densa Benth. on the Qinghai
Tibet Plateau: Allelopathy and
improving soil environment

Xijie Zhou, Yunxing Xiao, Danwei Ma*, Yusi Xie, Yu Wang,
Hong Zhang and Yanan Wang

College of Life Science, Sichuan Normal University, Chengdu, China

Introduction: The competitive strategies of plants play a crucial role in their
growth. Allelopathy is one of the weapons that plants use to improve their
competitive advantage.

Methods: In order to explore the competitive strategy of a poisonous weed
Elsholtzia densa Benth. (E. densa) on the Qinghai-Tibet Plateau (QTP), the effects
of decomposing substances of E. densa on growth, root border cells (RBCs)
characteristics of highland crop highland barley (Hordeum vulgare L.), and soil
environment were determined.

Results: The decomposing allelopathic effect of E. densa on the germination and
seedling growth of highland barley mainly occurred in the early stage of
decomposing. The allelopathic effects were mainly on seed germination and
root growth of highland barley. After treatment with its decomposing solution,
the RBC's mucilage layer of highland barley thickened, and the RBC's activity
decreased or even apoptosis compared with the control. However, only the
above-ground part of the treatment group showed a significant difference. The
effects of E. densa decomposed substances on the soil environment were
evaluated from soil physicochemical properties and bacterial community. The
results showed that soil bacteria varied greatly in the early stage of decomposion
under different concentrations of E. densa. In addition, E. densa decomposing
substances increased the soil nutrient content, extracellular enzyme activities,
and bacterial community diversity. In the process of decomposition, the bacterial
community structure changed constantly, but Actinobacteriota was always the
dominant phylum.

Discussion: These results indicated that E. densa might adopt the following two
strategies to help it gain an advantage in the competition: 1. Release
allelochemicals that interfere with the defense function of surrounding plants
and directly inhibit the growth and development of surrounding plants. 2. By
changing the physical and chemical properties of soil and extracellular enzyme
activity, residual plant decomposition can stimulate soil microbial activity,
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improve soil nutrition status, and create a more suitable soil environment for

growth.

KEYWORDS

Elsholtzia densa Benth., competitive strategies, allelopathy, root border cells,

soil environment

1 Introduction

As one of the most sensitive regions in the world to climate
change, the Qinghai-Tibet Plateau (QTP) has great ecological
fragility (Peng et al, 2012). In recent decades, a combination of
adverse factors has led to serious land degradation on the QTP,
resulting in a sharp decline in biodiversity and productivity
(Geissler et al., 2019). Land degradation also changes the
organization of plant communities, and poisonous weeds that are
more tolerant to harsh environments take advantage of this
opportunity to expand (Peng et al, 2020), gradually replacing
native crops as new dominant species. At the same time, soil
resources, microbial communities, and the spatial pattern of other
groups changed dramatically (Dong et al., 2020).

Previous reports have shown that poisonous weeds compete
with surrounding plants for natural resources such as light, water,
and nutrients (Mushtaq et al., 2019) and release allelochemicals into
the soil, like the “Novel weapon” hypothesis of invasive plants,
directly inhibiting the growth of other plants in the habitat. They
also disrupt the interaction between underground beneficial
microbes and surrounding plants, thereby indirectly interfering
with the growth and development of surrounding plants (Kalisz
et al., 2020; Qu et al., 2021).

Allelochemicals can be released into the environment through
various ways, such as volatilization, rain and fog leaching, root
secretion, and decomposition of plant residues or litters (Hickman
et al., 2021; Nikolaeva et al., 2021). After the allelochemicals enter
the environment, they interact with the environment through
retention, transformation, and migration, eventually leading to
the increase or decrease of allelopathy (Xiao et al., 2017).
Compared with hydrophilic allelochemicals, lipophilic
allelochemicals may stay longer and continuously affect the
surrounding plants through soil retention (Whitehead et al.,, 2018).

During evolution and in response to external stresses, including
allelochemicals, root tips that were originally exposed directly to soil
generated and released root border cells (RBCs) (Ropitaux et al.,
2020). The RBCs and the mucus secreted by the plant themselves
form a protective sheath of the root tip, which builds a biological,
chemical, and physical barrier between the plant-root-external
environment. The RBCs can attract and capture soil organisms
and microorganisms, adsorb and neutralize the soil’s toxic
substances and regulate the rhizosphere environment (Carreras
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et al., 2020). Therefore, the allelochemicals entering the soil must
break through the biological defense line constructed by the RBCs
to affect the growth and development of the root system.

In the microenvironment comprising plant root-soil-microbe
interactions, the soil microbes are the bridge connecting plants to
soil and plants to plants. They can decompose complex components
in the soil to form small molecular substances, helping the plant
roots to absorb nutrients and improve stress resistance (Zhang et al.,
2020). However, the allelochemicals released by plants disrupt the
balance between the surrounding plants and soil and establish new
microbial communities mutually beneficial to themselves (Li et al.,
2022). Soil bacteria influence potential soil functions (nutrient
cycling and climate regulation) more than soil fungi in a highly
cold environment (Wang et al., 2021).

The plant community affected by poisonous weeds will
gradually change from perennial herbs (gramineaceae and sedge
family) to annual herbs and eventually form a single dominant
community of poisonous weeds. During the evolution process, soil
moisture and fertility decreased gradually, and community species
composition and the carbon water cycle in the ecosystem were
seriously affected (Qin et al., 2022). Elsholtzia densa Benth. (E.
densa) is a dominant poisonous weed widely distributed in the QTP
(Duan et al,, 2019), which is a serious hazard to the farmland
ecosystem of the QTP (Shang et al., 2018; Xiao et al., 2021). As an
annual herb, E. densa produces manydead twigs and withered
leavesyearly, and its decomposition inevitably releases
allelochemicals into the soil continuously. Therefore, we have two
hypotheses: 1) E. densa might interfere with the defense function of
surrounding plants and directly inhibits the growth and
development of surrounding plants by releasing allelochemicals;
2) E. densa may change the soil environment by residual
plant decomposition.

In order to verify the above hypothesis, this study used the
highland barley (Hordeum vulgare L.), a gramineous crop with
strong adaptability to the high cold environment of the QTP (Li
et al, 2020), as the receptor. The seeds, seedlings, and RBCs of
highland barley were treated with different decomposing parts of
the decomposing solution. These results were used to evaluate the
allelopathic potential of E. densa decomposing solution and its effect
on defense indexes of RBCs. In addition, different contents of E.
densa residue were mixed in the soil and divided into short and long
time stages of decomposition. Under decomposition time and
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residue concentration, two variables were studied: the change law of
nutrient content, extracellular enzyme activity, and bacterial
diversity of decomposition soil.

2 Materials and methods
2.1 Materials and sources

The plants of E. densa and soil are collected at an altitude of 3470 m
from Axi Township (102°55.944" E, 33°41.023’ N), Hongyuan County,
Aba Tibetan, and Qiang Autonomous Prefecture, Sichuan Province,
China. The collected E. densa plants were at the maturity stage. The
entire plant was divided into roots and aerial parts, dried in the shade
under natural conditions, and cut into small sections of about 2 cm. In
order to avoid interference, soil without E. densa growth in the area was
selected for the test. We scooped up the topsoil (depth 0-20 cm) with a
sampling shovel and placed it in a sealed bag. The soil samples were
returned to the laboratory and sieved into 1 mm for use. The highland
barley seeds were purchased from Daofu County, Garze Tibetan
Autonomous Prefecture.

2.2 Allelopathic effect and cytotoxicity
experiments of decomposing solution

2.2.1 Preparation of decomposing solution

The root decomposing solution (RD) and the above-ground
decomposing solution (AD) were prepared according to the
biomass of E. densa residues. RD = 25 groot: 500 g soil: 1 L
water, AD = 50 g of aerial parts of E. densa: 500 g soil: 1 L water.
The above components were evenly stirred and sealed at room
temperature to decompose away from light. The decomposition
process was divided into short-term 30 days (d) and long-term 60 d,
during which the mixture was stirred once every 7 d, and each
treatment was repeated 3 times. At the end of decomposition, clean
gauze was used to remove the coarse substances in the
decomposition solution, and the vacuum pump was used to
extract the remaining filtrate under the filter paper. Then the
filtrate volume after extraction was fixed to 1 L to obtain raw RD
(25 mg/mL) and raw AD (50 mg/mL), respectively. During the
experimental treatment, both were diluted with distilled water to
obtain different concentrations of treatment solutions. The RD
concentrations were 5, 10, 15, 20, and 25 mg/mL, and the AD
concentrations were 10, 20, 30, 40, and 50 mg/mL.

2.2.2 Seed germination test

The highland barley seeds with full grains and no pest damage
were sterilized with 0.5% KMnOy, solution for 15 minutes (min) and
then rinsed repeatedly with distilled water. After soaking in a 25°C
incubator for 4 hours (h), the seeds were spread evenly in a
germination box (12 cm x 12 cm X 9 cm) padded with two layers
of filter paper, with 60 seeds per box. 15 mL of different
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concentrations of RD and AD were added to the germination
box, and 15 mL of distilled water was used as the control. The
number of germinated seeds and rooting was counted every day in a
25°C incubator for 7 d. The temperature in the incubator was set to
25°C/20°C, the illumination period to 12 h/12 h (light/dark), and
the illumination to 2000 Ix. The germinated germ reached half the
length of the seed as germination, and the radicle reached half the
length of the seed as rooted. Next, we calculated the following
parameters (Sun et al., 2021):

GR=N  100%
TSN ’

G,
I1=2(—
G (D)

t

RR =N . 100%
TSN ’

where GR is the germination rate, GN is the number of
germinated seeds, SN is the total number of seeds, GI is the
germination index, Gt is the germination number on day ¢, Dt is
the corresponding germination day, RR is the rooting rate, and RN
is the number of rooted seeds.

2.2.3 Seedling growth test

The highland barley seeds were disinfected according to the
steps in 2.2.2 and then immersed in the incubator at 25°C for 12 h.
The seeds, after soaking, were transferred to a porcelain plate
covered with wet double sterile gauze and continued to promote
germination without light for 24 h. After the seeds were exposed to
the white root tips, the full seeds with the same radicle lengthwere
selected and inserted into a small pot covered with 3 cm perlite
(diameter 10 cm, height 6 cm, 300 g perlite). Then we added 50 mL
1/4 MS nutrient solution and poured the nutrient solution every 1
day. The small flower pots were cultured in a light incubator for 4
days with a light intensity of 4500 Ix, a light cycle of 12 h/12 h (light/
dark), and a diurnal temperature of 25°C. After the first true leaves
of the highland barley seedlings grow, 20 mL of different
concentrations of RD and AD were added and distilled, using
water as a control. Each treatment was repeated three times. After
adding the decomposing solution, the seedlings were cultured for
7 d. After the cultivation, the seedlings werewashed with distilled
and dried with filter paper. The plant height and root length of the
highland barley seedlings were measured. After defoliating at 105°C
and drying to constant weight at 85°C, the dry weight of the
seedlings and roots wasmeasured (Sun et al., 2021).

2.2.4 Toxicity test of a decomposing solution
to RBCs

The radicles of the highland barley seeds with exposed white
root tips are inserted into a culture flask (volume 200 mL, diameter
9 cm, height 8.5 cm) containing 0.8% pure agar medium and
cultured upside down. When the root length reaches 40 mm (at
this time, the number of RBCs reaches the peak, and the activity is
high), 10 root tips with a length of about 5 mm are randomly

frontiersin.org


https://doi.org/10.3389/fpls.2023.1124139
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhou et al.

selected and placed in 100 pL of 25 mg/mL RD and 50 mg/mL AD
treatment solutions vortexed for 30 seconds (s). Then we rinsed the
root tip twice with 50 UL of the treatment solution to prepare a cell
suspension (200 pL), which was mixed and placed in an incubator
at 25°C for 30 min in the dark. Each treatment was repeated
six times.

Referring to Singh’s method, 20 UL of cell suspension was added
to a centrifuge tube (0.5 mL capacity), and 8 uL of AO/EB mixed
dye solution was added dropwise and stained for 2 min. The cell
viability and morphology were observed under a LEICA DM300
fluorescence microscope, where the orange ones are dead cells, and
the green ones are living cells (Singh et al., 2021). Each treatment
was repeated five times. Then we calculated the cell viability:

RBCs survival rate
= number of viable cells/total number of cells x 100 %

Referring to the method of Ropitaux, 8 uL of the cell suspension
was taken, and 8 uL of Indian ink was added. After being stained for
10 min, the cells were observed with a Nikon ECLIPSE 55i
microscope at x40 in a bright field, and pictures were captured to
measure the thickness of the mucilage layer (Ropitaux et al., 2020).
Each treatment measured 10 cells, and each cell measured 6
different locations.

2.3 Determination of soil properties

2.3.1 Experimental treatment

We pulverized the dried plants of E. densa with a crusher and
prepared the decomposed soil according to the residue content
of E. densa in 0, 0.02, 0.04 g/g, and 0.08 g/g, and added an
appropriate amount of distilled water to keep the soil moist. In
order to have sufficient samples to repeat the test, the total
amount of soil in each treatment group was 300 g. Each
treatment was repeated three times, and the soil samples were
collected on 20 d, 40 d, and 60 d, respectively, some of which
were tested for soil nutrients and enzyme activities, while the
others were stored in a -80°C refrigerator to determine
bacterial diversity.

2.3.2 Soil nutrient determination

The determination method was slightly modified by referring to
Pan et al. (Pan et al,, 2016; Geng et al,, 2017; Li et al., 2021). The
soil’s pH was measured based on the electrode potential method
(air-dried soil: distilled water = 1:2.5). The soil organic matter
(SOM) was determined by the potassium dichromate volumetric
method. In contrast, the total phosphorus (TP) and the available
phosphorus (AP) were determined using the sodium hydroxide
alkali fusion-molybdenum antimony anti-colorimetric method. The
absorbance values at 585 nm, 700 nm, and 882 nm were measured
using a SpectraMax M2 microplate reader (Molecular Devices,
USA). Both the total potassium (TK) and available potassium
(AK) were measured using a Z-2000 Zeeman atomic absorption
spectrophotometer and the ammonium acetate extraction-flame
photometer method. The total nitrogen (TN) and available nitrogen
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(AN) were determined by an automatic Kjeldahl analyzer (FOSS,
KJELTECTM 2300).

2.3.3 Soil enzyme activity determination

The determination method was slightly modified by referring to
Xie et al. (Chen et al., 2020; Xie et al., 2020). The urease activity was
determined by the sodium phenolate colorimetric method, and the
invertase and cellulase activities were determined by the 3,5-
dinitrosalicylic acid colorimetric method. The polyphenol oxidase
activity was determined by the colorimetric method for measuring
pyrogallol, while the acid phosphatase activity was measured using
the Solarbio soil acid phosphatase (S-ACP) activity assay kit.

2.3.4 High throughput sequencing of bacteria

The genomic DNA of the soil samples was extracted using the
DNA extraction kit to detect the DNA concentration and purity. By
employing the diluted genomic DNA as a template, the V3-V4
region of the bacterial 165 DNA was amplified by PCR using
specific primers with Barcode and the Takara Ex Taq high-fidelity
enzyme (Takara, Japan). The primer sequences were the 343 F (5-
TACGGRAGGCAGCAG-3’) and 798 R (5-AGGGTATCTA
ATCCT-3’). After performing electrophoresis detection on the
PCR product and purifying it using magnetic beads as a template
for two rounds of PCR amplification, the second-round PCR
products were electrophoresed again and purified with magnetic
beads for Qubit quantification. An equal number of samples were
mixed according to the PCR product concentration, and the high-
throughput sequencing analysis of the soil bacteria 16S rDNA was
performed using the Illumina platform Miseq high-throughput
sequencing technology (Xu et al., 2019).

2.4 Statistical analysis

According to the results of various bioassay indicators, we
calculate the allelopathic response index (RI) as follows
(Williamson and Richardson, 1988):

C
RI=1-—-(T=C
220

T
RI=—-1T<C)
C

where T is the treatment value, and C is the control value. RI > 0
refers to promotion, and RI < 0 to inhibition, where the absolute value
is proportional to the intensity of the allelopathy. The integrated
allelopathic sensitivity index formula (SI) is the arithmetic mean of RI.

Regarding the one-way analysis of variance (ANOVA), Tukey’s
test for multiple comparisons (LSD) and Pearson’s correlation
analysis are performed using the SPSS software (IBM, SPSS
Version 20.0), with a confidence level of 95%. The redundancy
analysis (Canoco 5.0) studies the correlation between soil factors
and dominant bacterial phyla. The bioinformatics analysis uses the
Vsearch (version 2.4.2) software to classify the high-quality
sequence valid tags obtained from quality control according to
97% similarity to out and selected the most abundant sequence in
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each OTU as the representative OUT sequence. The Chaol index
(S) size estimates the total number of soil bacterial species. Data in
the chart are mean + standard deviation (SD).

3 Results

3.1 Allelopathic potential of decomposing
solution of E. densa

The decomposing solution of Elsholtzia densa Benth. (E. densa)
has a specific allelopathic inhibitory effect on the germination of the
highland barley seeds (Figure 1). Among them, the decomposing
solution for 30 days (d) presents the greatest inductive effect. The
germination rate (GR) and germination index (GI) decrease as the
decomposing concentration increases; both are lower than the
control. Moreover, the decomposing solution has a delayed
germination effect. With the prolongation of the decomposing
time, the effect of the decomposing solution of E. densa on the
germination of highland barley seeds weakens. Under the action of
25 mg/mL root decomposing solution (RD) for 30 d, the GR of the
highland barley is the lowest. Except for 5 mg/mL, there are no
significant differences in GR and GI between RD for 60 d of other
treatments and the control (P > 0.05) (Figures 1A, B). According to
the integrated allelopathic sensitivity index (SI), the decomposing
solution with the shortest decomposing time has the strongest effect
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of the decomposing solution. The allelopathic effect of RD and the
above-ground decomposing solution (AD) for 30 d is 2.56 times
and 2.09 times the decomposing solution of the decomposed 60 d,
and the SI of AD is 2.06 times the RD. The effect of the
decomposing solution of E. densa on the rooting of highland
barley has a time effect (Figure 1). The decomposing solution for
30 d has the greatest effect on the rooting of highland barley, and the
rooting rate (RR) gradually decreases as the decomposing solution’s
concentration increases. Under the action of 25 mg/mL RD and 50
mg/mL AD for 30 d, the RR of the highland barley is 69.13% and
62.42% of the control group, respectively. There is no significant
effect on the RR of the highland barley, while the AD presents an
increasing-declining-increasing trend as the concentration
increases. Furthermore, we find that as the decomposition time
prolongs, the inhibitory effect of the decomposing solution on the
rooting of the highland barley seeds weakens or even turns into a
promoting effect. The allelopathic effects of the RD and AD for 30 d
are 4.75 and 1.97 times the decomposing solution for 60 d,
respectively, and the ST of the AD is 1.52 times that of the RD.
Figure 2 illustrates the effect of the decomposing solution of E.
densa on the growth of highland barley seedlings. RD has no
significant effect on the plant height and root length of the
highland barley seedlings (P > 0.05). Under the AD action, the
highland barley plant height increases in a time-dependent and
concentration-dependent manner, while the root length shows a
concentration-dependent decrease. In the 50 mg/mL treatment
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group, the plant height of the decomposing solution for 30 d and
60 d increased by 3.88% and 8.73%, respectively. However, the root
length of the 50 mg/mL AD treatment is only 67.87% of that of the
control (Figure 2C). The effect of the decomposing solution on dry
weight has a promoting effect with a time-concentration dual effect.
Among them, the highland barley seedlings treated with 50 mg/mL
AD for 60 d are dried, with the weight being 1.3 times the control
group (Figure 2D).

The above study demonstrates that the negative effects of the
decomposing process of the stumps of E. densa on highland barley
are mainly manifested in the effects on seed germination and
root growth.

3.2 Changes in the characteristics of RBCs
of highland barley under the action of a
decomposing solution of E. densa

After AO/EB staining, the root border cells (RBCs) in the
control group showed green fluorescence, with a clear cell outline,
evident nuclear structure, and bright green fluorescence spots. After
treatment with the decomposing solution, the cells’ nuclei are
pyknotic, present some apoptosis (Figure 3A), and the overall cell
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viability decreases (Figure 3B). The cytotoxicity of the short-term
decomposing solution is higher. Compared with the control, the cell
viability treated by AD for 30 d decreased by 28.56%. At the same
time, the decomposing solution treatment induced the thickening of
the mucilage layer of the RBCs (Figure 3C), but there was no
significant difference from the control (P > 0.05) (Figure 3D).

3.3 Effects of the decomposing process
of E. densa on soil properties and
bacterial community

The E. densa decomposition significantly increases the soil’s pH
(P < 0.05), with the 0.08 g/g treatment group presenting the largest
pH increase after 20 d of decomposition. Over time, the growth
amplitudes decrease, but all are higher than the pH of the control
group (Figure 4A).

In addition to having a minor effect on the soil organic matter
(SOM) and total potassium (TK) content (P > 0.05) (Figures 4B, E),
other nutrients are changed to varying degrees during the
decomposing process of E. densa. Compared with the control, the
soiltotal phosphorus (TP) (Figure 4C) and available phosphorus
(AP) (Figure 4D) contents increase, and the changes are the largest
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Effects of decomposing E. densa on soil pH and nutrients. The color in the column from light to dark indicates that the content of residues of E.
densa increases. Different decomposition days or concentrations are treated as separate groups. Different lowercase letters indicate the difference
significant at the 0.05% level, the same below. (A) soil pH, (B=H) the content of SOM, TP, AP, TK, AK, TN, and AN on the soil.
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when decomposing for 20 d. The difference from the control
decreases as the decay time increases but is still higher than the
control. The available potassium (AK) content of the treatment
group is lower than the control and dose-dependent. The AK
content of the 0.08 g/g treatment for 40 d is only 1.92% of the
control (Figure 4F). The soil total nitrogen (TN) content increases
significantly with the increase of the treatment dose (P < 0.05), and
the maximum treatment dose (0.08 g/g) of decomposing for 20 d
has the highest soil TN content, 1.20 times the control (Figure 4G).
The soil available nitrogen (AN) content first decreases and then
increases with the increase of the treatment dose, and decreases with
the prolongation of the decomposing time (Figure 4H).

The decomposing process of E. densa increases the activity of
extracellular enzymes in soil. The urease activity shows an
increasing-decreasing trend with the increase of the treatment
dose and reaches a peak at 0.02 g/g (Figure 5A). The
decomposition time has a minor effect on the urease activity. The
changes in sucrase, cellulase, and polyphenol oxidase activities are
the same, showing an increasing-decreasing trend with the increase
of the treatment dose at 40 d and 60 d, and the activities of the three
soil extracellular enzymes increase in a dose-dependent manner at
20 d of decomposing. The activities of sucrase (Figure 5B) and
polyphenol oxidase (Figure 5E) increase the most in the 0.08 g/g
treatment group at 20 d. In comparison, the cellulase increases the
most at 0.02 g/g at 40 d (Figure 5C). The acid phosphatase activity
of the 60 d treatment group is significantly higher than the
decomposing 20 d and 40 d treatment groups. However, there is
no significant difference with the control (Figure 5D), indicating
that the changes in soil acid phosphatase activity are irrelevant to
the decomposition of E. densa.

The o-diversity index of soil bacteria increases with the
prolongation of the decomposing time of E. densa (Table 1). In
different decomposing times, the PD value shows an increasing-
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decreasing trend with the increase of the residue content of E. densa
in the soil. Except for the 0.08 g/g treatment decomposed for 20 d,
the PD values of the other treatments are higher than the control.
The number of observed species shows a decreasing-increasing
trend with the prolongation of decomposing time. Among them,
the 0.08 g/g treatment group at 20 d has the lowest observed species
(1727) and reaches the highest (2485) at 60 d. Shannon-Weiner
index and Chao 1 index of the 0.08 g/g treatment at 20 d are lower
than the control group. In contrast, the other treatments are higher
than the control, indicating that the decomposing process of E.
densa increases the level of bacterial community diversity. Except
that the 20 d decomposing treatment group has a more significant
difference within the group, the B-diversity of soil bacteria in the
40 d and 60 d is similar (Figure 6).

A total of 30 bacterial phyla are detected in the decomposed soil
of E. densa. During the decomposing process of E. densa, the six
phyla Proteobacteria, Actinobacteria, Bacteroidetes, Firmicutes,
Gemmatimonadetes, and Acidobacteria accounted for the highest
proportion (Figure 7). The relative abundances of Proteobacteria,
Bacteroidetes, Acidobacteria, and Gemmatimonadetes in the
decomposed soil increase significantly with the prolongation of
the decomposing time. In contrast, the relative abundances of
Actinobacteria and Firmicutes decrease significantly. At 20 d and
40 d of decomposition, the relative abundance of Proteobacteria
shows a decreasing-increasing trend with the increase of residue
content in the soil, while at 60 d of decomposition, it increases first
and then decreases with the increase of residue content of E. densa,
but still higher than the control. With the increased residue content
of E. densa, the relative abundance of Bacteroidetes increased-
decreased. The relative abundance of Firmicutes decreased, and
the relative abundance of Acidobacteriaincreased. The relative
abundance of Bacteroidetes and Gemmatimonadetes increased
with the prolongation of decomposing time.
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TABLE 1 Bacterial a-diversity analysis in the decomposed soil of E. densa.

Residue content

99 Phylogenetic diversity Chao 1 index Observed species Shannon-Weiner index
20 0 88.54 + 4.26% 3069.75 + 132.91%° 2369.27 + 120.39%° 9.31 + 0.17%°
20 0.02 90.29 + 3.6 3031.77 + 219.18%° 23852 + 123.18%° 9.44 + 0.08"
20 0.04 90.63 + 3.27%° 3210.79 + 48.66%° 2441.8 + 62.02%° 9.51 + 0.14%°
20 0.08 67.57 + 0.55" 2604.23 + 22.75° 1727 + 31.42° 7.87 + 0.08"
40 0 84.45 + 1.7%° 2996.29 + 122.86% 2262.67 + 7.74%° 9.05 + 0.07%°
40 0.02 85.89 + 3.87%" 3144.62 + 81.79% 2293.6 + 117.67%° 9.09 + 0.27%°
40 0.04 88.36 + 0.99%° 3309.81 + 121.09° 2404 + 60.85% 9.43 + 0.11%°
40 0.08 86.47 + 3.02%° 3164.17 + 110.98%° 2344.77 + 75.83% 9.38 + 0.08"
60 0 88.98 + 0.78%° 2965.78 + 21.75% 2395.77 + 7.62%° 9.62 + 0.07°
60 0.02 91.76 + 2.15" 3212.95 + 10.65° 24793 + 47.52° 9.54 + 0.16"
60 0.04 92.53 + 1.46™ 3230.53 + 18.3" 2485.95 + 30.33% 9.53 + 0.11%°
60 0.08 86.34 + 1% 3189.56 + 29.53" 2349.4 + 24.8%° 9.42 + 0.04™°

Residue content is the content of E. densa residue per gram of soil. 3 replicates per sample. Different lowercase letters indicate the difference significant at the 0.05 level.

The RDA redundancy analysis (Figure 8) highlights that the soil
chemical properties during the decomposing process of E. densa

correlation with AK and TK and a negative correlation with other
environmental factors.

explain 51.56% of the bacterial community variability, and the two
ranking axes explain 75.12% of the variability. Bacteroidetes and
Proteobacteria are significantly positively correlated with urease, . .
cellulase, sucrase, TN, AN, AP, and pH. Bacteroidetes and 4 Discussion
Proteobacteria were negatively correlated with acid phosphatase,
AK, and TK. The Actinobacteria are positively correlated with acid
phosphatase, polyphenol oxidase, AK, TK, and SOM, while

significantly negatively correlated with urease, cellulase, sucrase,

4.1 The decomposition of E. densa has a
strong allelopathic effect on the growth of
highland barley

TN, AN, AP, and pH. The Firmicutes have a significant positive L .

In ecosystems, the organization and dynamics of plant
communities are controlled by biological processes such as
resource competition, promotion, and allelopathy (Zeng, 2008).
The active allelochemicals are contained in the organs of many

i higher plants and play an essential role in plant interactions. During

2 A20d-0 /g
£20d-0.02 g/g the decomposition of plant residues, allelochemicals are passively

& A20d-0.04 g/g released to affect the growth of surrounding plants (Sarheed et al.,

b A20d-0.08 g/g 2020). Allelochemicals adversely affect the seed germination and

i ! N 040 d-0 g/g growth of neighboring plants by affecting some physiological
A 040 d-0.02 g/g processes in plants, such as cell division, photosynthesis,
% M 040 d-0.04 g/g respiration, enzyme activity, and cell membrane permeability
0 W40 d-0.08 g/g (Thiebaut et al., 2018; Mushtaq et al., 2019).It can even affect
©60d-0 g/g plant community structure and cause the evolution of the

AN ©604d-0.02 g/g ecosystem (Badalamenti et al., 2016). The decomposing solution

! ©60d-0.04 g/g of the poisonous weed on the QTP, Steura chamaejasme, had

4 2 0 P 4 *60d0.05. g/ allelopathic effects on the plant height and biomass of Onobrychis
NMDS 1 viciifolia seedlings. The allelopathy of RD was greater than that of

AD. Besides, it also affected the leaf area, leaf cell conductivity, and
FIGURE 6

Bacterial B-diversity analysis in the decomposed soil of E. densa. The
legend reads, "Decomposition time- the content of residues of E.
densa”, "/\" indicates the 20 d treatment group, "[]" is the 40 d
treatment group, and “" is the 60 d treatment group. The green in
the graph from light to dark indicates that the content of residues of
E. densa increases.

chlorophyll content of the recipient plants (Zhou et al., 2009). Seed
germination is the most sensitive growth stage for plants to external
stress (Huang et al., 2020). Our study highlights that decomposing
the stubble of the poisonous weed E. densa has an apparent
inhibitory effect on the seed germination and young root growth

of highland barley and exhibits concentration-dependent and
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delayed effects. Different from Steura chamaejasme, the allelopathic
inhibitory effect of AD was greater than that of RD made by E.
densa’ stubble. However, this negative effect is mainly reflected in
the early decomposition stage, as in the late decomposition stage,
the decomposing solution of E. densa has a significant promoting
effect on the biomass accumulation of highland barley, manifested
in the increase of dry weight, especially the dry weight of roots. It
should be noted that the allelopathy of Allium senescens, a
companion species of grassland, was treated with the water
extract of Steura chamaejasme, the allelopathy of the water
extract of Steura chamaejasme root was smaller than that of stem
and leaf (Liu et al., 2022). Combined with the results of this study, it
can be found that the strength and direction of allelopathy are not
only related to the site of decomposition and the type of the
recipient plant but also related to the stage of decomposition.
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Correlation redundancy analysis between soil bacterial diversity and
chemical properties during the decomposing process of E. densa.
The red arrows represent different environmental factors, and the
blue arrows represent different bacteria.
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4.2 The decomposition of E. densa
interferes with the defense function of
highland barley RBCs

RBCs and their secretions form a protective structure, the root
extracellular trap (RET), the first line of defense for plants to defend
against microorganisms, heavy metals, and other harmful
substances invading the root system (Ropitaux et al., 2020).
When plants are under allelopathic stress, their RBCs rapidly
increase the thickness of the mucilage layer to resist harmful
allelochemicals (Ma et al., 2020). To a certain extent, changes in
the thickness of the mucilage layer can represent the intensity of
external stress. Our study shows that under the action of the
decomposed substance of E. densa, the activity at the RBCs of the
highland barley is reduced, the characteristics of apoptosis are
observed, and the thickened mucilage layer is removed. These
effects are similar to the decomposing solution effects on seed
germination and root length. The shorter the decomposing time,
the stronger the cytotoxicity of the decomposing solution. The
cytotoxicity of the decomposing solution in the later stage of
decomposing weakens or even disappears, and the cytotoxicity of
AD is greater than RD. Combined with the experimental
phenomenon that root growth is inhibited, it can be speculated
that the decomposed substance of E. densa interfered with the
defense function of RBCs, broke through the biological defense line,
and affected the division and elongation activities of root tip cells to
block root growth.

4.3 The decomposition of E. densa
changed the soil living environment

E. densa is an annual aromatic herb, and the stems and leaves,
especially the leaves, contain many volatile substances (Chauhan et al,,
2018). The main chemical components in the volatile oil of E. densa are
o-bisabolol, elements, 3-selinene, thymol, and carvacrol, which have
antiviral and antibacterial effects (Zhou et al.,, 2019). Presently, the most
reported allelochemical in nature is phenolic compounds, terpenoids,
and compounds containing nitrogen atoms (benzoxazines). Under
natural conditions, allelopathy is not the effect of a single component
but the result of the synergistic action of various allelochemicals (Scavo
and Mauromicale, 2021). Allelochemicals produced by the
decomposition of plant residues will be chemically transformed into
polymers or degraded into small molecules under natural conditions
and then lose their allelopathic activity, which is generally considered
the self-detoxification function of soil (Rawat et al., 2019). This function
is closely related to environmental factors such as soil colloid buffer, soil
nutrient content, and soil microflora (Li et al., 2015; El-Darier et al.,
2018). Therefore, the main effector allelochemicals of E.densa may be
released in the early stage of decay but gradually aggregated or
decomposed by microorganisms in soil with the prolongation of
decay time. The allelopathic effect of E. densa residues during
decomposition is brief, mainly occurring in the early stage of
decomposition. In the later stage of decomposition, with the
allelopathic effect of E. densa allelochemical weakened, the nutrient
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elements in the residues were decomposed and released continuously,
which promoted the growth of highland barley, such as promoting
rooting and increasing dry weight. In the next step, it is necessary to
analyze further and verify the main effecting allelochemicals and detect
the content changes of the main effecting allelochemical in different
decomposition stages for further exploration.

The interaction of plants-microorganisms-soil is the key to
realizing plant community exchanges, changing biological
diversity, and ecosystem functions (Mueller et al., 2020). As the
core driving force of nutrient cycling and energy transformation
(Shao et al., 2019), soil microbial communities are extremely
sensitive to changes in the external environment, and their
quantity and structural composition are affected by the soil
environment and the dominant plant groups in the habitat (Yang
etal, 2021). Most soil bacteria do not thrive in acidic environments
(Li et al., 2022). However, the decomposition of E. densa residues
increased soil pH, which effectively improved the living
environment of soil bacteria and increased the o diversity of the
bacterial community. Meanwhile, the decomposition of E. densa
stubble changed the bacterial community structure. The B-diversity
analysis shows that the bacterial community changes the most in
the early 20 d of decomposing, and there is little difference in other
decomposing periods. These results are consistent with the results
that the decomposition of E. densa can inhibit highland barley,
mainly in the early stage of decomposition.

Soil properties and pH are stubble factors in determining the
distribution of poisonous plants (Li et al., 2014). Actinobacteria
were always in a dominant position in the decomposing process of
E. densa. It can accelerate the decomposition of animal (Araujo
et al., 2020) and plant residues in the soil and increase the TN
content in the soil with Bacteroidetes (Krishna et al,, 2020). In
addition, Bacteroidetes also have a phosphorus enrichment effect
(Hou et al.,, 2021), which synergized with Actinobacteria with a
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phosphorus-dissolving effect (Omotayo et al., 2021) to increase the
content of AP in soil. Proteobacteria with increasing relative
abundance during decomposition have nitrogen fixation and can
adapt to various complex environments (Hou et al, 2019). The
larger the proportion of Proteobacteria and Bacteroidetes in soil, the
higher the soil fertility (Lu et al., 2020). In the late stage of
decomposition, soil pH decreases, and the relative abundance of
oligotrophic bacteria, Acidobacteria, which are suitable for growth
in an acidic environment, increase and participate in the
decomposition of organic matter and the balance of the micro-
ecological environment (Wu et al., 2021). The relative abundance of
Firmicutes continues to decrease, indicating that the carbon
utilization rate continues to decline in the later decomposition
stage (Uksa et al, 2017). This corresponds to an increase in the
relative abundance of Acidobacteria. Acidobacteria plays an
important role in the degradation of plant residues and cellulose
(Wang et al., 2016). Acidobacteria and Gemmatimonadetes are
more advantageous in an environment with lower water content
(Gao et al,, 2019). Under the influence of such a complex and
constantly changing bacterial influence network, there is no
significant change in SOM.

Many hypotheses are used to explain the high competitiveness
of invasive plants, such as the rapid growth and reproduction (Ni
et al., 2018), high allelopathy, strong adaptability to the
heterogeneous environment, and resource assimilation capacity
(Gruntman et al, 2013; Wang et al., 2017). Studies have shown
that the dominant population of poisonous weeds on the QTP is
caused not only by directly suppressing and crowding out other
plants through allelopathy but also by changing soil physical and
chemical properties and soil microbial community composition by
releasing allelochemical (He et al., 2015). Furthermore, the
poisonous weed E. densa may have a similar ability. Soil enzymes
are mainly derived from soil microbial activities, plant root
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exudates, and enzymes released during the decomposition of animal
and plant residues, which play an essential role in soil material
cycling and energy transformation (Wu et al., 2020). In our study,
hydrolase activities such as urease, sucrase, cellulase, and acid
phosphatase which are closely related to soil nitrogen, carbon,
and phosphorus cycling (Wang et al, 2020) and redox-related
polyphenol oxidase activities (Chen et al., 2020), are increased,
indicating that the decomposition of the stubble of E. densa can
release related enzymes to promote the synthesis of humus
components in the soil and the flow and circulation of nutrient
elements. We also observe no significant change in TK content but a
significant decrease in the AK content. This may be related to the
great demand for quick-acting potassium in the decomposition of E.
densa. According to the resource allocation theory, soil
microorganisms may also invest in abundant elements to produce
extracellular enzymes to exploit relatively limited elements (Zhou
et al.,, 2020).

Decomposition of E. densa stumps stimulates soil microbial
activities by changing soil properties and extracellular enzyme
activities. It jointly promotes the conversion of soil macromolecules
into small molecules and eventually leads to a significant increase in soil
phosphorus and nitrogen content. Our hypothesis is further confirmed
in the correlation redundancy analysis between soil bacterial diversity
and chemical properties. Thus, E. densa, which can expand despite land
degradation on the QTP, may have adopted similar competitive
strategies as invasive plants: takes advantage of the strong allelopathy
and resource assimilation ability to transform the surrounding
environment to expand its competitive advantage constantly.

5 Conclusions

Our study found that the decomposing solution of E. densa had
allelopathic effects on the germination and seedling growth of
highland barley and interfered with the defense function of the
RBCs of highland barley. This effect was related to the time and part
of decomposition. The soil environment changed in the
decomposition process of E. densa. In the early stage of
decomposition, soil bacteria varied greatly under different
concentrations of E. densa residues. In addition, the
decomposition process of E. densa increased the soil nutrient
content, extracellular enzyme activities, and bacterial community
diversity. The results showed that the decomposition of E. densa
residues could stimulate soil microbial activity and promote the
flow and circulation of nutrient elements by changing soil
properties and extracellular enzyme activities. Therefore, we
believe that the competitive strategies adopted by E. densa in the
farmland ecosystem on the QTP are as follows (Figure 9): 1. The
release of allelochemicals interferes with the defense function of
surrounding plants and directly inhibits the growth and
development of surrounding plants. 2. By changing the physical
and chemical properties of soil and extracellular enzyme activity,
residual plant decomposition can stimulate soil microbial activity,
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improve soil nutrition status, and create a more suitable soil
environment for growth.
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Introduction: The change in rhizosphere soil bacterial community and root
system under new water-saving device is not clear.

Methods: A completely randomized experimental design was used to explore
the effects of different micropore group spacing (L1: 30 cm micropore group
spacing, L2: 50 cm micropore group spacing) and capillary arrangement density
(C1: one pipe for one row, C2: one pipe for two rows, C3: one pipe for three
rows) on tomato rhizosphere soil bacteria community, roots and tomato yield
under MSPF. The bacteria in tomato rhizosphere soil were sequenced by 16S
rRNA gene amplicon metagenomic sequencing technology, the interaction of
bacterial community, root system and yield in tomato rhizosphere soil was
quantitatively described based on regression analysis.

Results: Results showed that L1 was not only beneficial to the development of
tomato root morphology, but also promoted the ACE index of tomato soil
bacterial community structure and the abundance of nitrogen and phosphorus
metabolism functional genes. The yield and crop water use efficiency (WUE) of
spring tomato and autumn tomato in L1 were about 14.15% and 11.27%, 12.64%
and 10.35% higher than those in L2. With the decrease of capillary arrangement
density, the diversity of bacterial community structure in tomato rhizosphere soil
decreased, and the abundance of nitrogen and phosphorus metabolism
functional genes of soil bacteria also decreased. The small abundance of soil
bacterial functional genes limited the absorption of soil nutrients by tomato roots
and roots morphological development. The yield and crop water use efficiency
of spring and autumn tomato in C2 were significantly higher than those in C3
about 34.76% and 15.23%, 31.94% and 13.91%, respectively. The positive
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interaction between soil bacterial community and root morphological
development of tomato was promoted by the capillary layout measures of MSPF.

Discussion: The L1C2 treatment had a stable bacterial community structure and
good root morphological development, which positively promoted the increase
of tomato yield. The interaction between soil microorganisms and roots of
tomato was regulated by optimizing the layout measures of MSPF to provide
data support for water-saving and yield-increasing of tomato in Northwest

China.

KEYWORDS

rhizosphere soil, soil bacteria, root system, yield, positive interaction

1 Introduction

Soil microorganisms are the main components of terrestrial
ecosystems, which plays a key role in the decomposition of organic
matter, nutrient cycling and the degradation of harmful substances,
and also play an important role in facility planting agricultural
ecosystems (Zhu et al., 2019; Ma et al.,, 2023). Soil bacteria are the
main component of soil microorganisms (Wang et al., 2017), which
have high diversity, high abundance and complete functions (Li and
Ma, 2018; Xu et al,, 2022; Zhu et al., 2022). Soil bacteria are mainly
involved in the formation of humus and the mineralization of
organic matter, which is essential for regulating soil enzyme activity,
soil nutrient cycle and crop root morphological development
(Ozbolat et al., 2023; Zheng et al, 2023). Previous studies have
found that soil bacterial diversity and heterogeneity are often used
to characterize soil fertility and predict ecological environment risks
(Guo et al,, 2018). Soil bacteria are significantly affected by physical
and chemical properties such as soil water, heat and nutrients, plant
growth, and other microorganisms (Huang et al., 2018; Zhang et al.,
2018). Therefore, the study of soil bacterial community is of great
significance for measuring regional soil productive potential and
sustainable development.

Facility Planting agriculture has the characteristics of fast crop
growth and high demand for soil water and fertilizer (Nie et al,
2022; Zhao et al, 2022). Measuring the level of soil water and
fertilizer has become a hot topic in current research. The nutrients
needed for plant growth mainly come from the soil, in which the
mineralization of soil nutrients by microorganisms and the
absorption of nutrients by plant roots are important links in the
nutrient cycle (Jafari et al., 2018; Morio et al., 2022). Previous
studies have found that soil nitrogen-fixing bacteria can convert
nitrogen in the air into nitrogen sources, promote plant root
morphological development to support plant needs, and thus
reduce plant nutritional stress (Wang J. et al., 2022). Plant roots
can make the plant-soil feedback direction develop in a positive
direction. In response to soil drought, plant fine roots can grow into
aggregates and open microsites, where oxygen stimulates microbial
activity and N release. Root exudates and litter produced by root
growth provide energy sources for the growth of soil
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microorganisms (Veresoglou et al., 2022; Xiao et al, 2023).
Therefore, it is urgent to explore the relationship between soil
microorganisms and plant roots for the efficient utilization of
land resources.

Redistribution of soil moisture, heat and air is closely related to
field irrigation management, which directly or indirectly affects the
development of soil microbial community and plant root
morphological development (Feng et al.,, 2023; Vera et al,, 2023). In
order to improve the stability of soil microbial community structure
in plant root zone and promote root morphological development,
researchers have proposed methods such as microbial inoculation
and growth regulator addition (Lewis et al., 2020; Zhou et al., 2023).
However, there are many problems in the implementation of the
above methods, such as high investment cost and environmental
pollution (Boddington and Dodd, 1999; Zhao et al.,, 2017). At the
same time, other researchers have found that it is feasible to optimize
soil microbial communities and root morphological development in
crop root zones by adjusting crop irrigation management methods,
such as changes in field layout measures of tomato drip irrigation that
can change soil microbial communities and yield (Sun et al., 2021;
Wang et al., 2017). Proper field layout of drip irrigation pipe can
promote the morphological development of tomato root system
(Wang et al., 2020a; Li et al, 2023). The arrangement of drip
irrigation under plastic film indirectly affects the morphological
development of crop root system and soil microbial community
(Wang et al., 2016; Ye et al,, 2016). Therefore, exploring the effects of
irrigation management measures on crop soil microorganisms and
crop roots has guiding significance for elucidating the relationship
between soil microbial community and root system in facility
planting agriculture and guiding the water-saving, yield-increasing
and quality-improving of facility planting agricultural crops.

At present, the mechanism of the change of crop soil bacterial
community and root system regulated by the new water-saving
technology of facility planting agriculture under MSPF (Zhang et al,,
2020a) is not clear. At the same time, the interaction relationship
between soil bacterial community-root system-yield of tomato in
greenhouse under MSPF lacks qualitative and quantitative
description. Therefore, in this study, greenhouse tomato was used
as the research object to explore the response of rhizosphere soil
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bacteria community, root system and yield of greenhouse tomato
under MSPF to the different micropore group spacing and capillary
arrangement density of micro-sprinkler pipe. The purpose of this
paper is to adjust the interaction between tomato roots system and
soil microorganisms by optimizing the layout measures of MSPF
through greenhouse experiment and mathematical analysis, and to
provide data support for the prediction of soil production potential
of facility planting agriculture and the water-saving and yield-
increasing of tomato.

2 Materials and methods
2.1 Experimental site and management

The experiment was carried out in the greenhouse of Xi ‘an
Modern Agricultural Science and Technology Exhibition Center
(108°52’E, 34°03’N) in Shaanxi Province from March 23, 2019 to
January 30, 2020. The tested tomato variety was ‘Jingfan 401’
(Jingyan Yinong Seed Industry Technology Co., Ltd.,
Beijing-China). The tomato adopts the ridge planting structure
mode, in which the row spacing is 50.00 cm and the plant
spacing is 40.00 cm. The length of the experimental plot is 3.40
m, and the spacing between the plots is 4.00 m. The planting,
irrigation and harvest time of spring tomato and autumn tomato are
shown in Figure 1. Meteorological data and irrigation record of
tomato growth period are shown in Figure 2.

In this experiment, the irrigation amount was controlled on the
basis of the cumulative evaporation from a 20-cm diameter
standard pan (Epan, DY.AM3, Weifang Dayu Hydrology
Technology Co., Ltd., Shandong, China) following Zhang (Zhang
et al, 2020a). The evaporation amount was measured at 08:00 am
every 5 d. The irrigation amount was evaluated after the
measurement. The irrigation quota was calculated according to
Formula (1), and the irrigation times and amounts were recorded
(see Figure 2).

W =A X Ep, Xk (1)

E,.. represents the evaporation within the interval of two
irrigation, based on the cumulative evaporation from a 20 cm
diameter pan (mm); A represents the capillary control area (mm)

_ Start
S anting irrigation
Prng 2019807 | 2019/4/04 -
= Pl, o [ Start
- anting | | irrigation
utumn 2019/8/23 | A 201%/3/30 4
FIGURE 1

The planting, irrigation and harvesting time of tomato.

Frontiers in Plant Science

33

10.3389/fpls.2023.1136439

and k., represents the crop- pan coefficient. In this paper, adopting
adequate irrigation mode, the crop-pan coefficient of is 1.0 (Zhang
et al., 2020a).

2.2 Experimental design

In this experiment, two factors of micropore group spacing and
capillary arrangement density were set.

Micropore group spacing (L, see Figure 3) sets 2 levels (30, 50
cm). The capillary arrangement density (C, see Figure 4) sets 3 levels
((one pipe for one row, one row of tomatoes irrigated by one pipe,
C1), (one pipe for two rows, two rows of tomatoes irrigated by one
pipe, C2), (one pipe for three rows, three rows of tomatoes irrigated
by one pipe, C3)).

This study consisted of 6 treatments (Table 1), each treatment
was repeated 3 times, a total of 18 experimental plots. The irrigation
water in this experiment comes from the groundwater in the region.
The head of the water source is connected in series with a 120-mesh
sieve filter. The principle of diversion is used to ensure that the
working pressure of the control system is constant, and the
complete random test is used to arrange the test fields. Each
experimental field was irrigated separately and controlled by a
spherical valve.

2.3 Measurements and
computational methods

2.3.1 Collection and determination of
soil bacterial

1) Soil samples were collected from rhizosphere soil of spring
tomato and autumn tomato after 72 days of planting. The soil
shaking method was used to extract (Taking tomato plants as the
center, the cylindrical soil with tomato roots at a radius of 20 cm
and a depth of 5-25 cm was excavated, and the loose soil combined
with tomato roots was shaken off. The soil closely combined with
tomato roots in greenhouse was gently brushed with a soft brush
after sterilization as the rhizosphere soil of tomato in greenhouse).
Three rhizosphere soil samples were randomly taken from each
experimental plot, and the samples were transported to the

] : ,Sto[,’ Harvesting
g4 LG 2019/7/25
vV R2019/7/15° J
on [ Haresing
4 / 2020/1/30
7 NL2020/1/17
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FIGURE 2

Meteorological data and irrigation record of tomato growth period.
Diameter of micropore is d=0.8mm; The internal spacing of the
micropores group was | =0.4cm; The Angle of micropores is =68°;
The micropore group spacing is L.

\
e
\s

-
Water direction

|
L

‘

Pipe 7 A single sﬁ( of
outflow micropores

FIGURE 3

Micropores group (inside) spacing structure parameters (Zhang
et al,, 2020b). Diameter of micropore is d=0.8mm; The internal
spacing of the micropores group was | =0.4cm; The Angle of
micropores is =682; The micropore group spacing is L.

laboratory on ice. The samples were brought back to the room and
the fresh soil plant residues were removed. Three soil samples in the
plot were fully stirred and evenly mixed as soil samples for
sequencing in the experimental plot. The soil samples were

10.3389/fpls.2023.1136439

collected and quickly frozen in liquid nitrogen. The soil samples
were stored in a -80°C refrigerator and sent to Shanghai Meiji
Biomedical Technology Co., Ltd. (Shanghai, China) to determine
soil bacterial community. The main analysis steps of soil bacterial
community determination are divided into three parts:

A. DNA extraction and PCR amplification

Total DNA was extracted from tomato rhizosphere soil using
the EZN.A.A © soil kit (Omega Bio-tek, Norcross, GA, USA),
which reliably and quickly separates high-quality genomic DNA
from various soil samples (up to 1 g of soil can be processed in 60
min). After the quality of DNA extraction was detected by 1%
agarose gel electrophoresis, the V3-V4 variable region was amplified
by PCR with 338 F (5  ~ACTCCTACGGGAGGGAGCAGCAG-3 )
and 806 R (5 * -GGACTACHVGGGTWTCTAAT-3 ‘) primers. The
amplification procedure was: 95 °C pre-denaturation 3 min, 27
cycles (95 °C denaturation 30 s, 55 °C annealing 30 s, 72 °C
extension 30 s). Finally, extension at 72 °C for 10 min (PCR
instrument: ABI GeneAmp ® 9700).

B. Illumina Miseq sequencing

The bacterial 16S rDNA V3-V4 region was selected, and the NA
samples were sequenced using the Illumina Miseq PE300 high-
throughput sequencing platform (Shanghai Meiji Biomedical
Technology Co., Ltd.). The bacterial 16 S rDNA V3-V4
amplification primers were 338 F (5 * -~ACTCCTACGGGGA
GGCAGCAG-3 ) and 806 R (5 * -GGACTACNNGGGTATCT
AAT-3 ). The PCR products were recovered using 2% agarose gel,
purified and eluted for detection. PCR reaction system (total system
was 25 pL): 12.5 uL KAPA 2G Robust Hot Start Ready Mix, 1 uL
Forward Primer (5 wmol/L), 1 UL Reverse Primer (5 umol/L), 5 uL
DNA (the total amount of DNA added was 30 ng), and finally 5.5
uL dd H,O was added to make up to 25 uL. Reaction parameters: 95
°C for 5 min; 95 °C denaturation 45 s, 55 °C annealing 50 s, 72 °C
extension 45 s, 28 cycles; 72 °C for 10 min. The original sequence
was uploaded to the figshare database (https://figshare.com/articles/
dataset/The_Layout_Measures_of_Micro-sprinkler_Irrigation_
under_Plastic_Film_Regulate_Tomato_Soil_Bacterial _
Community_and_Root_System/2181861 0).

C. Sequencing data processing

The original data obtained by Miseq sequencing were optimized
after splicing and quality control. After distinguishing the samples,
OTU (Operational taxonomic unit) cluster analysis and species

100

S

Mulching film qu

500

o g

FIGURE 4
Capillary arrangement.
three rows.
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(Zhang et al,, 2020b). (A) represents one pipe for one row; (B) represents one pipe for two rows; (C) represents one pipe for
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TABLE 1 Experimental design.

10.3389/fpls.2023.1136439

Tomato growth period

No. Treatment Micropore group spacing = Capillary arrangement density ol irigation quota mm
Spring  Autumn Spring Autumn
6 6
1 Li1C1 30 one pipe for one row 1 1
13 13
11 11
2 Li1C2 30 one pipe for two rows 2 2
7 7
16 16
3 LIC3 30 one pipe for three rows 10 10
5 5
353.03 218.19
3 3
4 L2C1 50 one pipe for one row 17 17
15 15
18 18
5 L2C2 50 one pipe for two rows 9 9
4 4
8 8
6 12C3 50 one pipe for three rows 12 12
14 14

L represents the micropore group spacing, C represents the capillary arrangement density, and one pipe for two rows represents two rows of tomatoes irrigated by one pipe.

taxonomy analysis were performed. The OUT similarity was set to
97%. The OTU was subjected to diversity index analysis and
statistical analysis of community structure at each classification
level, and then a series of in-depth statistical and visual analysis
such as multivariate analysis and difference significance test of
sample community composition and phylogenetic information
were completed. The ACE index of soil bacterial (ACE), CHAO
index of soil bacterial (CHAO), COVERAGE index of soil bacterial
(COVERAGE), SHANNON index of soil bacterial (SHANNON),
SIMPSON index of soil bacterial (SIMPSON), SOBS index of soil
bacterial (SOBS), Species Veen diagram analysis and species
composition analysis can be obtained by direct analysis of
Shanghai Meiji Biological Cloud platform (https://
login.majorbio.com/login).

2) Based on the results of soil bacterial community
determination, and referring to the Kyoto Encyclopedia of Genes
and Genomes and related references (Wang et al., 2020b), the
functional genes related to soil bacterial nitrogen fixation,
nitrification, denitrification and phosphorus metabolism
functional gene abundance were obtained. The functional genes
related to soil bacterial nitrogen metabolism are the sum of the
abundance of soil bacterial nitrogen fixation, nitrification and
denitrification functional genes.

Frontiers in Plant Science

2.3.2 Root system

Three tomato plants were randomly selected from each plot to
dig a soil volume with a depth of about 0.4 m and a diameter of 0.2
m centered on the plant at 76 and 78 days after planting spring
tomato and autumn tomato, respectively. The samples were placed
in a 150 mesh sieve to rinse the roots. The roots were scanned by
Epson Perfection V700 scanner to obtain the TIF diagram. Finally,
the TIF diagram was processed by WinRHIZO Pro software to
obtain the total root length, total number of root tips and
bifurcation number of greenhouse tomatoes. The root activity of
tomato was determined by triphenyltetrazolium chloride method
(Li et al., 2020).

2.3.3 Yield and water use efficiency

Four tomato plants were randomly selected, and the mature
fruit mass of four tomatoes was weighed by electronic scale with
precision of 0.01 g, and the yield per hectare was converted.

Time-domain reflectometry soil moisture sensor (TRIME-
PICO-IPH, IMKO, Inc., Ettlingen, Germany) was used to
measure the soil volume moisture content at different layers of
soil (0-10, 10-20, 20-30, 30-40, 40-50, 50-60, 60-70, and 70-80
cm, respectively). It was measured once before and after each
growth period. Water consumption (ET, )and crop water use
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efficiency (WUE) were calculated formulas (2) and (3), respectively
(Zhang et al., 2020a):

ET,=1+1000 x H X (6, —6,,) @)

represents crop water consumption during growth period
(mm); I represents the irrigation quota of crop growth period
(mm); H represents the depth of the wetting layer with plan (H =
0.8 m); 0;; and 6, represent 80-cm average soil volumetric water
contents at times t1 and 2 cm®/cm’), respectively.

Y
WUE = 1000x 3
T ©)

a

Y indicates crop grain yield (t/hm?).

2.4 Data analysis

The interaction of bacterial community, root system and yield
in tomato rhizosphere soil was quantitatively described based on
regression analysis. The significant difference was analyzed by F test
of SPSS22.0 (IBM Crop., Armonk, New York, NY, USA), and the
significant level was set to P<0.05. The picture was drawn by
OriginPro2019 (Origin Lab Corporation, Northampton, MA,

TABLE 2 Abbreviations.

10.3389/fpls.2023.1136439

USA). Excel 2016 (Microsoft Excel, Microsoft, Washington, USA)
was used for regression analysis.

2.5 Abbreviations

The abbreviations of this article are explained in Table 2.

3 Results

3.1 Effects of different treatments on
soil bacterial community of
greenhouse tomato

3.1.1 Diversity of soil bacterial
community structure

It can be seen from the dilution curve of Figure 5 that the
amount of sequencing data in each treatment is sufficient. It can be
seen from Table 3 that the micropore group spacing (L) had a
significant effect on the ACE index of soil bacterial (ACE), CHAO
index of soil bacterial (CHAO), SHANNON index of soil bacterial
(SHANNON) and SOBS index of soil bacterial (SOBS) of spring
tomato and autumn tomato. The relative contribution of L to ACE,

No Abbreviations Full name

1 L Micropores group spacing

2 C Capillary arrangement density

3 ACE Ace index of soil bacterial

4 CHAO Chao index of soil bacterial

5 COVERAGE Coverage index of soil bacterial

6 SHANNON Shannon index of soil bacterial

7 SIMPSON Simpson index of soil bacterial

8 SOBS Sobs index of soil bacterial

9 NFFA Soil bacterial nitrogen fixation functional gene abundance
10 NFA Soil bacterial nitrification functional gene abundance
11 DFA Soil bacterial denitrification functional gene abundance
12 GAN Soil bacterial nitrogen metabolism functional gene abundance
13 GAP Soil bacterial phosphorus metabolism functional gene abundance
14 RL Total root length

15 RS Total root surface area

16 RV Total root volume

17 RT Total number of root tips

18 RB Total root bifurcation number

19 RA Root activity

20 Y Yield

21 WUE Water use efficiency
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Rarefaction curves

Bacterial dilution curve of tomato rhizosphere soil. (A) Spring (B) Autumn.

TABLE 3 Diversity of soil bacterial community structure.

Treatment

Spring L1C1

ACE

2406.8 + 29.04ab

CHAO

2383.97 + 33.63ab

COVERAGE

0.9826 + 0.00105a

5000 |mlm2wwmmsmmw45womnswweoowuboorm

SOBS

1855.67 + 22.48ab

Lic2

2652.77 + 27.34a

2621.97 + 27.11a

0.9834 + 0.0032a

2070.33 + 115.28a

L1C3

L2C1

L2C2

L2C3

2031.45 + 74.45cd

2512.34 + 256.48ab

2283.43 + 194.19bc

1837.32 + 154.57d

2057.69 + 99.6cd

2498.21 + 291.71ab

2268.15 + 165.33bc

1816.54 + 173.38d

0.983 + 0.00138a

0.9829 + 0.00182a

0.9844 + 0.00154a

0.9859 + 0.00377a

1528.33 + 54.72cd

1950 + 218.06ab

1716.67 + 150.93bc

1395.67 + 94.21d

Autumn L1C1

3511.24 + 65.45a

3482.2 + 55.93a

0.9888 + 0.00123a

2881.67 + 96.02a

Lic2

3548.28 + 52.62a

3531.84 + 57.54a

0.988 + 0.00111a

2894.67 + 109.55ab

L1C3

L2C1

L2C2

L2C3

3228.32 + 93.53ab

3358.6 + 137ab

3218.74 + 240.75ab

2931.81 + 462.44b

3199.86 + 122.29ab

3345.88 + 126.55a

3214.89 + 253.78ab

2887.25 + 474.53b

0.9858 + 0.00326a

0.9886 + 0.00222a

0.9876 + 0.00269a

0.985 + 0.00224a

Number of Reads Sampled
SHANNON SIMPSON
592 +0.13a 0.0078 + 0.00094b

5.8 +0.42a 0.0162 + 0.01155ab
5.28 +0.15b 0.0219 + 0.0038a

5.7 + 0.13ab 0.0133 + 0.0026ab

53 +0.14b 0.0222 + 0.00321a
528 +0.3b 0.0183 + 0.00758ab
6.38 + 0.0% 0.0047 + 0.00069a
6.26 + 0.182 0.0068 + 0.00219a
6.24 + 0.0% 0.0051 + 0.00022a
6.19 + 0.02a 0.0063 + 0.00056a
6.17 + 0.13a 0.0064 + 0.00205a
6.05 + 0.38a 0.0069 + 0.00374a

2524 + 148.93bc

2737.33 + 124.56ab

2588.33 + 139.69abc

2261.33 + 371.27¢

F-value L

10.405** (30.20)

9.687** (28.80)

0.361ns (1.50)

7.665* (24.20)

1.453ns (5.70)

11.738** (32.80)

20.102** (62.60)

18.300** (60.40)

0.539ns (4.30)

7.195* (37.50)

4.714* (28.30)

25.949** (68.40)

D

L*C

L*D

C*D

250.944** (91.30)
2.262ns (15.90)
0.700* (2.80)

1.165ns (8.90)

225.566** (90.40)
2.235ns (15.70)
0.507* (2.10)

0.643ns (5.10)

55.017** (47.80)
0.143ns (1.20)
1.431ns (5.60)

3.615* (23.20)

87.795* (78.50)
0.654ns (5.20)
0.344ns (1.40)

2.486ns (17.20)

48.827** (67.00)
0.825ns (6.40)
0.282ns (1.20)

3.410* (22.10)

277.107+* (92.00)
2.697ns (18.30)
0.922ns (40.00)

0.209ns (1.70)

L*C*D

0.453ns (3.60)

0.394ns (3.20)

0.397ns (3.20)

1.463ns (10.90)

1.410ns (10.50)

0.601ns (4.80)

The L represents the micropore group spacing, the C represents the capillary arrangement density, the D represents the different planting seasons of tomato, the data are all average + standard
deviation in the table, the bracketed number is the factor relative contribution%, the same below. The ACE represents ACE index of soil bacterial, CHAO represents CHAO index of soil bacterial,
COVERAGE represents COVERAGE index of soil bacterial, SHANNON represents SHANNON index of soil bacterial, SIMPSON represents SIMPSON index of soil bacterial, SOBS represents

SOBS index of soil bacterial.

Different letters in the same line meant significant difference at 0.05 level, *: P<0.05, **: P<0.01, ns: P>0.05.

CHAO, SHANNON, and SOBS of tomato was 30.20%, 28.80%,
24.20% and 32.80%, respectively. The capillary arrangement density
(C) had a significant effect on the ACE, CHAO, SHANNON,
SIMPSON index of soil bacterial (SIMPSON) and SOBS of spring
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tomato and autumn tomato. The relative contribution of C to ACE,
CHAO, SHANNON, SIMPSON and SOBS of tomato was 62.60%,
60.40%, 37.50%, 28.30% and 38.4%, respectively. The different
planting seasons (D) had a significant effect on the ACE, CHAO,
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COVERAGE index of soil bacterial (COVERAGE), SHANNON,
SIMPSON and SOBS of spring tomato and autumn tomato. The
relative contribution of D to ACE, CHAO, COVERAGE,
SHANNON, SIMPSON and SOBS of tomato was 62.60%, 60.40%,
37.50%, 28.30% and 38.4%, respectively.

Compared with L2, the ACE, CHAO, SHANNON, and SOBS of
spring tomato and autumn tomato treated with L1 were higher.
With the decrease of C, the ACE, CHAO, SHANNON, SIMPSON
and SOBS of soil bacterial with spring tomato and autumn tomato
showed a decreasing trend. The diversity of soil bacterial
community structure in spring tomato was lower than that in
autumn tomato.

3.1.2 Soil bacterial community structure
species composition

As can be seen from Figure 6, there are 1304 and 2145 identical
OTUs in the soil bacteria of spring tomato and autumn tomato in
the six treatments, accounting for 30.77% and 37.21% of the total
OTUs. Single factor significant analysis showed that the total
number of soil bacteria in spring tomato and autumn tomato
treated with L1C2 was the highest at the OTUs classification level
(3271 and 4407). Compared with L2, the total number of soil
bacteria in spring tomato and autumn tomato treated with L1
increased by 13.50% and 6.16% at the OTUs classification level.
With the decrease of C, the total number of soil bacteria in spring
tomato and autumn tomato decreased at the OTUs classification
level. Compared with C3, the total number of soil bacteria in C2
spring tomato and autumn tomato increased by about 30.68% and
16.21% at the OTUs classification level.

From Figure 7, it can be seen that the dominant bacterial
populations in spring tomato soil at the genus level of soil
bacteria mainly include Bacillus (10.71%-23.68%), Streptomyces
(1.44%-3.17%), Sphingomonas (1.40%-3.21%); the soil of autumn

®LICl
®L1C2
®L1C3

L2C1
®12C2
®12C3

FIGURE 6
OTUs classification of soil bacteria. (A) Spring (B) Autumn.
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tomato mainly includes Sphingomonas (6.07%-10.68%), Bacillus
(2.55%-6.85%) and Gemmatimonas (1.75%-2.65%). Bacillus is a
common genus of spring tomato and autumn tomato soil. With the
decrease of C, the abundance of Bacillus in spring and autumn
tomato increased first and then decreased. Compared with L2, the
abundance of Bacillus with spring and autumnin L1 treatment
increased by 23.50% and 76.17% at genus level.

3.2 Soil bacterial nitrogen metabolism
functional gene abundance and soil
bacterial phosphorus metabolism
functional gene abundance

From Table 4, it can be seen that the L has a significant effect
on the soil bacterial nitrogen metabolism functional gene
abundance (GAN) and soil bacterial phosphorus metabolism
functional gene abundance (GAP). The contribution of L to the
GAN and GAP in tomato were 18.90%, 21.80%, respectively. The
C had a significant effect on the soil bacterial nitrogen fixation
functional gene abundance (NFFA), soil bacterial nitrification
functional gene abundance (NFA), soil bacterial nitrification
functional gene abundance (DFA), GAN and GAP. The relative
contribution of capillary arrangement density to the NFFA, NFA,
GAN and GAP in tomato soil were 72.60%, 63.20%, 30.90%,
60.90% and 48.20%, respectively. The D had a significant effect on
the NFFA, NFA, DFA, GAN and GAP. The relative contribution
of D to the NFFA, NFA, DFA, GAN and GAP in tomato soil were
96.60%, 96.70%, 86.70%, 95.30% and 93.30%, respectively. The
GAN and GAP in LIC2 treatment were not significantly lower
than that in L1CI and L2ClI, but significantly higher than that in
L1C3, L2C2 and L2C3 treatments, indicating that L1C2 treatment
had higher nitrogen and phosphorus metabolism functional gene

Venn
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FIGURE 7

Taxonomic level of soil bacteria. (A) Spring (B) Autumn.
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TABLE 4 Comparative analysis functional genes related to N and P metabolism of soil bacteria.

Treatment

Spring L1C1

NFFA

7968 + 1184.68a

NFA

4146.33 + 397.81a

DFA

10190 + 734.72bc

GAN

22304.33 + 2125.17a

GAP

164247 + 4734.48a

Lic2

6377.33 + 1372.51ab

4053 + 218.09ab

10862.67 + 280.9ab

21293 + 2111.14a

151945.67 + 6087.11a

L1C3

3936 + 145.14c

3527.33 + 276.1bc

9354 + 193.45¢

16817.33 + 443.6b

113045.67 + 5058.62¢

L2C1

L2C2

L2C3

Autumn L1C1

5288.67 + 1201.81bc

3671.67 + 101.19¢

3722.67 + 248.09¢

21089 + 969.35a

4360.67 + 276.8a

3374.33 + 377.31c

3343 + 340.74c

10654.67 + 589.55a

11608.67 + 658.01a

9761.67 + 307.11bc

9295.67 + 1164.67c

22881.33 + 835.97a

21258 + 4228.28a

16807.67 + 1167.53b

16361.33 + 1054.67b

54625 + 1747.79a

152421.67 + 15321.09a

137102 + 6061.43b

112817.67 + 5730.07¢

397943.33 + 19602.93a

Lic2

19958.33 + 1954.3ab

9289 + 965.06ab

20197 + 2016.25a

49444.33 + 3855.53ab

371200.33 + 16870.22a

L1C3

16616 + 1842.29b

8918 + 508.66b

18578.33 + 4332.23a

44112.33 + 5241.44b

333575 + 70090.14ab

L2C1

L2C2

L2C3

F-value L

20697.33 + 1091.38a
19851 + 3432.89ab
11662 + 1285.12a

13.273** (35.60)

8839.67 + 1253.06b
9644.67 + 300.9ab
6339 + 444.66¢

16.422** (40.60)

21807.33 + 3075.77a
20517.67 + 4273.95a
16598 + 3757.27a

0.270ns (1.10)

51344.33 + 3767.77ab
50013.33 + 7947.17ab
34599 + 5110.82¢

5.578* (18.90)

357470.33 + 9445.11a
337817 + 73672ab
260776.33 + 45050.68b

6.685* (21.80)
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TABLE 4 Continued

Treatment

C

NFFA

31.828** (72.60)

NFA

20.601** (63.20)

DFA

5.375* (30.90)

10.3389/fpls.2023.1136439

GAN

18.660** (60.90)

GAP

11.158** (48.20)

D

676.695** (96.60)

712.845* (96.70)

156.417** (86.70)

481.999** (95.30)

334.246** (93.30)

*C

0.544ns (4.30)

3.341* (21.80)

0.188ns (1.50)

0.577ns (4.60)

0.118ns (1.00)

L*D

C*D

L*C*D

0.002ns (0.01)
8.023* (40.10)

5.616** (31.9)

8.589** (26.40)
6.266** (34.30)

7.953** (39.90)

0.396ns (1.60)
1.348ns (10.10)

0.593ns (4.70)

0.654ns (2.70)
4.509* (27.30)

2.513ns (17.30)

3.183ns (11.70)
0.881ns (6.80)

0.549ns (4.40)

The L represents the micropore group spacing, the C represents the capillary arrangement density, the D represents the different planting seasons of tomato, the data are all average + standard
deviation in the table, the bracketed number is the factor relative contribution%, the same below. The NFFA represents the soil bacterial nitrogen fixation functional gene abundance, the NFA
represents the soil bacterial nitrification functional gene abundance, the DFA represents the soil bacterial denitrification functional gene abundance, the GAN represents the soil bacterial nitrogen

metabolism functional gene abundance, GAP represents the soil bacterial phosphorus metabolism functional gene abundance.

Different letters in the same line meant significant difference at 0.05 level, *: P<0.05, **: P<0.01, ns: P>0.05.

abundance, which could promote soil nitrogen and phosphorus

cycle transformation.

Compared with L2, the NFFA, NFA, soil bacterial
denitrification functional gene abundance (DFA), GAN and GAP
in spring tomato and autumn tomato soil treated with L1 increased
by 44.14% and 10.44%, 5.85% and 16.27%, -0.85% and 4.64%,
11.00% and 8.99%, 6.69% and 15.34%, respectively. With the
decrease of C, the NFFA, NFA, DFA, GAN and GAP in spring

TABLE 5 Root morphology of tomato in greenhouse.

tomato and autumn tomato soil increased first and then decreased.

The NFFA, NFA, DFA, GAN and GAP in C2 of spring tomato and

autumn tomato.

autumn tomato soil was significantly higher than that in C3 about
31.21% and 40.78%, 8.11% and 24.10%, 10.59% and 15.74%, 14.83%
and 26.36%, 27.97% and 19.29%, respectively. The abundance of
soil bacterial nitrogen metabolism and phosphorus metabolism
functional genes in spring tomato was lower than that in

Treatment RL cm/plant RV cm>/plant
Spring LIC1 363.63 + 28.95ab 119.5 + 25.65a 33+ 1.36a 831.11 + 131.75a 1774.44 + 591.7ab 231 + 0.25ab
L1C2 369.43 + 16.2a 121.18 + 24.56a 342 + 138 838 + 56.99a 1984.44 + 485.65a 2.53 + 0.61a
LIC3 325.4 + 47.93ab 98.44 + 17.29ab 242 + 0.552 706.89 + 158.88b 131233 + 479.37bc 2.05 + 0.37b
12C1 359.26 + 53.15ab 117.46 + 26.01ab 327 + 1.33a 816.89 + 220.85a 1761.56 + 641.17ab 2.29 + 0.54ab
12C2 353.89 + 49.96ab 116.31 + 20.29ab 327+ 1a 807.67 + 111.26ab 1649.67 + 495.41abc 2.2 + 0.49ab
12C3 3183 + 53.25b 95.89 + 18.27b 2.3+ 0.61b 663.89 + 158.1b 1162.89 + 350.5¢ 1.87 + 0.35b
Autumn LIC1 317.31 + 35.94a 96.4 + 12.28ab 2.48 + 0.94ab 824.56 + 102.27a 1503.33 + 443.89a 1.41 £ 0.25a
L1C2 322.82 + 39.36a 102.63 + 16.34a 2.82 + 0.89a 809.89 + 125.52a 1454 + 379.42ab 1.45 + 0.56a
LIC3 294.9 + 39.84ab 83.53 + 19.84b 1.87 + 0.55b 684.67 + 106.29ab 1216.22 + 260.74ab 1.16 + 0.22a
12C1 310.01 + 23.53ab 89.07 + 12.09ab 2.24 + 0.81ab 82233 + 168.11a 1334.44 + 326.83ab 1.35 + 0.21a
12C2 315.53 + 45.3a 94.49 + 23.15ab 2.55 + 0.89ab 764.78 + 176.69ab 1388.89 + 293.34ab 131 +0.22a
12C3 271.91 + 47.29b 80.39 + 18.3b 1.82 + 0.49b 664.89 + 103.06b 1132.22 + 273.35b 1.14 + 0.26a
F-value L 3.803* (11.80) 1.476ns (1.50) 0.62ns (0.60) 3.899%* (12.60) 2.632ns (2.70) 3.837* (11.90)
C 9.183** (16.10) 9.447** (16.40) 9.232** (16.10) 10.999** (18.60) 10.196** (17.50) 7.280* (13.20)
D 28.645** (23.00) 27.968** (22.60) 14.637%* (13.20) 4.327* (10.30) 10.349%* (9.70) 147.428* (60.60)
L*C 0.122ns (0.20) 0.075ns (0.20) 0.041ns (0.10) 0.109ns (0.20) 0.154ns (0.30) 0.589ns (1.00)
L*D 0.048ns (0.10) 0.157ns (0.20) 0.055ns (0.10) 0.016ns (0.01) 0.127ns (0.10) 0.459ns (0.50)
C*D 0.114ns (0.20) 0.624ns (1.30) 0.446ns0.90) 0.146ns0.30) 1.539ns0.31) 0.435ns (0.90)
L*C*D 0.189ns (0.40) 0.031ns (0.10) 0.046ns (0.10) 0.043ns (0.10) 0.539ns (0.11) 0.274ns (0.60)

The L represents the micropore group spacing, the C represents the capillary arrangement density, the D represents the different planting seasons of tomato, the data are all average + standard
deviation in the table, the bracketed number is the factor relative contribution%, the same below. The RL represents the total root length, the RS represents the total root surface area, the RV

represents the total root volume, the RT represents the total number of root tips, the RB represents the total root bifurcation number, the RA represents the root activity.

Different letters in the same line meant significant difference at 0.05 level, *: P<0.05, **: P<0.01, ns: P>0.05.
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3.3 Effects of different treatments on
tomato roots in greenhouse

It can be seen from Table 5 that the L had significant effects on
total root length (RL), total number of root tips (RT) and root
activity (RA) of tomato, in which the relative contributions of L to
RL, RT and RA of tomato are 11.80%, 12.60% and 11.90%,
respectively. The C had a significant effect on RL, total root
surface area (RS), total root volume (RV), RT, total root
bifurcation number (RB) and RA of tomato (P < 0.05). The
relative contribution of C to RL, RS, RV, RT, RB and RA of
tomato was 16.10%, 16.40%, 16.10%, 18.60%, 17.50% and 13.20%,
respectively. The D had a significant effect on RL, RS, RV, RT, RB
and RA of spring tomato and autumn tomato (P < 0.05). The
relative contribution of D to RL, RS, RV, RT, RB and RA of tomato
was 23.00%, 22.60%, 13.20%, 10.30%, 9.70%
13.20%, respectively.

Compared with L2, the RL, RS, RV, RT, RB and RA of spring
tomato and autumn tomato in L1 increased by 2.62% and 4.19%,
2.87% and 7.05%, 3.45% and 8.49%, 3.83% and 2.98%, 10.87%
and 8.25%, 8.31% and 5.94%, respectively. With the decrease of C,
the RL, RS, RV, RT, RB and RA of spring tomato and autumn
tomato increased first and then decreased. The RL, RS, RV, RT,
RB and RA of spring tomato and autumn tomato in C2 treatment
were about 1.06% and 1.76%, 1.22% and 6.28%, 1.76% and
14.07%, 0.14% and 4.39%, 2.77% and 0.18%, 2.67% and 1.04%
higher than those in CI treatment. It was also higher than C3
treatment by about 12.37% and 12.62%, 22.21% and 20.25%,
41.73% and 45.63%, 20.05% and 16.68%, 46.82% and 21.05%,
20.42% and 20.23%, respectively. The root morphological

and

development of spring tomato was better than that of
autumn tomato.

[ ISpring

10.3389/fpls.2023.1136439

3.4 Effects of different treatments on
yield and water use efficiency of
greenhouse tomato

It can be seen from Figure 8 that the L and C have significant
effects on yield (Y) and water use efficiency (WUE) of spring and
autumn tomatoes. Compared with L2, the Y and WUE of spring
tomato and autumn tomato in L1 treatment increased by 14.15%
and 11.27%, 12.64% and 10.35%, respectively. With the decrease of
C, the Y and WUE of spring tomato and autumn tomato showed an
increasing trend. The Y and WUE of C2 spring tomato and autumn
tomato were significantly higher than those of C3 by about 34.76%
and 15.23%, 31.94% and 13.91%, respectively.

3.5 Correlation of tomato soil bacterial
community, root system and yield

Based on Pearson’s two-tailed test, the indexes with better
correlation among soil bacterial community, root system, and
yield were screened out. Correlation analysis (Figure 9) showed
that ACE, GAN, GAP RL, RT and RA were positively correlated
with tomato yield, indicating that there was a positive interaction
between soil bacterial community and root system. A stable
bacterial community and good root morphological development
positively promoted the increase of tomato yield. It was also
found that the ACE, GAN and GAP had the highest positive
correlation with the RT in the root index (0.758 and 0.870, 0.704
and 0.875, 0.756 and 0.853). In order to further quantitatively
describe how the soil bacterial community affects tomato roots
and thus affects tomato yield, we selected RT, which has the
highest correlation with ACE, GAN and GAP, as a bridge. The
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significant difference at 0.05 level, the same as blow.
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Correlation between tomato soil bacterial community, root system and yield. Spring represents the correlation between the indicators of spring
tomato; Autumn represents the correlation between the indicators of autumn tomato. The NFFA represents the soil bacterial nitrogen fixation
functional gene abundance, the NFA represents the soil bacterial nitrification functional gene abundance, the DFA represents the soil bacterial
denitrification functional gene abundance, the GAN represents the soil bacterial nitrogen metabolism functional gene abundance, GAP represents
the soil bacterial phosphorus metabolism functional gene abundance. The ACE represents ACE index of soil bacterial, CHAO represents CHAO index
of soil bacterial, COVERAGE represents COVERAGE index of soil bacterial, SHANNON represents SHANNON index of soil bacterial, SIMPSON
represents SIMPSON index of soil bacterial, SOBS represents SOBS index of soil bacterial. The RL represents the total root length, the RS represents
the total root surface area, the RV represents the total root volume, the RT represents the total number of root tips, the RB represents the total root
bifurcation number, the RA represents the root activity. The Y represents the yield.

relationship between ACE, GAN, GAP and RT, and the
relationship between RT and yield were quantitatively described
by regression analysis, respectively. The analysis results are
shown in Figure 9.

From Figure 10, it can be seen that the ACE and RT showed a
quadratic parabolic curve relationship, in which the determination
coefficient R®>0.6015, indicating that the ACE in the regression
model can explain 60.15% of the change of tomato RT. The GAN
and GAP also showed a quadratic parabolic curve relationship with
the RT of tomato. The determination coefficient R* of the regression
equation between the GAN and the RT of tomato was higher than
that of the determination coefficient R* of the regression equation
between the GAP and the RT of tomato, indicating that the GAN had
a greater impact on the RT of tomato. The relationship between the
RT of tomato and the yield was a quadratic parabolic curve, and the
coefficient of determination R*>0.6461, indicating that the RT of
tomato in the regression model could explain 64.61% of the change in
yield of tomato. The RT of tomato could be used to estimate the yield,
and the tomato production potential in this area could be indirectly
evaluated by soil bacterial community.

4 Discussion

4.1 The layout measures regulate the
soil bacterial community of
greenhouse tomato

Previous studies have shown that under drought stress, plants
will reduce the supply of carbon sources for soil bacteria, and
sustainably reduce the diversity and richness of bacterial
community structure (de Vries et al., 2018; Zeng et al.,, 2019). It

Frontiers in Plant Science

42

was found that the diversity of bacterial community structure in
tomato soil treated with L1 was higher than that of L2. It may be due
to the high soil volumetric water content and strong soil aeration in
the tillage layer with a micropore group spacing of 30 cm. The
average soil volumetric water content in the 0-40 cm soil layer of
spring tomato and autumn tomato irrigated by L1 treatment was
about 2.18% and 3.61% higher than that of L2, and the soil water
filling porosity was only 0.92 and 0.93 times that of L2. The higher
water vapor environment of the soil can reduce the limitation of
drought stress and hypoxia stress on soil bacterial community
(Hartmann and Six, 2022; Tang et al, 2022). This conclusion is
consistent with the study of Qu (Qu et al,, 2022) and Alekhina
(Alekhina et al,, 2001) that drought stress reduces the diversity of
soil bacterial community structure. The L1 had higher soil GAN of
tomato than L2. It may be due to the fact that the L1 has higher soil
volume moisture content and strong soil ventilation, increase root
exudates and root nitrogenase activity and increase the process of
above-ground carbon assimilation of tomato. Further increase the
transport of carbohydrates to the underground part of tomato
(root), higher root morphological development can provide more
living substrates for soil bacteria (Pathania et al., 2020; Tiziani et al,,
2022; Wang et al., 2023). At the same time, the rhizobia in tomato
soil were greatly affected by soil moisture, which easily affected the
identification and infection of host plants, and finally promoted the
abundance of functional genes of soil bacterial nitrogen metabolism
under L1 treatment irrigation (Mantovani et al., 2014).

The C can change the composition of microbial community
by changing the wet/dry conditions of soil, thus changing the
mineralization rate of soil nutrients and affecting the absorption
capacity of crop roots to nutrients (Wang Z. et al., 2022; Wang
et al, 2021). This study found that the diversity of bacterial
community structure in tomato rhizosphere soil of C2 treatment

frontiersin.org


https://doi.org/10.3389/fpls.2023.1136439
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

A
1,000.00
800.00
600.00
=
A @ Spring
400.00
y=-0.0002x2 +1.137x - 812.07 ® Autumn
R2=0.6015
200.00
y =-0.000043 x2.000000 + 0.559636 X - 619.358207
R2=0.757723
0.00
0.00 1.000.00 2,000.00 3.000.00 4.000.00
ACE
Cc
1000.00
800.00
600.00
%
® Spring
400.00
y =-0.000000 x>+ 0.014500 x - 486.212923 © Autumn
R2=0.582802
200.00
y =-0.000000 x> +0.004715 x - 193.285214
R2=0.756179
0.00 L s L L s
0.00 90000.00 180000.00 270000.00 360000.00 450000.00
GAP
FIGURE 10

10.3389/fpls.2023.1136439

B
1000.00
[ )
800.00
L]
600.00 (g
= o
# @ Sprin,
400.00 pring
y=-0.000003 x>+0.139109 x - 837.903849 ® Autumn
R2=0.544694
200.00 [
y=-0.000000 x2+0.019570 x + 108.506076
R2=0.773658
0.00 s L L s L )
0.00  10000.00 20000.00 30000.00 40000.00 50000.00 60000.00
GAN
D
14.00x10%M
[J
{ ]
12.00x1074 °
[ ]
[ ]
10.00x10°M |
°
8.00x10%M
>‘ .
6.00x10"M @ Spring
y =-0.000002 x>+ 0.015842 x - 1.220214 ® Autumn
4.00x10M R2=10.646108
2.00x10%4 y =-0.000005 x*+0.020060 x - 3.320508
R2=0.764636
0.00x10"4 . L L L g
0.00 200.00 400.00  600.00 800.00  1000.00
RT
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was significantly higher than that of C3 treatment. It may be
because the soil water availability per unit irrigated plough layer of
C2 treatment is significantly higher than that of C3 by 6.67% and
6.69%, respectively. Stress effects of lower soil moisture increase
on soil microorganisms (Alekhina et al., 2001). At the same time,
the irrigation control area of C3 is larger, the irrigation amount in
the plot is larger, and the local soil moisture experience is longer
and higher, which is easy to increase the effect of low oxygen stress
on soil microorganisms. The uneven distribution of soil moisture
per unit area of C3 promotes the soil organisms in the rhizosphere
of tomato under low water and low oxygen stress. Because of the
existence of the filtration mechanism of the living environment,
some bacteria in the soil are eliminated (Xu et al., 2020; Yang et al.,
2020). The conclusion of this study is consistent with the
conclusion of Wang (Wang, 2017) that the capillary density of
one tube and two rows of drip irrigation promotes the diversity of
microbial community structure in greenhouse tomato rhizosphere
soil, and it is also consistent with the conclusion that the excessive
number of dry-wet cycles of Jiao (Jiao et al., 2022) reduces the
diversity of soil bacterial structure. The study also found that the
abundance of nitrogen and phosphorus metabolism functional
genes in C2 treated tomato rhizosphere soil was significantly
higher than that in C3. It may be due to the decrease of soil
litter concentration and carbon decomposition under C3, the
substrate concentration of soil nitrogen and phosphorus bacteria
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decreased, and then decreased the abundance of nitrogen and
phosphorus metabolism genes of soil bacteria (Jin et al., 2013;
Zhang J. et al., 2022; Ullah et al., 2023).

4.2 The layout measures regulate the root
system of greenhouse tomato

The effect of C change of MSPF on soil wetted body is
similar to that of dripper spacing change (Chen et al., 2010; Zhang
M. et al, 2022). There is a phenomenon that wetting fronts
intersect between two adjacent groups of micropores on the
pipe. The larger the distance is, the smaller the ratio of
horizontal migration distance to vertical migration distance of
soil moisture wetting front is, which is not conducive to the overall
deep migration of soil moisture between two groups of micropores
on the capillary. The volumetric water content and irrigation
uniformity of plough layer per unit area will decrease (Ould
Mohamed El-Hafedh et al., 2001; Sun and Wang, 2007; Del
Vigo et al.,, 2020). The average soil volumetric water content in
0-40 c¢m soil layer of spring tomato and autumn tomato in L1 was
2.18% and 3.61% higher than that in L2. The higher soil
volumetric water content in the plough layer was beneficial to
the development of crop root morphology (Abdelhafeez et al,
19755 Silveira et al., 2020). This may be one of the reasons why the
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root morphological development and root activity of spring
tomato and autumn tomato under L1 were higher than those
under L2. The conclusion of this study is consistent with Zhang
(Zhang S. et al, 2022) who found that the uniformity of soil
nutrient distribution of drip irrigation 30 cm dripper spacing is
higher than that of 50 cm dripper spacing, which is conducive to
the development of apple root morphology.

This study found that too high or too low capillary density was
not conducive to tomato root morphological development. It may
be due to the increase of the outflow cross section per unit area in
the test area when the C is too high (Cl), which is easy to be
saturated in shallow soil, form water accumulation layer on the
surface, restrict the exchange of soil air and external gas, produce
hypoxia stress and restrict root growth (Aixia et al., 2022; Junhao
etal., 2022). When the C was too low (C3), the outflow cross section
per unit area in the experimental plot decreased, the soil moisture
distribution per unit area was uneven, the deep leakage increased,
which led to the decrease of soil moisture in tomato tillage layer.
The average soil volumetric water content in the cultivated layer (0-
40 cm) of spring tomato and autumn tomato treated with C2 was
significantly higher than that of C3 by about 6.67% and 6.69%,
respectively. Drought stress limits root morphological development
(Enciso et al., 2007; Samoy-Pascual et al., 2022; Fan et al., 2023). The
conclusion of this study is consistent with the conclusion of Liu’s
(Liu et al., 2019) study that too high or too low drip pipe spacing is
not conducive to the development of alfalfa root morphology under
drip irrigation.

4.3 Layout measures to regulate bacterial
community and root interaction in
tomato soil

Previous studies have found that the difference in soil water
distribution caused by irrigation can significantly affect soil bacterial
community, crop root morphological development, and increase or
decrease soil carbon, nitrogen and phosphorus metabolic activity
(Wang et al,, 2021; Wang J. et al., 2022). It was found that there was
a significant positive correlation between the diversity of bacterial
community structure soil, the abundance of soil nitrogen and
phosphorus metabolic genes in tomato rhizosphere and the RA,
RL and RT of tomato roots. It may be that the RA, RL and RT
determine the distribution and structure of tomato root system in
soil. The high values of these indexes can improve the ability of
plant roots to obtain soil moisture and nutrients, to colonize roots
and enhance and enhance the strength of root-microorganism
interaction. On the contrary, the diversity and abundance of soil
bacterial community structure are high, which is conducive to the
mineralization of soil organic matter, more soil nutrients are
absorbed and utilized by plants, and the development of tomato
root morphology is promoted (Leng et al., 2022; Andrade et al,
2023). It is consistent with the conclusion that Wang (Wang
et al., 2017) drip irrigation crop root length is positively
correlated with soil bacterial community structure diversity and
yield, which is consistent with the conclusion that Nazir (Nazir
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et al,, 2021) drip irrigation rape root activity, length and yield are
positively correlated.

Previous studies have found that there is an interactive
relationship between tomato root morphological development
and soil microorganisms (Wang J. et al., 2022). In this study, the
root morphological development of L1C2 treatment is better, which
may be one of the reasons why the soil bacterial community of L1C2
treatment is superior to the other five treatments. In addition, we
found that the RT was the key factor of tomato soil bacteria and
tomato root interaction and played an important role in enhancing
the positive interaction between soil bacteria and roots (Figure 10).
The L1C2 significantly increased the RT of tomato, thus promoting
the benign interaction between bacteria and roots in tomato soil.
The effect of the layout measures of MSPF on the interaction
between soil bacteria community and roots in tomato will
inevitably affect the tomato yield. In this study, we found that the
RT and ACE had the greatest influence on tomato yield under the
regulation of MSPF. It may be that the layout measures of MSPF
directly affects the RT and soil bacteria, and indirectly affects the
interaction between tomato root system and soil bacteria through
soil moisture, and regulates tomato yield directly or indirectly. In
this study, the soil moisture distribution in the root zone of tomato
treated with L1C2 was uniform, and the RT and ACE were
significantly increased, which promoted the tomato yield under
L1C2 better than other treatments.

5 Conclusion

By exploring the layout measures of MSPF to regulate the soil
bacterial community and root morphological development of tomato
in greenhouse, it was found that the diversity and abundance of soil
bacterial community structure of spring tomato and autumn tomato
in L1 were higher than those of L2. Among them, the total number of
OTUs classification of soil bacteria in spring tomato and autumn
tomato with L1 was higher than that of L2 by about 13.50% and
6.16%, respectively, and the ACE in spring tomato and autumn
tomato with L1 was higher than that of L2 about 6.90% and 8.19%,
respectively. The GAN and GAP in spring tomato and autumn
tomato soil with L1 was higher than that of L2 about 11.00% and
8.99%, 6.69% and 15.34%, respectively. As a result, the yield and
water use efficiency of spring tomato and autumn tomato treated with
L1 were higher than those of L2 by about 14.15% and 11.27%, 12.64%
and 10.35%, respectively. With the decrease of C, the diversity of soil
bacterial community structure decreased significantly. Among them,
the ACE and total number of OTUs classification of soil bacteria with
C2 was significantly higher than that of C3 about 27.59% and 9.85%,
30.68% and 16.21%, respectively. The GAN and GAP decreased with
the decrease of C. For example, the GAN and GAP in soil of spring
tomato and autumn tomato with C2 was significantly higher than
that of C3 about 14.83% and 26.36%, 27.97% and 19.29%,
respectively. Lower soil bacterial community structure diversity and
soil bacterial nitrogen and phosphorus metabolism functional gene
abundance reduced greenhouse tomato soil nitrogen and phosphorus
cycle. As a result, the yield and water use efficiency of spring and
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autumn tomatoes with C2 were significantly higher than those of C3
by 34.76% and 15.23%, 31.94% and 13.91%, respectively. Pearson
two-tailed test and regression analysis showed that there was a
positive interaction between soil bacterial community and root
morphological development. The relationship between soil bacterial
community and RT was a quadratic curve, and the relationship
between RT and yield was also quadratic curve, indicating that the RT
of tomato could be used to estimate the yield, and the tomato
production potential in this area could be indirectly evaluated by
soil bacterial community. This study provides a reference for
regulating tomato root system and soil microbial interaction and
increasing tomato yield by optimizing the layout measures of MSPF.
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Salt stress damage to plants has been becoming a global concern for agriculture.
The application of potassium fulvic acid (PFA) is a promising strategy to alleviate
the damage to plants and improve soil quality. However, the study of PFA on
plant growth and rhizosphere microbial community remains limited. In this study,
microcosmic experiments were conducted to verify the effect of PFA on citrus.
Trifoliate orange (Poncirus trifoliata), the most important citrus rootstock, was
used to evaluate the effect of PFA on salt damage. The results showed that PFA
significantly increased the contents of chlorophyll a, chlorophyll b and
carotenoid by 30.09%, 17.55% and 27.43%, and effectively avoided the
yellowing and scorching of leaves under salt stress. Based on the results of
two-way ANOVA, the mitigation of salt stress on trifoliate seedlings primarily
attributed to the enhancement of protective enzyme activities, K*/Na™ ratio and
the contents of soluble sugar, soluble protein and proline. Moreover, PFA
enhanced neutral protease (S-NPT), sucrase (S-SC) and urease (S-UE) of
rhizosphere soil and improved soil nutrition status. The abundance of Bacillus,
a kind of rhizosphere beneficial bacteria, was improved by PFA under salt stress,
which was mainly associated with the increased activities of S-NPT, S-SC and S-
UE. Overall, the application of PFA showed great potential for the alleviation of
salt damage on citrus.

KEYWORDS

potassium fulvic acid, microbial community, salt stress, citrus rootstock, distance-based
redundancy analysis

Introduction

Soil salinity, mainly caused by chaotic fertilization, poor irrigation and
anthropogenic pollution, has seriously affected more than 6% of the world’s lands
(Hassani et al., 2020; Mukhopadhyay et al., 2020). High salinity affects the growth and
production of crops by preventing absorbing water and various nutrition elements from
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the soil (Mukhopadhyay et al., 2020; Sun et al., 2022; Zied et al.,
2022). Citrus belongs to sweet-soil plant that is extremely sensitive
to salt (Mokrani et al., 2020; Wei et al., 2020). Trifoliate orange
(Poncirus trifoliata) is a widely used rootstock in citrus industry,
which is sensitive to salt stress (Wei et al., 2021). Cl" and Na* are
the major elements for citrus salt stress, and excessive Cl” and Na*
can break the potential balance and increase the permeability of
plasma membrane (Lin et al., 2015; Bankaji et al., 2019; Sun et al.,
2022). Under salt stress, many adverse symptoms occur, such as
chlorosis, scorching of leaf tip, early leaf falling and even trees
dying (Wu et al., 2010; Navarro et al., 2014; Syvertsen and Garcia-
Sanchez, 2014). Therefore, it is urgent to explore an effective,
ecological and economic method to alleviate salt damage in
citrus industry.

Fulvic acid (FA) is a short-chain molecular structure substance
derived from natural humic acid, with high physiological activity
and loading capacity (Islam et al., 2020; Brazien et al., 2021). FA can
interact with oxides, hydroxides, metal ions, organic matter and
minerals in the environment, effectively improve the availability of
soil nutrients, reduce soil salinity, and promote plant growth
(Brazien et al., 2021; Liu et al,, 2022). Anjum et al. (2011) found
that FA could enhance the activities of various antioxidant enzymes
and protect plants from oxidative damage. The pre-treatment of FA
improved salt tolerance of soybean (Glycine max L.) by maintaining
ion balance (Dinler et al, 2016). In addition, Elrys et al. (2020)
reported that under salt stress FA could promote the growth of
wheat by reducing the level of active oxygen species and improving
the antioxidant defense system. Potassium fulvic acid (PFA) is
formed with FA by chelating K and rich in exchangeable K
(Qiao et al., 2022). Compared with FA, PFA has superior
advantages in composition, performance, price and physiological
activity (He et al, 2022; Qiao et al, 2022; Wang et al, 2022).
Although PFA is widely used in improving soil properties and crop
production, it is rarely used as a salt hazard mitigation agent in
plant under salt stress.

Soil microorganism directly or indirectly interacts with the
roots of plant to influence the growth and health (Berendsen
et al, 2012; Bai et al, 2015). Simultaneously, roots affect the
functions and structures of soil microbial community through the
root exudates and the metabolic activities of the marginal cells (Bai
et al,, 2015; Hartmann et al., 2015; Fu et al., 2017). Recently, it has
been proved that the interaction between soil microorganisms and
plant roots mainly depends on the rhizosphere microorganisms,
which play key roles in response to biotic and abiotic stresses (Qu
et al,, 2020; Liu et al., 2021). For example, rhizosphere beneficial
bacteria (i.e., Pseudomonas, Rhizobium, Bacillus, Pantoea,
Berkholderia, Microbacterium, Achromobacter and Methylbacillus)
significantly improved the tolerance of hosts to salt stress (Grover
et al, 2011). Rhizosphere growth-promoting bacteria (PGPR) can
alleviate the damage of salt stress on plants through selective
absorption of Na*, K* and Ca®*, and maintaining a high K*/Na*
ratio (Rojas-Tapias et al., 2012; Han et al., 2014). Ashraf et al. (2004)
reported that the extracellular polysaccharide secreted by PGPR
strains can not only bind cations, but also promote the formation of
biofilm on the root surface, thus limiting the inflow of Na* into the
body of plants. Consequently, the response of plant rhizosphere
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microbial community to the alleviation of salt damage on citrus
should be considered.

In this study, the effect of PFA on the growth of trifoliate
seedlings under salt stress was investigated with microcosmic
experiments. We hypothesized that PFA could alleviate salt
damage on citrus by regulating rhizosphere microbial community
and enhancing the physicochemical properties and nutrient status
of soil. The main objectives of this study were to: (i) investigate the
effect of PFA on the growth and the characteristics of biochemistry
and physiology of citrus under salt stress; (ii) evaluate the effect of
PFA on the physicochemical properties and nutrient status of
rhizosphere soil; (iii) illustrate the effect of PFA on microbial
community of citrus root and rhizosphere soil; and (i) explore the
correlations between properties, enzyme activities of rhizosphere
soil and dominant microorganisms. We expected that the new
insights from our study would contribute to further application of
PFA for the alleviation of salt damage on citrus.

Material and methods

Microcosmic experiment design and
sample collection

The mineral PFA was purchased from Stanley Agricultural
Group Co., Ltd (Linyi City, Shandong Province, China). The soil
sample (0-20 cm in depth) was collected from a citrus orchard
located in Chonggqing City, China (29.76 N, 106.38 E). The soil
samples were air-dried, ground and screened with a sieve (aperture
of 2 mm). The visibly similar citrus rootstock trifoliate orange
(Poncirus trifoliata) seedlings (5 days after germination) grown
under the same conditions were transferred to a plastic pot filled
with the soil (250 g, with one seedling in each pot). The seedlings
were treated as follows 30 days after transplanting: treated firstly
with PFA solution (100 mg/L, 20 mL) for three times at an interval
of one week, and then with NaCl solution (100 mM, 20 mL) for
three times at an interval of one week (PFA+SS); treated with PFA
solution as mentioned above, and then with equal amount of water
(PFA); treated with equal amount of water in the first three weeks,
and then with NaCl solution (100 mM, 20 mL) (SS); treated with
only water during the whole process (CK). Each treatment
contained a total of 45 seedlings and they were used for three
biological repeats. The experiments were conducted in a greenhouse
with temperature (25 + 2°C) and humidity (50%-60%). The
rhizosphere soil, fresh roots and leaves of the seedlings were
collected 7 days after treatment.

Growth and characteristics analysis
of citrus

The plant height, root length, and fresh/dry biomass of the
seedlings were measured. The contents of chlorophyll a, chlorophyll
b and carotenoid were determined by using spectrophotometry
(Shang et al,, 2021). The root vigor and the contents of soluble
protein, soluble sugar, proline and malondialdehyde (MDA) in
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fresh roots and leaves of the seedlings were analyzed using the
corresponding test kits (Nanjing Boyan Biotechnology Co., Ltd.,
Nanjing City, Jiangsu Province, China). In addition, the activities of
peroxidase (POD), catalase (CAT) and superoxide dismutase
(SOD) of the seedling roots and leaves were measured using
different enzyme-linked immunosorbent assay (ELISA) Kkits
(Nanjing Boyan Biotechnology Co., Ltd., Nanjing City, Jiangsu
Province, China), respectively. Based on the digestion systems of
concentrated HNO3; and HCIO, (4:1, v/v), the concentrations of
Na™ and K" in the roots and leaves of the seedlings were determined
with a flame atomic absorption spectrophotometer (Sun
et al., 2022).

Physicochemical properties and enzyme
activities analysis of the rhizosphere soil

The values of electrical conductivity (EC) and pH of the
rhizosphere soil samples were all determined at a water/soil mass
ratio of 5:1. The contents of ammonium nitrogen (AN) and nitrate
nitrogen (NN) in rhizosphere soil samples were detected using
Skalar Continuous Flow Analyzer 5000 (Skalar Analytical BV,
Breda, Netherlands). The available phosphorus (AP) contents of
soil samples were estimated using the ammonium acetate-flame
photometer method (Yin et al., 2022). In addition, the potassium
dichromate heating oxidation-volumetric method was used for the
determination of organic matter (OM). The activities of the soil
catalase (S-CAT), neutral protease (S-NPT), sucrase (S-SC) and
urease (S-UE) were determined using enzyme activity test Kkits
(Nanjing Boyan Biotechnology Co., Ltd., Nanjing City, Jiangsu
Province, China), according to the manufacturer’s instructions.

DNA extraction, PCR amplification, and 16S
rRNA gene amplicon sequencing of root
and rhizosphere soil samples

The FastDNA Spin Kit for Soil (MP Biomedicals, CA, United
States) was used to extract the genomic DNA from the entire roots
and rhizosphere soils. Following the manufacturer’s instructions, 50
ML of DNA was extracted from root (250 mg) and rhizosphere soil
(300 mg), and then stored at -20°C for further analysis. The
universal primers 799F/1193R and ITSI1F/ITS2R were used to
amplified the V5-V7 regions of the 16S rRNA genes and ITS
region 1 of the nuclear ribosomal coding cistron of the extracted
DNA, respectively. The PCR amplification were performed
according to Zheng et al. (2021) and Shang et al. (2021). After
PCR amplification, the bands were excised and purified with 2%
agarose gel using a PCR Purification Kit. The purified PCR products
from all samples were collected, and paired-end sequencing was
performed on the Illumina MiSeq sequencing platform (Shanghai
Majorbio Bio-pharm Technology Co., Ltd., Shanghai City, China).
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Amplicon sequence processing and
bioinformatics analysis

Restricting the data to similarity of >97%, operational
taxonomic unit (OTU) clustering of non-repetitive sequences
was obtained using UPARSE (version 7.0.1090). The o-diversity
(Chao 1 index) was calculated using Mothur software. To visualize
the variations in microbial compositions, the principal
components analysis (PCoA) of the treatments were applied
using QIIME and R software (v. 3.5.3). The distance-based
redundancy analysis (db-RDA) screened the environmental
factors on the Majorbio i-Sanger Cloud Platform (Shanghai
Majorbio Bio-pharm Technology Co., Ltd., Shanghai City,
China, https://cloud.majorbio.com). Sequence data have been
deposited in the NCBI Sequence Read Archive under BioProject
number PRJNA935538.

Statistical analysis

Statistical analysis and figure creations was conducted using
SPSS Statistics 20.0 (Chicago, USA) and Origin 8.5 (Northampton,
USA), respectively. The significances between two different
treatments were analyzed by Student’s t test. Two-way ANOVA
analyses were conducted to analyze the significance of interactions
between PFA and SS. Data in the tables are expressed as means +
standard error (n = 3).

Results

Effect of PFA on the growth and root vigor
of citrus seedlings

The plant height, root length, fresh biomass and dry biomass
of the seedlings are shown in Figure S1. Although PFA had no
significant effect on plant height, root length, fresh biomass, dry
biomass of the seedlings (Figure S1), PFA significantly increased
the contents of chlorophyll a, chlorophyll b and carotenoid by
30.09%, 17.55% and 27.43%, respectively (Figures 1A-C). In
addition, PFA+SS significantly elevated the chlorophyll a,
chlorophyll b and carotenoid of leaves and the root vigor,
compared to SS treatment (Figures 1A-D). Two-way ANOVA
revealed a significant positive interaction of PFA x SS treatment
on root vigor of the seedlings (Figure 1D), indicating that PFA
had a greater promoting effect on root vigor under salt stress,
which was conducive to the root growth under salt stress. Under
salt stress, the leaves of trifoliate seedlings gradually appeared
yellow and scorched, but PFA+SS significantly alleviated the
harm of salt stress to the seedlings (Figures 1E, F).
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“*", and

“**" mean not significant, p < 0.05 and p < 0.01 according to Student’s t test and two-way ANOVA, respectively

Effect of PFA on the biochemical
and physiological characteristics
of the seedlings

Protective enzyme activities

The activities of protective enzymes in the seedlings were
affected by PFA (Figures 2A-C). PFA and PFA+SS treatments
enhanced the activities of SOD and CAT in the seedling leaves
compared to CK and SS treatments, respectively (Figures 2A, B).
Two-way ANOVA revealed highly significant positive effects of
PFA x SS treatment interaction on the activities of SOD and CAT
in leaves, showing the greater promoting effects of PFA under
salt stress, which means that PFA can effectively alleviate the
damage of citrus caused by SS. Moreover, the activities of POD in
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root and leaf samples were significantly increased with the
addition of PFA under salt stress or without salt stress
(Figure 2C). However, the results of two-way ANOVA
demonstrated that there was no significant PFA x SS treatment
interaction on the POD activities.

Accumulation of K* and Na*

The contents of K* and Na' in the roots and leaves are
displayed in Figure 2. PFA and PFA+SS treatments generally
increased the contents of K™ in the leaves, but there was no
significant difference in the root samples (Figure 2D). SS and PFA
+SS treatments enhanced the accumulation of Na* in the roots, and
PFA+SS conspicuously decreased Na® content in the leaves,
compared to SS treatment (Figure 2E). Two-way ANOVA
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FIGURE 2
The activities of SOD (A), CAT (B), POD (C) and K* content (D), Na* content (E), K*/Na* ratios (F) in the seedlings. CK, the seedlings without PFA and
salt stress; PFA, the seedlings amended with PFA and without salt stress; SS, the seedlings with salt stress; PFA+SS, the seedlings amended with both
PFA and salt stress. PFA X SS, interaction between PFA and SS. The error bars represent the standard error (n = 3). “ns”, “*", and "**" mean not
significant, p < 0.05 and p < 0.01 according to Student’s t test and two-way ANOVA, respectively.

revealed a significant negative effect of PFA x SS treatment
interaction on the Na' contents in the leaves of the seedlings,
which showed that PFA reduced the accumulation of Na* under salt
stress. And decreased content of Na* mitigated the harmful effects
of salt on the seedlings. In root samples, the K*/Na™ ratios were
dramatically decreased with the treatments of PFA, compared to
CK treatment. However, PFA and PFA+SS treatments increased the
K¥/Na" ratios in the leaves by 31.46% and 49.72%, compared to CK
and SS treatments, respectively (Figure 2F). Especially, PFA x SS
treatment interaction showed a significant positive effect on the K*/
Na" ratio in the leaves, which was beneficial to alleviate salt stress
on citrus.
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Soluble sugar, soluble protein, proline and
MDA contents

PFA affected the contents of osmoregulation substances
(Figure 3). PFA treatment significantly increased soluble sugar
contents in the roots by 39.34% compared to CK treatment, but
there was no significant effect of PFA on the contents in root
samples under salt stress (Figure 3A). In addition, the contents of
soluble sugar in the leaves exhibited an extremely significant
increase under PFA+SS treatment. The soluble protein contents
were increased by 45.28% and 20.41% in the roots and leaves with
PFA+SS treatment, compared to SS treatment (Figure 3B).
However, PFA treatment showed no significant improvement
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The contents of soluble sugar (A), soluble protein (B), proline (C) and MDA (D) in the seedlings. CK, the seedlings without PFA and salt stress; PFA,
the seedlings amended with PFA and without salt stress; SS, the seedlings with salt stress; PFA+SS, the seedlings amended with both PFA and salt
stress. PFA X SS, interaction between PFA and SS. The error bars represent the standard error (n = 3). “ns”, “*", and "**" mean not significant, p < 0.05
and p < 0.01 according to Student's t test and two-way ANOVA, respectively.

effect on the soluble protein contents of the seedlings. For the
proline contents, there were no significant differences between CK
and PFA treatments in root and leaf samples, but PFA+SS treatment
significantly promoted the synthesis of proline in the seedlings
compared to SS treatment (Figure 3C). Moreover, two-way
ANOVA indicated that PFA x SS treatment interaction had
highly significant positive influences on the soluble sugar, soluble
protein and proline contents in leaves, which were beneficial to the
growth of plants, indicating that PFA had greater promoting effects
of them under salt stress. Compared to CK treatment, the contents
of MDA in the root and leave samples decreased under PFA
treatments (Figure 3D). Notably, PFA+SS treatment significantly
decreased MDA contents in the roots and leaves by 65.10% and
71.96%, compared to SS treatment, respectively (Figure 3D). Two-
way ANOVA also showed that PFA x SS treatment interaction had
a highly significant negative influence on the content of MDA in
leaves, of which excessive accumulation was harmful to plants,
indicating that PFA has a better inhibition effect on MDA
under stress.
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Effect of PFA on the physicochemical
properties and enzyme activities of
rhizosphere soil

The effect of PFA on rhizosphere soil physicochemical
properties is provided in Table 1. PFA showed no significant
effect on the pH values of the soil samples, but there were
significant effects of PFA and PFA+SS treatments on the soil
EC values. PFA treatment significantly decreased the soil EC
value by 47.78%, compared to CK, and the results of two-way
ANOVA also demonstrated a highly significant PFA x SS
treatment interaction on the EC values of soil. Furthermore,
PFA treatment significantly promoted soil OM contents by
37.75%. Specifically, PFA amendment significantly improved
soil AN content from 5.05 mg/kg to 6.73 mg/kg, but
significantly decreased soil NN content by 38.46%. The
contents of OM and AN were not significantly affected by PFA
under salt stress, but PFA+SS treatment significantly increased
the NN contents compared to SS treatment. As for the effect on
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TABLE 1 Effect of PFA on the rhizosphere soil properties of the seedlings.

Soil properties Treatment Significance
CK PFA+SSP PFAXSS®
pH 822 +0.01 8.20 + 0.00 ns 8.13 + 0.05 8.08 + 0.02 ns ns
EC (uS/cm) 642.5 + 15.08 3355 + 1821 675.25 + 10.05 617.75 + 8.18** »r
OM (gkg™?) 6.49 + 0.08 8.94 + 0.53** 8.11 + 0.90 10.69 + 1.05ns ns
AN (mgkg™) 505 + 0.21 6.73 + 0.26* 495 +0.28 4.97 +0.19ns o
NN (mgkg ™) 0.39 + 0.01 0.24 + 0.01%* 036 + 0.01 0.57 + 0.01%* **
AP (mgkg™) 2.35 + 0.09 7.78 + 0.54%¢ 6.18 +0.23 6.71 + 0.34ns »*

EC, Electrical conductivity; OM, Organic matter; AN, Ammonium nitrogen; NN, Nitrate nitrogen and AP, Available phosphorus. CK, the seedlings without PFA and salt stress; PFA, the
seedlings amended with PFA and without salt stress; SS, the seedlings with salt stress; PEA+SS, the seedlings amended with both PFA and salt stress. PFA x SS, interaction between PFA and
$S. * “ns” and “**” mean not significant, and p < 0.01 between CK and PFA treatments according to Student’s t test; ° “ns” and “*” mean not significant, and p < 0.01 between S$ and PFA+SS

treatments according to Student’s t test;  “ns” and “**” mean not significant interaction of PFA x SS treatment, and p < 0.01 according to two-way ANOVA.

AP content of rhizosphere soil, PFA+SS treatment showed no
significant effects on soil AP content compared to SS treatment,
but PFA treatment significantly increased soil AP content by
231.06%. Two-way ANOVA revealed a highly significant positive
effect of PFAx SS treatment interaction on the NN contents of
soil, suggesting that PFA had greater promoting effects on them
under stress.

The effect of PFA on the enzymatic activities of the citrus
rhizosphere soil is presented in Table 2. There was no significant
effect of PFA treatment on S-CAT activity, but PEA+SS treatment
remarkably increased S-CAT by 28.74%, compared to SS treatment.
In addition, SS treatment decreased S-NPT activity from 41.30 ug-h”
“.g' to 26.16 pgh'.g’', but PFA and PFA+SS treatments
dramatically promoted S-NPT activity by 23.22% and 159.10%,
compared to CK and SS treatments, respectively. Similarly, the
results of two-way ANOVA showed that PFA x SS treatment
interaction had a highly significant positive effect on the activities
of S-NPT, indicating a better promotion of PFA on S-NPT activities
under salt stress. The activities of S-SC were dramatically higher by
69.95% under PFA amendment. In addition, the significant
differences of S-UE activities were observed between CK and PFA
treatments, SS and PFA+SS treatments. The significant PFA x SS
treatment interaction also affected the activities of S-SC and S-
UE positively.

Effect of PFA on the microbial diversity and
community of root and rhizosphere soil

Based on the 16S rRNA gene and ITS amplicon sequencing, a total
of 223,572 and 813,072 clean reads were obtained, respectively. The
Venn diagram revealed that 452 and 172 bacterial OTUs, 238 and 73
fungal OTUs were shared among the all treatments in the roots and
rhizosphere soils (Figure S2). In addition, 48-184, 69-104, 62-121 and
31-98 unique microbial OTUs were observed for CK, FPA, SS and
FPA+SS treatments, respectively. PFA treatment significantly
decreased the bacterial Chaol index in the rhizosphere soil samples
(Figure S3A), but the PFA and salt stress showed no significant effects
on the fungal Chaol indexes of rhizosphere soil and root samples of
trifoliate seedling (Figures S3C, D). PCoA on the OTU level showed
that the soil bacterial and fungal communities in the different
treatments were entirely distributed in different quadrants
(Figures 4A, C). However, the bacterial communities of root samples
in the CK were similar to that in the PFA, SS, and PFA+SS treatments
(Figure 4B). The PCI and PC2 axis totally explained 25.41%-45.84% of
the variation (Figure 4D), indicating the shifts in the composition of
root fungal communities under different treatments.

The microbiota of root and rhizosphere soil samples at the
phylum level are shown in Figures 5A, B, S4A, B. For the
rhizosphere soil samples, the dominant bacterial phyla (relative

TABLE 2 Effect of PFA on the rhizosphere soil enzyme activities of the seedlings.

Soil enzyme activities Treatment

CK

Significance

PFAXSS®

PFA+SSP

S-CAT (umol-h™.g) 228.70 + 13.00 231.08 + 16.14ns 164.31 + 6.88 ‘ 211.54 + 19.53* ‘ *
S-NPT (ugh'g") 41.30 +2.70 50.89 + 2.12%* 26.16 + 4.40 ‘ 67.78 + 6.41** ‘ o
S-SC (mg-d g ") ‘ 2.13 +0.38 3.62 + 0.41% 2.15 £ 0.26 ‘ 5.50 + 0.16** ‘ o
S-UE (ugd'g") 42,92 +2.33 47.22 + 1.32* 36.69 £ 2.29 ‘ 63.11 & 8.59** *

S-CAT: soil catalase, S-NPT: soil neutral protease, S-SC: soil sucrase, S-UE: soil urease. CK: the seedlings without PFA and salt stress; PFA: the seedlings amended with PFA and without salt stress;
SS: the seedlings with salt stress; PFA+SS: the seedlings amended with both PFA and salt stress. PFA x SS: interaction between PFA and SS. * “ns”, “*”, and “**” mean not significant, p < 0.05 and
p < 0.01 between CK and PFA treatments according to Student’s t test; * “ns”, “*”, and “**” mean not significant, p < 0.05 and p < 0.01 between SS and PFA+SS treatments according to Student’s t
test; © “ns”, “*”, and “**” mean not significant interaction of PFA x SS treatment, p < 0.05 and p < 0.01 according to two-way ANOVA.
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FIGURE 4

Principal components analysis (PCoA) based on the microbial community of the seedlings at the OTU level. (A) Bacterial community for the
rhizosphere soil sample; (B) bacterial community for the root sample; (C) fungal community for the rhizosphere soil sample; (D) fungal community
for the root sample. CK, the seedlings without PFA and salt stress; PFA, the seedlings amended with PFA and without salt stress; SS, the seedlings
with salt stress; PFA+SS, the seedlings amended with both PFA and salt stress.

abundance >10%) in all treatments were Proteobacteria (47.36%—
60.75%), Firmicutes (16.25%-32.32%) and Actinobacteria (9.50%-
18.40%) (Figure 5A), while only Proteobacteria (>94.67%) was the
most dominant in root samples (Figure 5B). The predominant fungal
phylum of rhizosphere soil and root samples were Basidiomycota
(27.26%-74.89%) and Ascomycota (14.86%-46.67%) in all treatments
(CK, PFA, SS and PFA+SS) (Figures S4A, B). Moreover, the
comparative response of bacterial and fungal communities between
SS and PFA+SS in the roots and rhizosphere soils was observed at
genus level (Figures 5C, D, S4C, D). Comparing with SS, PFA+SS
treatment significantly enhanced the relative abundances of Bacillus
and decreased Sphingomonas abundances (Figures 5C, D). The PFA
and salt stress treatments significantly influenced a total of 7 fungal
genera abundances in the rhizosphere soil and root samples, in which
the two most dominant genera (Rhizoctonia and Ceratobasidium)
were increased by PFA+SS (Figures 54C, D).

Correlations between rhizosphere soil
properties, enzyme activities and dominant
microorganisms of the seedlings

The db-RDA was carried out to evaluate the correlations between

properties, enzyme activities of soil and dominant microbial
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communities (Figures 6A, B). Of the soil properties indicators, soil
AP content was mostly affected by the soil bacterial communities,
followed by OM, NN and AN (Figure 6A). In addition, soil AN
content was negatively with NN content. As for the enzyme activities
of rhizosphere soil samples, S-NPT was positively correlated with S-
SC, S-UE and S-CAT. Especially, SS treatment had the most
significant effect on the S-NPT, S-SC and S-UE activities. The soil
EC value was significantly correlated with the relative abundances of
7 bacterial genera and 3 fungal genera, respectively (Figures 6C, D).
Bacillus and Fictibacillus abundances were significantly positively
correlated with S-NPT, S-SC and S-UE (Figure 6C). Moreover, AP
was significantly correlated with 4 fungal genera, including Preussia,
Chaetomium, Acremonium and Albifimbria (Figure 6D). Fusarium
had significantly positive correlation with soil EC, but negative with
soil pH and S-CAT. The relative abundances of Cupriavidus,
Lysobacter, Microvirga, Pseudarthrobacter, Ascobolus had no
significant correlation with physicochemical properties and enzyme

activities of rhizosphere soil samples.

Discussion

Recently, large numbers of evidences have showed that PFA
serves as a promising strategy to alleviate the damage to plants
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caused by various abiotic stresses (Elrys et al., 2020; Qiao et al.,
2022; Wang et al, 2022). In this study, we found that PFA
avoided yellowing and scorching of leaves and significantly
increased the contents of chlorophyll a, chlorophyll b and
carotenoid of the seedlings (Figure 1), but PFA x SS treatment
interaction showed no significant effect, indicating that PFA can
effectively promote the growth status of citrus with or without
salt stress.

The protective enzyme systems of plant play important roles in
response to environmental stress (Abdelaal et al., 2019; Unoki et al.,
2020). As important members of the plant protective enzyme
systems, the activities of CAT, SOD and POD were used to
evaluate the resistance of citrus to salt stress in this study.
Excessive accumulation of O, in plants can provoke oxidative
stress, which cause toxicity and show symptoms (Shang et al., 2021).
However, SOD and POD of plants can convert O, into H,0O,, and
then, CAT effectively remove H,O, to reduce oxidative damage to
the cell membrane systems (Abdelaal et al., 2019; Che et al., 20205
Shang et al, 2021). In this study, PFA+SS treatment significantly
enhanced the activities of CAT, SOD and POD in the leaves of
citrus compared to SS treatment, and two-way ANOVA revealed
highly significant positive effects of PFA x SS treatment interaction
on the activities of SOD and CAT in leaves (Figures 2A-C),
indicating that PFA had greater promoting effects of them and
alleviated the oxidative damage caused by saline stress via the
protective enzyme system (Figures 1E, F). Additionally, the
accumulation of reactive oxygen species (ROS) in plants
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dramatically increased the MDA content caused by membrane
lipid peroxidation (Li et al., 2017; Sun et al., 2022). The increased
contents of osmoregulation substances, such as soluble sugar,
soluble protein and proline, effectively removed ROS, reducing
the content of MDA in plants, and thus relieved the damage of
salt stress to plants (Wang et al., 2013; Dien et al., 2019; Kucerova
et al., 2019; Lin et al., 2019; Gurrieri et al., 2020; Sun et al., 2022).
The relief of symptoms in leaves induced by PFA (Figures 1E, F)
might be related to the highly significant positive PFA x SS
treatment interactions on the contents of soluble sugar, soluble
protein and proline (Figures 3A-C) and the highly significant
negative PFA x SS treatment interaction on MDA contents
(Figure 3D), which caused the significantly increased contents of
soluble sugar, soluble protein, proline and the decreased content of
MDA under salt stress.

Properties and nutrient contents of soil directly affect plant
growth and productivity (Ma et al., 2021). The high EC value of soil
reflects the over-concentration of soluble salt, which is not
conducive to plant growth (Sun et al., 2022; Yin et al., 2022). In
this study, PFA treatment significantly reduced the EC value of salt-
stressed soil (Table 1), indicating the alleviation of salt damage
under PFA+SS treatment. Furthermore, PFA directly provides
nutrients and also improves soil nutrient availability for the
plants. In this study, PFA improved physicochemical properties
of the soil under salt stress, such as OM, NN and AP (Table 1),
which is in agreement with the report of Kumar Sootahar et al.
(2019) and Sun et al. (2022).
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**p<0.01, and ***p<0.001.

Soil enzyme is an important driving force of soil nutrient
metabolism, and its activity can directly reflect the intensity and
direction of soil nutrient conversion and the biochemical process of
soil (Fei et al., 2019; Aponte et al., 2020). S-CAT, an important
indicator of soil micro-ecological environment, is related to soil
respiration intensity and soil microbial activity, which can
effectively prevent the toxicity of hydrogen peroxide (Aponte
et al,, 2020; Shang et al,, 2021). In this study, PFA+SS treatment
significantly enhanced the activity of S-CAT compared to SS
treatment (Table 2), which was consistent with the report by Zhu
etal. (2021). Additionally, S-UE can promote the hydrolysis of urea
to ammonia and the supply of nitrogen nutrition for plants (Lee
etal, 2021). S-SC can catalyze the hydrolysis of oligosaccharides in
soil to glucose, fructose and other monosaccharides available to
plants, and participate in the soil organic carbon cycle (Farooq et al.,
2021). S-NPT is mainly involved in the conversion of amino acids,
proteins and other organic compounds containing protein nitrogen
in the soil, and the hydrolysate is one of the nitrogen sources of
plants (Manyun et al, 2018). In this study, PFA+SS treatment
significantly increased the activities of S-UE, S-SC and S-NPT
compared to SS treatment (Table 1), which might be attributed to
the increased abundance of beneficial rhizosphere microorganisms.
In our study, two-way ANOVA revealed highly significant positive
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PFA x SS treatment interactions on the enzyme activities (S-UE, S-
SC, S-NPT) and physicochemical property (NN) of soil, indicating
the better improvement of soil nutrient status with PFA under salt
stress. Overall, PFA significantly improved the soil nutrient status
under salt stress, such as NN, S-UE and S-NPT of rhizosphere soil.

Rhizosphere microbes play key roles in maintaining soil quality
and affecting the host plant growth (Shang et al., 2021; Zheng et al.,
20215 Sun et al,, 2022). Compared to CK, PFA treatment decreased
the bacterial Chao 1 index in the rhizosphere soil samples,
suggesting that PFA affected the bacterial diversity, however, PFA
had positive influence on the bacterial activity under salt stress
(Figure S3). PCoA showed that PFA obviously shifted the
rhizosphere microbial community composition of citrus
(Figure 4). Qiao et al. (2022) also reported that the bacterial and
fungal community were affected by potassium humate and PFA.
Consequently, the rhizosphere microbial community affected by
PFA was beneficial to the alleviation of salt damage to the seedlings.

The dominant bacterial phylum in the root and rhizosphere soil
samples of the seedling was Proteobacteria (Figures 5A, B), which is
easier to survive in the environments rich in multiple nutrients
(Trivedi et al., 2013). The bacteria in Actinobacteria can enhance
host nutrition acquisition and protect plant against various abiotic
stresses (Shi et al., 2019), which was also found to widely exist in the
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rhizosphere soil of the seedlings (Figure 5A). At the genus level,
PFA+SS treatment enhanced the relative abundances of Bacillus
(Figure 5C), which had positive correlations with S-NPT, S-SC and
S-UE, but negatively correlated with EC value (Figure 6C). Bacillus,
a kind of rhizosphere beneficial bacteria, plays important roles in
improvement of soil, promotion of plant growth, resistance against
disease and enhancement of plant tolerance to salt (Miljakovic et al.,
2020; Shang et al, 2021). The changes of soil nutrient status can
directly affect the morphological structure and function of
rhizosphere microbial community, and the feedback effect also
gradually affects the nutrient status and quality of soil (Sun et al.,
2022; Yin et al., 2022). Therefore, the correlations between nutrient
status and dominant microorganisms of the rhizosphere soil were
evaluated in this study (Figure 6). These results suggested the
evolutions of microbial community affected by PFA was closely
related to the changes of soil nutrient status (OM, AN, NN, S-UE, S-
SC and S-NPT), as supported by some studies (Zheng et al., 2021;
Sun et al., 2022; Yin et al., 2022).

Conclusion

PFA can effectively alleviate salt damage to citrus on yellowing
and scorching of leaves. It showed obvious promotion effects on the
physiological status of the seedlings and physicochemical properties
and enzymatic activities of rhizosphere soil under salt stress. PFA
improved the evolution of bacterial and fungal communities in root
and rhizosphere soil of trifoliate seedlings, and significantly
enhanced the relative abundances of Bacillus, a kind of
rhizosphere beneficial microbes, under salt stress. Moreover, AP,
S-SC and S-NPT affected by PFA were the most critical
environmental factors influencing the compositions of microbial
genera. Thus, PFA can be used as a potential conditioner to alleviate
salt damage to citrus rootstocks.

Data availability statement

The raw data has been deposited in the NCBI Sequence Read
Archive under BioProject with the number PRJNA935538.
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Introduction: The above-ground parts of terrestrial plants are collectively known
as the phyllosphere. The surface of the leaf blade is a unique and extensive
habitat for microbial communities. Phyllosphere bacteria are the second most
closely associated microbial group with plants after fungi and viruses, and are the
most abundant, occupying a dominant position in the phyllosphere microbial
community. Host species are a major factor influencing the community diversity
and structure of phyllosphere microorganisms.

Methods: In this study, six Populus spp. were selected for study under the same
site conditions and their phyllosphere bacterial community DNA fragments were
paired-end sequenced using 16S ribosomal RNA (rRNA) gene amplicon
sequencing. Based on the distribution of the amplicon sequence variants (ASVs),
we assessed the alpha-diversity level of each sample and further measured the
differences in species abundance composition among the samples, and predicted
the metabolic function of the community based on the gene sequencing results.

Results: The results revealed that different Populus spp. under the same stand
conditions resulted in different phyllosphere bacterial communities. The bacterial
community structure was mainly affected by the carbon and soluble sugar
content of the leaves, and the leaf nitrogen, phosphorus and carbon/nitrogen
were the main factors affecting the relative abundance of phyllosphere bacteria.

Discussion: Previous studies have shown that a large proportion of the variation
in the composition of phyllosphere microbial communities was explained by the
hosts themselves. In contrast, leaf-borne nutrients were an available resource for
bacteria living on the leaf surface, thus influencing the community structure of
phyllosphere bacteria. These were similar to the conclusions obtained in this
study. This study provides theoretical support for the study of the composition
and structure of phyllosphere bacterial communities in woody plants and the
factors influencing them.
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Introduction

Microorganisms are an important part of the ecosystem and
play an important role in its stability. Their survival and
reproduction affect the healthy growth of the plants. The plants
are one of the most important habitats for microorganisms, and
both the underground roots and above-ground branches and leaves
are colonized by a large number of microorganisms, with the above-
ground environment formed by the branches and leaves called the
phyllosphere (Ruinen, 1956; Vorholt, 2012; Vacher et al., 2017). For
a long time, research on phyllosphere microbial communities has
lagged far behind that on rhizosphere microbial communities
(Lindow and Brandl, 2003; Miura et al., 2019). Compared to soil
and rhizosphere, phyllosphere microorganisms are less diverse but
still play a key role (Xu et al., 2022). In general, the phyllosphere
refers mainly to the environment in which the leaf is formed, and
the microorganisms that colonize the leaf are called phyllosphere
microorganisms (Lindow and Brandl, 2003; Vorholt, 2012). The
phyllosphere contains both the leaf surface and the internal leaf
environment, and accordingly, phyllosphere microorganisms also
include epiphytic bacteria on the leaf surface and endophytic
bacteria in the leaf interior (Pefiuelas and Terradas, 2014; Tkacz
et al., 2020; Gong and Xin, 2021).

The total surface area of the above-ground portion of plants
worldwide is estimated to be about 10° km? (mostly leaf surface)
(Vorholt, 2012), an area about twice the size of the Earth, making it
one of the largest microhabitats on the planet (Vorholt, 2012). Also,
in the phyllosphere grows a large number of microorganisms,
including bacteria, yeasts, filamentous fungi, archaea and algae
(Lindow and Brandl, 2003; Berlec, 2012). Bacteria are the most
abundant group closely associated with plants (Bringel and Couce,
2015; Bao et al,, 2020), with an average of 10° ~107 bacterial cells per
square centimeter of leaf surface, occupying a major position in the
phyllosphere microbial community (Vorholt, 2012). Also, several
studies show that bacteria can have very intimate interactions with
plants that involve intracellular colonization and even endosymbiosis
(Hardoim et al., 2015; Koskimiki et al., 2015). Much of the research
on phyllosphere microbes has been focused on phyllosphere bacteria
(Dickinson et al., 1975; Bodenhausen et al., 2013).

Phyllosphere microorganisms are normally attached to the surface
of leaves and form complex parasitic, mutualistic relationships with
host plants and other microorganisms, but most phyllosphere
microorganisms are in a symbiotic relationship with their host plants
(Kishore et al, 2005). Phyllosphere microorganisms are complexly
diverse, with different species having different microbial communities
(Leveau, 2015). It has been shown that the presence of phyllosphere
microorganisms is the result of a combination of colony competition,
climatic selection and host selection. The composition of phyllosphere
microorganisms can vary across plants, and factors associated with the
population structure of phyllosphere microorganisms include plant
phenotypic traits, leaf height and position, and leaf age (Hunter et al,,
2010). Environmental factors, plant genotypes and the shape of plant
species all affect the community composition of phyllosphere
microorganisms to varying degrees. Vokou et al. (2012); Redford
et al. (2010) and Vogel et al. (2020) suggest that plant species are a
major factor influencing the composition and diversity of phyllosphere
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microorganism communities, and that different plant species have
corresponding phyllosphere microorganism communities. In contrast,
Laforest-Lapointe et al. (2016) explored the different drivers influencing
the composition of phyllosphere bacterial communities in trees and
found that host species accounted for 27% of the factors influencing the
composition of phyllosphere bacteria. Existing studies have shown that
host species are a major factor influencing the community diversity and
structure of phyllosphere microorganisms. The main factor of host
species is related to differences in the physicochemical properties of
plant leaves (Whipps et al., 2008). Different plant leaf characteristics
such as stomata, trichomes, leaf thickness, nutrient content (carbon,
phosphorus and soluble sugar content) and water content all influence
the colonisation of phyllosphere microorganisms (Bunster et al., 1989;
Yadav et al., 2005; Beattie, 2011; Kembel and Mueller, 2014; Kembel
et al,, 2014).

A study of the model plant Arabidopsis thaliana using genome
wide association study (GWAS) found that different species of A.
thaliana phyllosphere microorganisms have different community
composition (Horton et al, 2014). In addition, different species of
the same plant species exhibited different phyllosphere
microorganisms’ communities among themselves. This has been
confirmed by many scholarly studies on common cash crops such as
Solanum tuberosum, Capsicum frutescens var. grossum, Lycopersicon
esculentum, and Gossypium spp. (Adams and Kloepper, 2002; Sessitsch
et al., 2002; Rasche et al., 2006a; Rasche et al., 2006b; Correa et al., 2007;
Hunter et al, 2015). Hunter et al. (2010) also found that different
varieties of Lactuca sativa had different phyllosphere bacterial
communities, and that differences in bacterial community structure
were related to the characteristics of the leaves themselves, such as leaf
morphology and soluble carbohydrates, calcium and phenolic
compounds. Populus spp. are the model species of choice for woody
plant research because of its compact genome composition, species
richness, wide distribution, ease of genetic transformation and ease of
asexual reproduction (Bradshaw et al, 2000; Taylor, 2002; Beckers
et al,, 2016; Beckers et al, 2017; Brunner et al, 2004). The poplar
germplasm conservation trial forest in Tongzhou, Beijing has six
species of Populus spp. planted in 2015 under the same stand
conditions. High-throughput sequencing analysis has become one of
the most commonly used methods for analyzing the composition of
phyllosphere microbial communities (Rastogi et al., 2012), increasing
the extent of our knowledge of the composition of phyllosphere
microbial communities. Based on this, we hypothesized: do different
Populus spp. under the same stand conditions also have different
phyllosphere bacterial communities? Are the differences in bacterial
community composition and structure related to the properties of the
leaves themselves, such as carbon, nitrogen, phosphorus and non-
structural carbohydrates in the leaves?

Method and materials

Plant environmental factor analysis of
different samples

The sampling site of this experiment was the International Seed
Technology Park in Beixindian Village, Yujiawu Township,
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Tongzhou District, Beijing (116°40’46"E, 39°42°59"N). The location
has a temperate continental monsoon climate, which is influenced
by both winter and summer winds, resulting in a windy and arid
climate in spring, more rain and higher temperatures in summer,
crisp climate in autumn and cold weather in winter. The average
annual temperature can reach 11.3°C, and the average precipitation
is about 620mm. the terrain is flat. The poplar germplasm
conservation test forest in Tongzhou, Beijing, was planted in
March 2015. The test species were Populus x euramaricana
‘Bofeng 3 hao’ (YA), P. deltoides ‘Shanghaiguan’ x P. deltides
‘Harvard’ (YB), P. nigra ‘N46’ (YC), P. nigra ‘N102’ (YD), P. x
euramericana ‘Guariento’ (YE), and P. alba x P. glandulosa ‘84K’
(YF). Each species was planted in a 30x30 m sample plot.

Sample collection and processing

In August 2022, three 10 x 10 m sample plots were set up in each
sample area, and five poplars of similar growth were selected in each
sample plot according to the five-point sampling method. Plant
samples were collected from the middle tip of the canopy in three
directions (120°), and mixed into one replicate in each sample plot.
Each leaf sample was cut with a pair of sterilized scissors and placed
in a sterile sampling bag placed on an ice box. In order to standardize
conditions as much as possible, only green, healthy, whole leaves were
selected. A total of 18 samples (3 replicates X 6 tree species) were
collected (Supplementary Figure 1). Plants were planted in each plot
with the density of 2 m x 2 m. All plant samples were collected on the
same day and transported to the laboratory for subsequent analysis.

In each leaf replicate, 30 g of leaf samples were placed in a 1000
mL sterile conical flask and then filled with 500 mL of sterile PBS
buffer (pH 7.4, 1 x phosphate buffer). To wash the microbial cells
from the leaves, sonication was performed in an ultrasonic clearing
bath at a frequency of 40 kHz for 6 min, with oscillation at 200 r/
min for 20 min at 30°C, followed by sonication (frequency 40 kHz)
for 3 min. The microbial cells were separated from the leaves by
filtering the cell suspension through a sterile nylon membrane of
0.22 um x 50 mm. The membrane samples were stored at -80°C.

Afterwards, the plant leaves were repeatedly rinsed with sterile
distilled water and the surface dried with phosphate-free filter
paper. After baking at 105°C for 30 min, with drying at 65°C for
more than 48 h until the samples were of constant weight. The
petioles and veins were cut off, ground and passed through a 100-
mesh sieve for the determination of physicochemical properties.

Leaves chemical properties determination

Dried plant samples of 3.5-4.2 mg were weighed and sealed in a
tin container and then the carbon and nitrogen contents of the
leaves were determined by the elemental analyzer (Elementar Vario
EL III Germany). Phosphorus of leaves was determined by the
molybdenum antimony anti-colorimetric method (Li et al.,, 2019).
The content of soluble sugars and starch in the leaves was
determined by the anthrone colorimetric method (Du et al., 2020).
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DNA extraction and
high-throughput sequencing

All DNA was extracted using the Fast®DNA SPIN kit (MP
Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s
instructions. The amount and quality of DNA was measured by
NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and agarose gel electrophoresis for extracted
DNA. The library was constructed using Illumina’s TruSeq Nano
DNA LT Library Prep Kit. The end repair process starts by using the
End Repair Mix2 in the kit to excise the base protruding from the 5’
end of the DNA, fill in the missing base at the 3’ end, and add a
phosphate group to the 5’ end. A separate A-base is then added to
the 3’ end of the DNA to prevent self-association of the DNA
fragment. PCR amplification of the bacterial 16S rRNA genes V3-
V4 region was performed using the forward primer 338F (5°-
ACTCCTACGGGAGGCAGCA-3’) and the reverse primer 806R
(5’-GGACTACHVGGGTWTCTAAT-3’) (Claesson et al., 2009).
Sample-specific 7-bp barcodes were incorporated into the primers
for multiplex sequencing. The PCR components contained: 5 x
reaction buffer 5 UL, 5 x GC buffer 5 uL, dNTP (2.5 mM) 2 uL,
Forwardprimer (10 uM) 1 pL, Reverseprimer (10 uM) 1 uL, DNA
Template 2 uL, ddH,O 8.75 uL, Q5 DNA Polymerase 0.25 puL. The
amplification parameters were initial denaturation 98°C 2 min,
followed by 25-30 cycles consisting of denaturation 98°C 15 s,
annealing 55°C 30 s, extension 72°C 30 s, final extension 72°C
5 min, 10°C hold. Vazyme VAHTSTM DNA Clean Beads (Vazyme,
Nanjing, China) were used to purify PCR amplicons, and the
Quant-iT PicoGreen dsDNA Assay Kit was used to quantify them
(Invitrogen, Carlsbad, CA, USA). Pair-end 250 bp sequencing was
carried out at Shanghai Personal Biotechnology Co., Ltd. using the
Mlumina NovaSeq platform and NovaSeq 6000 SP Reagent Kit
(500 cycles).

Data analytics

Amplicons were pooled in equal amounts following the
individual quantification step. Taxonomy was assigned to
amplicon sequence variants (ASVs) using the classify-sklearn
naive Bayes taxonomy classifier in feature-classifier plugin against
the silva_132. The NCBI database SRA accession number for of the
raw high-throughput sequencing data of leaf bacterium is
PRJNA924105. The primer fragments of the sequences were first
excised by calling qiime cutadapt trim-paired and the unmatched
primer sequences were discarded; then DADA2 was called by giime
dada2 denoise-paired for quality control, denoising, splicing and
chimera removal. The above steps were analyzed separately for each
library (Callahan et al,, 2016). After the denoising of all libraries was
completed, the ASVs feature sequences and ASV tables were
merged and the total number of denoised sequences (effective
sequence volume) was 1,318,062 with an average of 73,225.67 per
sample. After removing the chimeras, the total amount of high-
quality sequences obtained was 1,029,576 with a mean value of
57,198.67 (49,640 - 63,956).
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Venn diagram and histogram of sample ASVs numbers
were made with jvenn which is a plug-in for the jQuery
Javascript library (Bardou et al., 2014). In order to provide a
more com-prehensive assessment of the alpha diversity of the
microbial community, the Chaol and Observed species indices
were used to characterize richness (Chao, 1984), the Shannon
and Simpson indices to characterize diversity and the Pielou’s
evenness index to characterize evenness (Shannon, 1948;
Simpson, 1949; Pielou, 1966). Box line plots were created
using QIIME2 (2019.4) and the ggplot2 package for the R
package (v3.2.0) (Wickham, 2009) and the significance of the
differences was verified by Kruskal-Wallis rank sum test and
dunn’test as a post hoc test. Cluster analysis was performed
using the uclust function of the R package (v3.2.0) stat package,
using the UPGMA algorithm by default for the Bray-Curtis
distance matrix (i.e., the clustering method is average), and
visualized using the R package (v3.2.0) script ggtree package
(Ramette, 2007). The QIIME2 (2019.4) “qiime taxa barplot”
was called to visualize the compositional distribution of each
sample at five taxonomic levels: phylum, class, order, family
and genus, by counting the feature list after removing
singleton. The heatmap was drawn using the pheatmap
package in R (v3.2.0) (Gu and Hiibschmann, 2022). One-way
ANOVA was used to analyze the significant difference of leave
chemical properties, and S-N-K q test was used to conduct
post-test. Data of significant differences in leave chemical
properties were processed by Excel (2019) and analyzed by
IBM SPSS 26.0 (Chicago, USA). The linkages between leaf
nutrient factors and phyllosphere bacterial community
composition and diversity were performed by Redundancy
analysis (RDA) via Canoco 5. Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States
(PICRUSt2) took 16S rRNA gene sequences for metabolic
pathway prediction in the MetaCyc functional database
(https://metacyc.org/) (Douglas et al., 2020). The data were
normalized using the sum of the abundances of the EC’s for
each sample in parts per million. The average abundance of the
second level pathway was calculated using R based on the
selected samples.
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Results

Composition and structure of
phyllosphere bacterial communities
of different Populus spp.

Venn diagrams were produced using the ASV abundance table,
as shown in Figure 1A. Six species of Populus spp. shared 283 ASVs.
The number of ASVs was 3280, 1983, 2829, 2814, 2182 and 2426 for
YA, YB, YC, YD, YE, and YF, respectively (Figures 1B, 1C). The
number of ASVs specific to YA (1733) was the highest and YE (889)
the lowest (Figure 1A).

The alpha diversity indices of six difterent species of Populus
spp. were analyzed based on the Kruskal-Wallis algorithm and
differences were found between them. Chao 1, Shannon,
Observed_species, Pielou_e indices were significantly different
between groups (p < 0.05), while Simpson index was not
significantly different between groups (p > 0.05). YA had the
highest Chao 1, Shannon, Simpson, Observed_species, Pielou_e
indices. The lowest mean values of Chaol and Observed_species
indices were found in YB, and the lowest mean values of Shannon,
Simpson, Pielou_e indices were found in YC (Figure 2).

Hierarchical clustering analysis of phyllosphere bacterial
communities at the genus level using Bray-Curtis distance
algorithm and average clustering was performed as in Figure 3.
YB and YC were clustered into one category alone and the
remaining four treatments were clustered into one category. YD
was more similar to YE. The histogram on the right indicates that
the microbial communities were not equally abundant at the genus
level, and although the species composition of the treatments was
similar, there were differences in abundance. The heatmap also
confirmed this conclusion (Figure 4).

Statistical analysis of the sampled ASV's resulted in a table of the
specific composition of phyllosphere bacteria in each sample for
each taxonomic level. With this table, it was possible to calculate the
composition of taxonomic units contained in each taxonomic level
for each of the six samples. Statistically, high-throughput
sequencing yielded a total of 31 phyla, 76 classes, 179 orders, 313
families, 683 genera and 940 species.

% YE
v8 YD
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FIGURE 1

3(531)

(A) venn diagram for different sample leaves; (B) number of ASVs per grouping; (C) number of ASVs, specific (1) or shared by 2,3, ..., 6. YA: Populus x
euramaricana ‘Bofeng 3 hao’; YB: P. deltoides ‘Shanghaiguan’ X P. deltides ‘Harvard’; YC: P. nigra ‘N46"; YD: P. nigra '‘N102’; YE: P. X euramericana

‘Guariento’; YF: P. alba x P. glandulosa 84k’
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FIGURE 2

Box plot of alpha diversity of phyllosphere bacterial communities of different species of Populus spp.* indicated p < 0.05 by dunn'test as a post-hoc
test. YA: Populus X euramaricana '‘Bofeng 3 hao’; YB: P.deltoides ‘Shanghaiguan’ X P. deltides 'Harvard’; YC: P.nigra ‘N46": YD: P.nigra 'N102’; YE: P. X

euramericana 'Guariento’; YF: P. alba x P.glandulosa '84k'.

At the phylum level, the relative abundance of phyllosphere
bacteria greater than 1% were Proteobacteria, Actinobacteria,
Firmicutes, Bacteroidetes, Deinococcus-Thermus. Among them,
Proteobacteria and Actinobacteria were the dominant phylum with
relative abundance greater than 10%. The highest relative abundance
content of Proteobacteria was found in YC (76.96%) and the lowest in
YD (59.37%). Conversely, Actinobacteria had the highest relative
abundance in YD (27.31%) and the lowest in YC (14.69%).
Firmicutes had the significantly highest relative abundance in YB at
6.43%. Bacteroidetes had higher relative abundance in YD and YA at
6.20% and 5.24%, respectively (Figure 5A).

The top ten phyllosphere bacterial classes in relative abundance were
Gammaproteobacteria, Alphaproteobacteria, Actinobacteria, Bacilli,
Bacteroidia, Deinococci, Deltaproteobacteria, Saccharimonadia,
Thermoleophilia, Acidimicrobiia. Gammaproteobacteria had the
highest relative abundance among the six samples at 61.75%, while
Alphaproteobacteria (14.98%) and Actinobacteria (14.12%) had the
lowest relative abundance among the six samples. Alphaproteobacteria
had the highest relative abundance in YF (49.33%) and Actinobacteria
had the highest abundance in YD (26.97%) (Supplementary Figure 2A).
At the order level, Enterobacteriales had the highest abundance in YC at
53.29%, while YA contained only 7.05%. Micrococcales varied little in

Hierarchical clustering analysis
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@

Hierarchical clustering analysis of phyllosphere bacterial communities of different species of Populus spp. at the genus level. YA: Populus x
euramaricana '‘Bofeng 3 hao'; YB: P. deltoides ‘Shanghaiguan’ P. deltides ‘Harvard’; YC: P. nigra 'N46’; YD: P. nigra ‘N102"; YE: P. x euramericana

‘Guariento’; YF: P. alba x P. glandulosa '84K'.
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FIGURE 4
Heatmap of phyllosphere bacterial communities of different species
of Populus spp. at the genus level. YA: Populus x euramaricana
‘Bofeng 3 hao’; YB: P. deltoides 'Shanghaiguan’ X P. deltides
‘Harvard'; YC: P. nigra 'N46'; YD: P. nigra 'N102"; YE: P. x
euramericana 'Guariento’; YF: P. alba X P. glandulosa '84Kk'.

abundance across the six Populus spp. leaves, ranging from 9.88% (YC)
t0 20.44% (YD). Rhizobiales had the highest abundance in YF at 30.63%
and only 9.05% in YB (Supplementary Figure 2B). At the family level, the
relative abundance of Enterobacteriaceae was as high as 53.29% in YC

10.3389/fpls.2023.1143878

and less than 10% in both YA and YF. Microbacteriaceae had the highest
abundance in YD (19.93%), Sphingomonadaceae had the highest
abundance in YA (17.72%), and Beijerinckiaceae had the
highest abundance in YF (28.04%) (Supplementary Figure 2C).

At the genus level, the genera ranked greater than 1% in relative
abundance were Pantoea, Sphingomonas, Curtobacterium,
Methylobacterium, Pseudomonas, Massilia, Enterobacter, Deinococcus,
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium,
Hymenobacter, Escherichia-Shigella, Enterococcus, Kineococcus,
Geodermatophilus, Aureimonas, Kosakonia. Pantoea was the most
abundant in YC with 29.62%, while in YF it was only 2.45%. the
relative abundance of Sphingomonas in YA, YD, YE, YF was greater
than 10%. Curtobacterium had the highest relative abundance in YD
(16.12%) and Methylobacterium the highest in YF (27.62%). 2.55% of
Pseudomonas was found in YF but 16.91% in YB (Figure 5B).

Variation in leaf nutrient indices among six
Populus spp.

The six species of Populus spp. varied in their basal nutrient
indexes in leaves. While the differences in soluble sugar and starch
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FIGURE 5

Analysis of the composition of phyllosphere bacterial communities in different Populus spp. at all levels of taxonomic units. (A) at the phylum level;
(B) at the genus level; YA: Populus x euramaricana '‘Bofeng 3 hao'; YB: P. deltoides 'Shanghaiguan’ P. deltides 'Harvard’; YC: P. nigra 'N46'; YD: P.
nigra 'N102'; YE: P. x euramericana 'Guariento: YF: P. alba X P. glandulosa '84k'.
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content were not statistically significant (p > 0.05), there were
significant differences in their carbon, nitrogen, phosphorus, and
carbon/nitrogen ratios (p < 0.05). YC had the lowest carbon/
nitrogen ratio (average value of 14.16), the highest N content
(average value of 31.37 g/kg), and the highest phosphorus content
(average value of 6.40 g/kg). The highest carbon/nitrogen ratio
(mean value 17.79) and highest average carbon content (mean value
467.34 g/kg) were both found in the YF. YA had the least amount of
soluble sugar, starch, phosphorus, nitrogen, and carbon (Table 1).

Effect of leaf nutrient factors on the
composition and structure of phyllosphere
bacterial communities

To better understand the relationship between phyllosphere
bacterial communities diversity and leaf nutrient factors, Detrended
correspondence analysis (DCA) was carried out on the alpha diversity
and soil chemical properties of phyllosphere bacterial communities,
and the result showed that the maximum gradient length = 0.10 < 3,
indicating that the distribution of different species of poplar
phyllosphere bacterial communities was closer to the linear model
and that the redundancy analysis (RDA) could better explain the
relationship between them. The RDA indicated that six leaf nutrient
factors explained a total of 67.53% of the overall eigenvalues and had
significant effects on phyllosphere bacterial community diversity. The
eigenvalues of the first two sorting axes of the RDA explained 50.6%
and 16.72% of the variation in phyllosphere bacterial communities’
diversity, respectively (Figure 6). And only soluble sugar (p =0.004),
and starch (p =0.046) among the six nutrient factors had a significant
effect on phyllosphere bacterial community diversity, explaining 54.3%,
and 17.6% of the variation in phyllosphere bacterial community
diversity. Carbon/nitrogen was positively correlated with all five
indices and the starch content was only positively correlated with the
Simpson, Pielou_e and Shannon indices. The remaining leaf nutrient
factors all had a negative effect on the alpha diversity index.

DCA of the relative abundance of phyllosphere bacterial
communities at the phylum level and genus level greater than 1%
with leaf nutrient factors showed that the maximum gradient length

10.3389/fpls.2023.1143878

= 0.36 (phylum), 0.6 (genus), both less than 3. This indicates that
RDA could better explain the relationship between them.

At the phylum level, RDA showed that the six leaf nutrient
factors together explained 53.58% of the overall eigenvalues
(Figure 7A). The eigenvalues from the first two ordination axes of
RDA explained 39.72% and 7.52% of the variation in phyllosphere
bacterial community’s diversity, respectively. Only leaf nitrogen
content had a significant effect on the phyllosphere bacterial clade,
explaining 47.1% of the variation in community diversity (p =
0.008). At the genus level, the eigenvalues from the first two
ordination axes of RDA explained 27.08% and 9.39% of the
variation in phyllosphere bacterial community’s diversity
(Figure 7B). Only 48.8% of the eigenvalues are explained on the
four axes. Leaf phosphorus content had a significant effect on the
phyllosphere bacterial community diversity (p = 0.002).

Prediction of the functional potential of
phyllosphere bacterial communities of
different Populus spp.

The analysis of the bacterial community based on the MetaCyc
database (Figure 8) showed that at the primary level, there were
Biosymthesis, Degradation/Utilization/Assimilation, Detoxification,
Generation of Precursor Metabolite and Energy, Glycan Pathways,
Macromolecule Modification, and Metabolic Clusters. The highest
relative abundance of bacteria was associated with Biosynthesis at 62.47%.

The top three metabolic functions studied at the secondary level
were Cofactor, Prosthetic Group, Electron Carrier, and Vitamin
Biosynthesis (15.03%), Amino Acid Biosynthesis (14.15%) and
Nucleoside and Nucleotide Biosynthesis (12.29%). The flora also
had metabolic functions, for example, Fatty Acid and Lipid
Biosynthesis (8.19%), Carbohydrate Biosynthesis (5.00%),
Fermentation (3.81%), TCA cycle (3.56%), Cell Structure
Biosynthesis (3.13%), Nucleoside and Nucleotide Degradation
(2.89%), Carbohydrate Degradation (2.74%), Secondary Metabolite
Degradation (2.45%), Carboxylate Degradation (2.38%), Secondary
Metabolite Biosynthesis (2.22%), C1 Compound Utilization and
Assimilation (1.45%), Inorganic Nutrient Metabolism (1.45%),

TABLE 1 Variation in the chemical properties of the leaves of different species of Populus spp.

Nitrogen/g kg

Carbon/g kg™’

Carbon/nitrogen

Phosphorus/g kg Soluble sugar/mg kg = Starch/mg kg

YA 439.26 + 547 B 2519 £097 C 1751 £ 0.64 A 2.09 £0.16 C 1572 +3.76 A 57.52 + 461 A
YB 457.55 + 9.45 AB 30.03 + 1.46 AB 15.30 + 0.45 BC 347 +041B 2193 £ 151 A 60.76 £ 2.16 A
YC 44382 + 094 B 31.37 £ 0.56 A 14.16 £ 0.27 C 6.40 £ 0.41 A 24.08 £ 553 A 74.13 £ 6.77 A
YD 44233 +7.68 B 27.10 £ 0.33 BC 16.33 + 0.20 AB 2,51 +0.02C 2291 £093 A 7173 + 1.94 A
YE 450.98 + 3.71 AB 30.31 + 0.26 AB 14.88 + 0.08 BC 2.52 £0.06 C 2627 £2.25 A 68.80 £ 6.75 A
YF 467.34 £ 1.75 A 2646 +1.33 C 17.79 £ 0.87 A 2.10 £ 0.06 C 21.61 £2.89 A 68.44 + 4.50 A
F 3.493 6.974 8.635 44914 1.233 1.759

P 0.022 0.001 <0.001 <0.001 0.335 0.172

Data were average + standard error. Different capital letters meant significant difference at 0.05 level. YA: Populus x euramaricana ‘Bofeng 3 hao’; YB: P. deltoides ‘Shanghaiguan’ x P. deltides
‘Harvard’; YC: P. nigra ‘N46’; YD: P. nigra ‘N102’; YE: P. x euramericana ‘Guariento’; YF: P. alba x P. glandulosa ‘84Kk’.
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FIGURE 6

Redundancy analysis (RDA) of leaf nutrient factors and alpha diversity
of phyllosphere bacterial communities. YA: Populus x euramaricana
'‘Bofeng 3 hao'; YB: P. deltoides 'Shanghaiguan' P. deltides 'Harvard’;
YC: P. nigra ‘N46'; YD: P. nigra '‘N102’; YE: P. x euramericana
‘Guariento’; YF: P. alba P.x P. glandulosa '84K'.

Glycolysis (1.40%), Aromatic Compound Degradation (1.40%),
Amino Acid Degradation (1.37%), Pentose Phosphate Pathways
(1.20%), Respiration (1.18%), Electron Transfer (1.18%), Aromatic
Compound Biosynthesis (1.00%). Other than that, there were 38
metabolic functions with a relative abundance of less than 1%.

Discussions

The present study found differences in the composition and
structure of the phyllosphere bacterial community of different

10.3389/fpls.2023.1143878

Populus spp. under the same off-site conditions, which answers
the first hypothesis presented in the previous section. A large
proportion of the variation in the composition of phyllosphere
microbial communities is explained by the hosts themselves
(Laforest-Lapointe et al., 2016). Plant genotypes have a decisive
influence on the composition of phyllosphere microbial
communities (Whipps et al., 2008; Balint et al., 2013;
Bodenhausen et al., 2014). Current studies have shown that
phyllosphere microbial community structure differs significantly
between plants, that phyllosphere microbes of the same species vary
with their geographical location, and that the community
composition of phyllosphere microbes is distinctly host-specific
(Finkel et al., 2012; Rastogi et al., 2012). Finkel et al. (2011) also
found that geographical location, rather than tree species, was the
main determinant of bacterial communities in the phyllosphere.
The six Populus spp. in this study were all harvested from the same
habitat and were similar in elevation, temperature, rainfall and
sunlight, which may explain the differences in phyllosphere
microbial community composition between them, but the alpha
diversity indices were less significantly different (p<0.05).

A correlation heat map analysis of physicochemical properties
and alpha diversity of the phyllosphere bacterial community and
the top ten phyla and genera in relative abundance revealed that leaf
carbon and soluble sugar content were the main and negative
influences on the alpha diversity index. The bacterial composition
of the phyllosphere was mainly influenced by leaf nitrogen content,
carbon/nitrogen, at the phylum and genus level. Leaf phosphorus
content also significantly influenced the relative abundance of
phyllosphere bacterial genera. Previous studies have shown that
the growth of interleaf bacteria is limited mainly by carbon and to a
lesser extent by nitrogen (Delmotte et al, 2009; Kembel and
Mueller, 2014), but in the present study the effect of leaf carbon
content on bacteria was not significant. These essential nutrients are
available resources for bacteria living on the leaf surface and thus
influence the community structure of phyllosphere bacteria (Gong
and Xin, 2021). Kembel et al. (2014) found that leaf nitrogen and
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Redundancy analysis (RDA) of leaf nutrient factors and relative abundance > 1% of phyllosphere bacterial communities at the phylum (A) and genus
(B) level. YA: Populus x euramaricana ‘Bofeng 3 hao'; YB: P. deltoides 'Shanghaiguan' x P. deltides 'Harvard’; YC: P. nigra '‘N46'; YD: P. nigra 'N102';

YE: P. x euramericana 'Guariento’; YF: P. alba X P. glandulosa '84k'.
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Predicting metabolic pathway statistics in interleaf bacterial communities based on the MetaCyc database.

phosphorus content effected the phyllosphere bacterial community.
Yadav et al. (2005) demonstrated that leaf shape, marginal folds and
stomata as well as leaf chemistry (nitrogen, phosphorus, soluble
carbohydrates and water content) affect the community
composition of phyllosphere microorganisms, resulting in
different interleaf bacterial colonization. These previous studies all
support the conclusions reached in this study.

The dominant taxa of phyllosphere bacteria are mainly
Proteobacteria and Actinobacteria, which is consistent with the
findings of other scholars (Delmotte et al., 2009; Rastogi et al.,
2012). Additionally, there were also significant concentrations of
the relatively abundant phyla Firmicutes, Bacteroidetes,
Deinococcus-Thermus, Patescibacteria, Acidobacteria,
Gemmatimonadetes, Chloroflexi, and FBP. Previous studies have
shown that the bacterial community phylogenetic structure of the
phyllosphere microbial community contains relatively few phyla,
dominated by Proteobacteria, Actinobacteria, Firmicutes and
Bacteroidetes, which generally dominate the bacterial community
composition (Redford et al., 2010; Kembel et al., 2014; Kecskemeti
et al,, 2016; Grady et al,, 2019). Furthermore, microflora belonging
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to the Proteobacteria phylum are rich in metabolic diversity and
have a variety of functions in the interleaf bacterial community such
as methylotrophy, nitrification, nitrogen fixation and non-oxygenic
photosynthesis (Fiirnkranz et al., 2008; Atamna-Ismaeel et al., 2012;
Watanabe et al., 2016). Besides Proteobacteria, microorganisms of
the Bacteroidetes and Actinobacteria all perform different ecological
functions in the phyllosphere environment (Romero et al., 2016). A
number of major bacterial genera, including Methylobacterium,
Pseudomonas, Bacillus, Massilia, Sphingomonas, Arthrobacter and
Pantoea, appear to constitute the core phyllosphere microbial taxa
(Rausch et al., 2001; Lopez-Velasco et al., 2011; Knief et al., 2012;
Rastogi et al., 2012). The relative abundance of the genera Pantoea,
Sphingomonas, Curtobacterium, Methylobacterium, were found to
be high in Populus spp. phyllosphere bacteria. The interactions of
some phyllosphere microbial communities provide some protection
to plants (Innerebner et al., 2011; Ottesen et al., 2015). For example,
bioactive molecules produced by Pseudomonas strains (e.g.,
Coronatine and Syringolin A) can induce stomatal closure and
thus affect the entry of pathogens into apoplast (Melotto et al., 2006;
Hunter et al, 2010). The phyllosphere microbes are also able to
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cycle carbon and nitrogen through the direct use of carbohydrates
released by plants or secreted by arthropods, the interception of
ammonium atmospheric pollutants by nitrifying bacteria and
nitrogen fixation (Miiller and Ruppel, 2014).

In summary, in our study it was found that different Populus
spp. under the same stand conditions resulted in different
phyllosphere bacterial communities. While bacterial community
structure was mainly influenced by leaf carbon and soluble sugar
content, leaf nitrogen, phosphorus and carbon/nitrogen were the
main factors affecting the relative abundance of phyllosphere
bacteria. This provides theoretical support for the study of the
composition and structure of phyllosphere bacteria in woody plants
and the factors influencing them.
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The chromosome-level genome
of Eucommia ulmoides provides
insights into sex differentiation

and o-linolenic acid biosynthesis

Qingxin Du“**, Zixian Wu*, Panfeng Liu™**, Jun Qing*?>,
Feng He'??, Lanying Du™**, Zhigiang Sun**?, Lili Zhu®,
Hongchu Zheng®, Zongyi Sun’, Long Yang™®,

Lu Wang*** and Hongyan Du"***

tResearch Institute of Non-timber Forestry, Chinese Academy of Forestry, Zhengzhou, China, 2Key
Laboratory of Non-timber Forest Germplasm Enhancement and Utilization of National Forestry and
Grassland Administration, Chinese Academy of Forestry, Zhengzhou, China, *Engineering Research
Center of Eucommia ulmoides, State Forestry and Grassland Administration, Zhengzhou, China,
“Agricultural Big-Data Research Center and College of Plant Protection, Shandong Agricultural
University, Taian, China, *Academy of Chinese Medical Sciences, Henan University of Chinese
Medicine, Zhengzhou, China, °Product Department, Henan Jinduzhong Agricultural Science and
Technology Co., Ltd., Yanling, China, “Operation Department, Grandomics Biosciences Co., Ltd.,
Wuhan, China

Eucommia ulmoides Oliver is a typical dioecious plant endemic to China that has
great medicinal and economic value. Here, we report a high-quality
chromosome-level female genome of E. ulmoides obtained by PacBio and Hi-
C technologies. The size of the female genome assembly was 1.01 Gb with 17
pseudochromosomes and 31,665 protein coding genes. In addition, Hi-C
technology was used to reassemble the male genome released in 2018. The
reassembled male genome was 1.24 Gb with the superscaffold N50 (48.30 Mb),
which was increased 25.69 times, and the number of predicted genes increased
by 11,266. Genome evolution analysis indicated that E. ulmoides has undergone
two whole-genome duplication events before the divergence of female and
male, including core eudicot y whole-genome triplication event (y-WGT) and a
recent whole genome duplication (WGD) at approximately 27.3 million years ago
(Mya). Based on transcriptome analysis, EUAP3 and EUAG may be the key genes
involved in regulating the sex differentiation of E. ulmoides. Pathway analysis
showed that the high expression of -3 fatty acid desaturase coding gene
EU0103017 was an important reason for the high o-linolenic acid content in E.
ulmoides. The genome of female and male E. ulmoides presented here is a
valuable resource for the molecular biological study of sex differentiation of E.
ulmoides and also will provide assistance for the breeding of superior varieties.

KEYWORDS

Eucommia ulmoides Oliver, genome, whole-genome duplication, MADS-box genes, sex
differentiation, a-linolenic acid biosynthesis
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Introduction

There has been a wide range of uses for Eucommia ulmoides
Oliver, such as medicinal and natural rubber extraction purposes.
Because there has been a long history of application of this plant in
China (Zhu and Sun, 2018), it has aroused the interest of many
researchers. In 2018, the first draft reference genome of E. ulmoides
(Male V1) was released based on next-generation sequencing, and
consisted of a total genome length of 1.18 Gb genome with contig
N50 that was 17.06 kb in length, and the assembled genome size was
larger than the 1.1 Gb predicted by 17-mer analysis. A large number
of superscaffolds were assembled from contigs, but none was
completely anchored to the chromosomes (Wuyun et al., 2018).

It was realized that the accuracy and completeness of this
genome assembly could be further refined. A new version of the
genome was subsequently published in 2020, whereby the authors
first obtained the Eucommia haploid plant through
parthenogenesis, and then sequenced and assembled it. The
genome size was 947.86 Mb, accounting for 92.93% of the
estimated genome size (1.02 Gb). Contig N50 was 13.16 Mb, and
scaffold N50 was 53.15 Mb in length, and long scaffolds were further
anchored to 17 pseudochromosomes by Hi-C (Li et al., 2020).
Although two versions of the E. ulmoides genome have been
released, a high-quality female E. ulmoides genome has yet to be
produced, which is necessary for the study of evolution and
sex differentiation.

E. ulmoides is a dioecious perennial woody plant, with male and
female inflorescences that greatly vary, and thus, the quantities of

10.3389/fpls.2023.1118363

important compounds in male and female plant are different
(Figure 1). The utilization value of E. ulmoides also varies with
the sex of the plant (Wang et al.,, 2020). In flowering plants, the sex
difference is mainly manifested as different flower organs, and
therefore, genes related to flower development may participate in
the process of sex differentiation (Barrett and Hough, 2012;
Massonnet et al., 2020). As the key regulators of almost all
aspects of plant reproductive development, MADS-box genes play
a particularly prominent role in flowering time control,
inflorescence structure, floral organ identity determination, and
seed development. However, the floral induction and floral organ
regulation genes and regulatory networks of E. ulmoides are
still unclear.

Based on the studies of model plants Arabidopsis thaliana
(Bowman et al., 1989) and Antirrhinum majus (Schwarz-Sommer
et al., 1990), the genetic regulation mechanisms that govern flower
organ development have been preliminarily explored, and the
famous ABC model of flower organ development has been
proposed (Coen and Meyerowitz, 1991; Soltis et al., 2007), which
was later supplemented by the ABCDE model (Theissen, 2001;
Causier et al., 2010). Except for the AP2 gene, all the genes involved
in the ABCDE model were MADS-box genes belonging to different
functional categories (Hu et al., 2021). Therefore, the MADS-box
gene family may play an important role in regulating the sexual
differentiation of flowers, and a large number of MADS-box genes
and their functions have been found and verified in plants such as
Arabidopsis (Di Marzo et al., 2020), Orchidaceae (Teo et al., 2019),
Petunia (Morel et al., 2019), Oryza sativa (Yin et al.,, 2019) and Zea

FIGURE 1

Morphological characteristic of Eucommia ulmoides. (A) Mature plant, (B) male inflorescence, (C) female inflorescence, (D) fruit.
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mays (Abraham-Juarez et al, 2020). A previous study based on
comparative transcriptome analysis of male and female E. ulmoides
identified putative sex-associated genes (Wang and Zhang, 2017).
Regrettably, only one gene with high homology to the AP3 gene in
Arabidopsis was detected, which was a B class organ identity gene.
Although that study provides a reference for exploring the sex
differentiation of E. ulmoides, there is currently a lack of
information on the sex differentiation mechanism of E. ulmoides.

In plants, stearic acid is catalyzed by fatty acid desaturase to
produce oleic acid and linoleic acid, and eventually o.-linolenic acid
(Li-Beisson et al., 2013), which is an essential fatty acid and is very
important for human health (Kim et al., 2014). There has been prior
study on o-linolenic in plants such as Perilla frutescens (Liao et al,
2018), Plukenetia volubilis (Hu et al., 2018), Paeonia ostia (Yu et al.,
2021). E. ulmoides is a woody plant with a very high a-linolenic acid
content, even more than 60% in its seed oil (Zhang et al., 2018), well
above purslane which has the highest content of linolenic acid in
green leafy vegetables (30.15%). Although the synthesis of o-
linolenic acid in E. ulmoides has also been studied from the
glycolytic pathway based on transcriptome analysis (Feng et al,
2016), the information in genes encoding key enzymes for linolenic
acid synthesis and the mechanism of o.-linolenic acid accumulation
are still not clear.

In this study, we aimed to construct a female and male E.
ulmoides genome and explore the molecular mechanism of sex
differentiation and o-linolenic acid accumulation in E. ulmoides.
Our results will provide essential resources for studies on E.
ulmoides evolution and directional variety improvement, and also
lay a foundation for the rapid identification of male and female
plants, thus improving the utilization rate of E. ulmoides.

Materials and methods
Plant samples

Fresh leaves for genome sequencing were collected from a
female E. ulmoides plant ‘Huazhong No. 8, which was used to
assemble the Female V1 genome. To observe the morphological
structure of female and male flower bud development, flower buds
were collected from female ‘Huazhong No. 6’ and the male
‘Huazhong No. 11’ during the entire development period.
Samples were obtained every 5 days from the beginning of bud
germination in late April to the end of September, once every 10
days from early October to January of the following year, and once
every 3 days from February to early April of the following year, with
20 female and male flower buds being collected each time. The
experimental materials for sex differentiation analysis were derived
from the collected flower buds. Male and female flower buds at the
floral organ induction stage (the inflorescence primordium
formation stage), floral organ morphological differentiation initial
stage (the pistil and stamen differentiation stage), and flower organ
maturity stage were selected for transcriptome sequencing, with
three biological repetitions for each sample. To analyze the
expression of o-linolenic acid synthesis genes, four different
tissues (stem, bark, leaf and fruit) of female ‘Huazhong No. 8
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were extracted. All plant samples were collected from the Yuanyang
Experimental Base of Research Insitute of Non-timber Forestry,
Chinese Academy of Forestry. Plant materials were immediately
immersed in liquid nitrogen, transported to the laboratory, and
then stored in a -80°C freezer for sequencing.

Morphological and structural observation
of flower bud development

After collection, the materials were immediately immersed in
FAA fixative solution (70% ethanol: glacial acetic acid: 38%
formaldehyde =18:1:1), transported to the laboratory, and then
stored in a -80° freezer. Materials preserved in FAA fixative solution
were sliced using a conventional paraffin-sectioning method. Then
the slices were observed and photographed using OLYMPUS
optical microscope.

Sequencing and library construction

Total genomic DNA was extracted from fresh leaves using the
QIAGEN® Genomic DNA extraction kit (Cat#13323, QTAGEN) for
PacBio sequencing on a PacBio Sequel II instrument. For Hi-C
library construction and sequencing, restriction endonucleases
(HindIII/Mbol) were used for chromatin digestion, and after
biotin labeling, flat-end binding and DNA purification. Hi-C
samples were prepared and sampled for DNA quality testing. The
Hi-C fragment consisted of removed biotin that was fragmented by
ultrasound, end-repaired, and after the addition of base A, the
biotin-containing fragment was isolated and then sequenced to
form the jointed product. Then, Polymerase Chain Reaction (PCR)
conditions were tested, and DNA was amplified to obtain the library
products (Kong and Zhang, 2019). An Illumina HiSeq X Ten
sequencer was used for sequencing after the library quality
control was confirmed.

RNA was extracted using a TRIzol kit (Invitrogen) according to
the manufacturer’s instructions. The RNA concentration was
measured using a NanoDrop spectrophotometer, and RNA purity
and integrity were determined by an Agilent 2100 Bioanalyzer and
1% agarose gel electrophoresis, respectively. After passing the
quality inspection, a cDNA library was constructed according to
the instructions accompanying the cDNA Library Construction Kit
(NEB). Paired-end sequencing was performed on the cDNA library
using the Illumina HiSeq X-10 platform, and 150 bp paired-end
sequences were generated.

Genome assembly and evaluation

For the genome assembly of female E. ulmoides plant
‘Huazhong No. 8, first, sub-sequences from PacBio sequencing
were assembled using Falcon v2.0.5 (https://github.com/
PacificBiosciences/ FALCON/) with the parameter ‘-max diff 100
—-max cov 100 -min cov 2 —min len 5000’, the pure third-generation
assembly software officially launched by PacBio. Then, Arrow (Chin
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et al,, 2013) was applied to align the third generation data to the
preliminary assembly for correction with default parameters. After
the initial genome assembly was completed, Pilon v1.22 (Walker
et al., 2014) with the parameter ‘-~mindepth 10 —changes —fix bases’
was used for iterative polishing. The Hi-C data were aligned to the
genome assembly via Juicer v1.5 software with the following
parameter settings: -s DpnlI -t 20 (Durand et al., 2016b). Finally,
the draft genome of E. ulmoides was assembled onto chromosomes
by 3D-DNA pipeline with the parameter ‘-m haploid -s 4 -c 17 -j 15’
(Dudchenko et al., 2017). The contact matrix and heatmap of
chromosomes were drawn with Juicebox (Durand et al., 2016a).

As for the male E. ulmoides tree (SNJ) genome reassembly, named
Male V2 genome, we first downloaded the previous genome assembly
data from the NCBI under accession number SRP095726. Next, the
downloaded genome was refined using Hi-C data with the same
method as that used for the female genome assembly. Benchmarking
Universal Single-Copy Orthologs (BUSCO) v4.1.4 (https://
busco.ezlab.org/) was used to assess the integrity and accuracy of the
final genome assembly with the Eudicotyledons_odb10 database
(Simio et al., 2015).

Genome annotation

TRF v4.07 (Benson, 1999) (tandem repeats finder) software
(https://tandem.bu.edu/trf/trf.html) was applied to predict tandem
repeats of the genome. Transposable elements (TEs) were identified
by combining de novo-based and homology-based approaches. In
the de novo-based approach, RepeatModeler v1.0.11 (Flynn et al,
2020) (http://www.repeatmasker.org/RepeatModeler/) and LTR-
FINDER v1.05 (Xu and Wang, 2007) were used to build the
repeat library (LTR length 100 to 5000 nt; length between two
LTRs: 1000 to 20,000 nt), and then, RepeatMasker v4.0.7 (Tarailo-
Graovac and Chen, 2009) (http://www.repeatmasker.org/) was used
to identify and classify repeats under the parameter “-a -e ncbi -q
-norna -nolow -div 30 -cutoff 225’. For the homology-based
approach, the known repetitive sequences database Repbase (Bao
et al, 2015) (https://www.girinst.org/repbase/) was searched by
RepeatMasker to find homologous sequences in the E.
ulmoides genome.

Gene prediction for the E. ulmoides genome was performed by
integrating three different methods: de novo prediction, homology-
based prediction and transcriptome-based prediction. De novo gene
prediction was achieved using Augustus v3.3 (parameter:
-strand=both -genemodel=partial -gff3=on -species= arabidopsis)
(Stanke and Morgenstern, 2005) (http://bioinf.uni-greifswald.de/
augustus/), SNAP (Korf, 2004) and GlimmerHMM v3.52
(Majoros et al., 2004). For the homology approach, BLASTP
(Camacho et al., 2009) was used to map protein sequences onto
the E. ulmoides genome, and GeneWise v2.4.1 (Birney et al., 2004)
was used to align the homologous genome sequences with the
matching proteins. RNA-seq sequences were mapped to the
genome assembly using PASA v2.0.2 to identify putative exon
regions and splice junctions. Finally, EVidenceModeler v1.1.1
(Haas et al., 2008) (https://evidencemodeler.github.io/) was
employed to integrate the gene sets predicted by the three
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methods. For gene annotation, EggNOG-mapper v4.5 (Huerta-
Cepas et al,, 2017) software was employed with emapper DB 4.5.1
to obtain the Clusters of Orthologous Genes (COG), eggNOG, Gene
Ontology (GO) and KEGG pathway information for each gene.
HMMER v3.2.1 (Prakash et al., 2017) was applied to search the
Pfam database (http://pfam.xfam.org/) and obtain the protein
domains. Functional annotation of protein coding genes was
performed using the UniProt database (https://www.uniprot.org/).

Four types of non-coding RNAs (ncRNAs), tRNA, rRNA,
miRNA, and snRNA, were annotated in the E. ulmoides genome.
TRNAscan-SE v1.4 (Lowe and Chan, 2016) (http://
lowelab.ucsc.edu/tRNAscan-SE/)software was employed to
identify the tRNAs with tRNAscn-SE -i -q and eukaryote
parameters. TRNAs were detected using BLASTN alignment of
rRNA sequences known related species. Other ncRNAs were
predicted using INFERNAL v1.1 (Nawrocki et al., 2009) software
with the parameter ‘cmsearch —ga —incE 0.01 -E 10.0’ to search the
Rfam v12.0 (Nawrocki et al., 2015) database (http://

rfam.xfam.org/).

Detection of WGD events

To identify whole genome duplication (WGD) events in E.
ulmoides, BLASTP was used to perform a homology search using
the female and male genome, and MCScanX v0.8 (Wang et al,
2012) (https://sourceforge.net/projects/mcscanx/) was employed to
detect syntenic blocks. The collinearity analysis of male and female
was conducted by JCVI v1.2.1. Ks (synonymous substitution) values
for paralogous blocks were calculated by KaKs_Calculator v2.0 with
the parameter ‘i test.axt -m MA -c -0’ (Wang et al., 2010), and a
frequency distribution graph of the Ks values was drawn to identify
WGD events in E. ulmoides. The WGD event time was estimated by
the formula ks/2r, with a r value of 8.25 e-9.

MADS-box genes analysis

To identify MADS-box genes, HMMER v3.2.1 software with the
SRF-TF domain (PF00319) and K-box (PF01486) were used to
search against the E. ulmoides genome proteins (-cut_ga, E
value<1x107°), which were obtained from Pfam. The search
results containing MADS-box domain or K-box domain were
retained, and incomplete functional domain sequences were
removed. Using all Arabidopsis MADS-box genes as queries, the
predicted E. ulmoides MADS genes were checked by BLASTP
searches (E value<1x107°). The phylogenetic tree was then
constructed using RAxML v8.2.12 with the GTRGAMMA
substitution model and 1000 bootstraps on the CIPRES website
(https://www.phylo.org/portal2/home.action). The phylogenetic
tree was visualized using FigTree v1.4.4. The combination of
genome annotation, homology search and MADS-box gene
expression in male and female flower buds, enabled the ABCDE
model genes to be identified. Using all female E. ulmoides MADS-
box genes as queries, BLASTP was used to map protein sequences
onto the male genome. For these protein sequences, the
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phylogenetic tree was constructed through MEGA-X using the
maximum likelihood method and the JTT matrix-based model
with 1,000 bootstraps. Multiple sequence alignments were
performed by CLUSTALW program and viewed in GeneDoc. The
gene structure of these MADS-box genes was demonstrated by
TBtools. The data of Nymphaea colorata was downloaded from BIG
Data Center with the accession number GWHAAYW00000000.
And the phylogenetic trees of genes related to sex differentiation in
E. ulmoides and N. colorata were constructed using MEGA7 with
the Neighbor Joining method.

Identification of a-linolenic acid
biosynthesis and metabolism genes

The KEGG database (https://www.kegg.jp/kegg/keggl html)
was queried to identify genes involved in o-linolenic acid
synthesis and metabolism. First, known genes related to o-
linolenic acid biosynthesis and metabolic pathways in KEGG were
selected and their protein sequences were downloaded. The
downloaded protein sequences were aligned with the E. ulmoides
genome using the NCBI online comparison function BLASTP
(https://blast.ncbi.nlm.nih.gov/Blast.cgi), and the annotation
information was combined to predict genes involved in o-
linolenic acid synthesis and metabolism.

Transcription analysis

FastQC v0.11.9 was used to estimate the quality of RNA
sequences. To obtain clean sequences, Trimmomatic v0.36 was
used to remove adapter sequences and low-quality sequences
(with a base quality value less than 30 or greater than 5%
unknown bases). To estimate the gene expression level, clean
sequences from RNA-seq were mapped onto the final Female V1
genome assembly using Tophat2 v2.1.1 with the parameters: -b2-
sensitive -N 2 -p 6 -g 10 -read-edit-dist 2 -read-mismatches 3 -
read-gap-length 2 (Kim et al, 2013), and then fragments per
kilobase per million (FPKM) of each gene was performed by
Cuftlinks v2.2.1 with the following parameter: -p 6 -g file.gff -u -
library-type fr-unstranded (Trapnell et al, 2010) (http://cole-
trapnell-lab.github.io/cufflinks/). Finally, the values of log,(FPKM
+1)-that represented the gene expression level and the differentially
expressed genes (DEGs) were identified using Cuffdift v2.2.1, with a
p-value (FDR) < 0.05 and |log2 (fold change)| > 1.

Results

Morphological and structural
observation of female and male
flower bud differentiation

With the growth and development of female and male flower

buds of E. ulmoides, the cells of the flower bud meristem continued
dividing, and the internal and external morphological structure
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gradually changed. The floral organ development of the female and
male flower buds of E. ulmoides can be divided into four stages:
inflorescence primordium formation, bract differentiation, pistil
and stamen differentiation, and pistil and stamen morphological
formation (Figure 2).

In the inflorescence primordium formation stage, the female
and male flower buds exhibit similar morphological characteristics.
The buds are young and green, approximately triangular, with white
fluff on the surface (Figures 2A1, Cl). The internal anatomical
structure shows that the flower buds are apical and conical, with
thick cytoplasm (Figures 2B1, D1).

In the bract differentiation stage, the female and male flower
bud morphological characteristics remain relatively similar, and
males and females cannot be accurately distinguished. The outer
bracts of female and male flower buds gradually lignify into scales,
and the color of the flower buds gradually changes from green to
light brown (Figures 2A2, C2). The number of bracts increases, and
the meristem at the bud apex widens and flattens (Figures 2B2, D2).

In the pistil and stamen differentiation stage, the internal
structure of female and male flower buds showed obvious
morphological differences. Round small protuberances form
between the axils of the primordia of the female buds, namely the
pistil primordia, and several stamen primordia that form between
the axils of the male buds are clustered between the bracts. The male
and female buds can be distinguished according to the sectioning
results (Figures 2B3, D3).

In the pistil and stamen morphological formation stage, female
flower buds grow faster longitudinally and are approximately
conical in shape, while the stamens are approximately spherical
(Figures 2A4, C4). A single pistil primordium is differentiated from
the base to the center on both sides of the female flower bud, while
the male flower bud is differentiated from several stamens to form a
stamen cluster inside the bract (Figures 2B4, D4). The pistil shape is
pinnate, with a central depression at the top that forms two
protuberances, namely the pistil stigma. After the pistil completes
its morphogenesis, and stamen pollen sac differentiates into the
obvious endothecium, middle layer, and tapetum (Figures 2B5, D5).
Then, the internal and external morphology of the flower bud does
not change, and the bud enters the dormancy stage.

Genome assembly and assessment

A combined strategy of PacBio and Hi-C sequencing
technologies was used to construct the high-quality female E.
ulmoides genome assembly (Female V1). The PacBio long
sequences were corrected and assembled into the preliminary
genome assembly using FALCON. The obtained genome size was
957 Mb, which consisted of 2,662 contigs with contig N50 that was
1.3 Mb in length. Finally, with the assistance of 184.7 Gb of Hi-C
sequences, the assembled contigs were anchored to 17
pseudochromosomes of 1.01 Gb with superscaffold N50 that was
51.89 Mb in length, and the GC content of the genome was 35.14%
(Table 1). The interactions of contigs on pseudochromosomes were
detected to adjust their order and direction in the Hi-C heat map,
which also indicated the high quality of Female V1 genome
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Inflorescence primordium

formation
(May 30th)

FIGURE 2

Bract differentiation

differentiation
(June 14th)

Pistil and stamen

Pistil and stamen
morphological formation
(July 9th)

Dormancy stage
(November 10th)

Internal anatomical structure and external morphological characteristics of male and female flower buds at different differentiation stages. Br, Bract;
Ca, Carp; Mic, Microsporocyte; Pis, Pistil, SAM, Stem Apical Meristem; Sq, Squama; Sta, Stamen; Sti, Stigma. (A1-A5): The external morphology
structure of female flower bud; (B1-B5): The anatomic structure of female flower bud; (C1-C5): The external morphology structure of male flower

bud; (D1-D5): The anatomic structure of male flower bud.

TABLE 1 Summary of the Eucommia ulmoides genome.

Type Female V1 Male V2 Male V1
Genome Size 1.01 Gb 1.24 Gb 1.18 Gb
Contig N50 1.33 Mb 17.06 Kb 17.06 Kb
Scaffold N50 5.31 Mb 1.03 Mb 1.03 Mb
SuperScaffold N50 51.89 Mb 48.30 Mb 1.88 Mb
GC content 35.14% 35.19% -
Complete BUSCOs 93.2% 92.1% 90%
Protein coding genes 31,665 37,998 26,732
Mean gene length 6,273 bp 6,199 bp -
Mean coding sequence length 1,086 bp 1,007 bp 1,001
Mean number of exons per gene 5.18 4.45 4.74
Mean exon length 209 bp 226 bp 211 bp
Total repetitive sequence 68.26% 62.25% 61.24%
Total non-coding RNAs 2,488 2,865 3,201
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assembly (Supplementary Figures 1, 2). The Male V2 genome was
re-constructed using Hi-C technology. The genome size of the new
version (Male V2) was 1.24 Gb, with 23 superscaffolds and the
superscaffold N50 that was 48.30 Mb long, and the GC content was
35.19% (Table 1). Genomic alignments of chromosomes and
superscaffolds between Female V1 and Male V2 are showed
in (Figure 3C).

To assess the quality of the two newly assembled genomes,
BUSCO was carried out. Among the 2,121 plant-specific orthologs,
2,024 (95.4%) and 2,026 (95.5%) BUSCOs were identified in the
Female V1 and Male V2 assembly respectively. In addition, 1,975
(93.2%, Female V1) and 1,954 (92.1%, Male V2) of the identified
orthologs in the two genomes were considered to be complete,
which were higher than the 90.0% completed genes identified in the
Male V1 genome (Supplementary Figure 3 and Supplementary
Table 1). The BUSCO results suggested that both genomes were
assembled with high quality.

Genome annotation

The Female V1 and Male V2 genome consisted of 68.26%
(688.75 Mb) and 62.25% (770.88 Mb) repeats, respectively (Table 1
and Figure 4). In both genomes, LTR (long terminal repeat) was the
most abundant type of repetitive element, accounting for 40.15%
(405.08 Mb) and 36.6% (453.30 Mb) of the genome size,
respectively. Additionally, 59.05 Mb (5.85% of the Female V1
genome) and 64.56 Mb (5.21% of the Male V2 genome) DNA
transposons were identified, which were the second highest
repeated sequence in both genomes (Supplementary Table 2). The
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LTR-RT insertion time was estimated to provide a retrospective
view of the expanded history of LTR-RTs in the two newly assembly
E. ulmoides genomes. LTR-RTs gradually accumulated over 5
million years ago, and there was an insertion explosion
approximately 2 million years ago in both genomes, with the
Male V2 genome undergoing another peak at 0.15 Mya (Figure 3A).
A combination of ab initio prediction, RNA-seq, and homology-
based search was used to predict the protein-coding genes in the E.
ulmoides genome. Overall, 31,665 and 37,998 genes were predicted in
the Female V1 and Male V2 genome, and the average protein-coding
gene size was 6,273 bp and 6,199 bp respectively (Table 1). Among
these predicted protein-coding genes, 24,049 (75.95%) genes from the
Female V1 genome and 27,284 (71.8%) genes from the Male V2
genome were functionally annotated in the GO, KEGG, EggNOG,
Pfam and UniProt databases (Supplementary Table 3). In addition,
2,488 and 2,910 noncoding RNAs were separately annotated in the two
newly assembled genomes. The Female V1 genome contained 976
tRNAs, 178 rRNAs, 1,141 snRNAs and 193 miRNAs. Similarly, four
types of noncoding RNAs were identified in the Male V2 genome,
including 1,216 tRNAs, 214 rRNAs, 1,253 snRNAs and 182 miRNAs
(Supplementary Figures 4, 5 and Supplementary Table 4).

Whole-genome duplication analysis

WGD analysis was performed by calculating synonymous
substitutions per synonymous site (Ks) values in the two newly
assembled genomes. The density distribution of Ks values exhibited
two peaks both in Female V1 and Male V2, with Ks values of 0.45
and 2.29 (Figure 3B). After the early y duplication event that affected
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Genome evolutionary analysis. (A) Distribution of insertion times for LTR-RTs. (B) Ks value distribution in Female V1 and Male V2 genome. The
divergence line represents Ks value distribution of syntenic blocks between male and female. (C) Genomic alignments of chromosomes and

superscaffolds between Female V1 and Male V2.
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FIGURE 4

Landscape of Female V1 and Male V2 genome. The circle from outside to inside represents, (A) Chromosomes of Female V1 and Superscaffolds of
Male V2, (B) gene density, (C) GC content, (D) repeat abundance, (E) synteny information. All distributions were drawn in a window size of 1 Mb.

eudicots, E. ulmoides experienced a more recent WGD event
approximately 27.3 Mya. The collinearity analysis of male and
female revealed a 1:1 synteny pattern (Supplementary Figure 6).
The divergence time between female and male E. ulmoides was
defined with a Ks peak value of 0.075 (Figure 3B).

MADS-box genes involved in
sex differentiation

In the Female V1 and Male V2 genome, 76 and 81 MADS-box
genes were separately identified, and further phylogenetic analysis
of these genes was performed (Supplementary Figure 7). Based on
the transcriptome analysis, 30 MADS-box genes of Female V1 were
differentially expressed at different developmental stages of male
and female flower buds. In addition, nine genes involved in the
ABCDE model of floral development were identified in these
MADS-box genes, which included three A-class genes (EuAPI,
EuFULI, EuAGL6), one B-class gene (EuAP3), one C-class gene
(EuAG), two D-class genes (EuSHPI, EuSHP2), and two genes
(EuSEP1, EuSEP2) that were associated with the E function
(Supplementary Table 5). Nine MADS-box genes involved in the
ABCDE model of floral development were identified in Male V2.
We found high homology between male and female lineages
(Supplementary Figure 8) and the gene structure and domain
sequence of these genes were similar (Supplementary Figures 9,
10). In addition, we compared the obtained sex differentiation genes
with the related sex differentiation genes in Nymphaea colorata, and
the genes involved in sex differentiation in E. ulmoides and N.
colorata showed high homology (Supplementary Figure 11).

The expression levels of the ABCDE genes at the floral organ
maturity stage were higher than those in the floral organ induction
stage and morphological differentiation initial stage. Except for the
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EuFULI and EuSHP2 genes, the other seven ABCDE genes were
differentially expressed between the male and female flower buds.
Seven ABCDE genes were differentially expressed during the floral
organ maturity stage, with four differentially expressed genes in the
floral organ morphological differentiation initial stage, and only one
gene differentially expressed in the floral organ induction stage. The
EuAP3 gene was differentially expressed in three different
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FIGURE 5

Heatmap of sex determination genes expression data in different
stages of flower bud development in Female and male E. ulmoides.
FS1: female floral organ induction stage flower bud, MS1: male floral
organ induction stage flower bud, FS2: female floral organ
morphological differentiation initial stage flower bud, MS2: and male
floral organ morphological differentiation initial stage flower bud,
FS3: female floral organ maturity stage flower bud, MS3: male floral
organ maturity stage flower bud. Various color blocks represent the
normalized gene expression levels of candidate genes involved in
sex determination at different stages of flower bud development in
Female and male E. ulmoides. The six boxes in one row of each
heatmap (left to right) correspond to the expression levels in FS1,
MS1, FS2, MS2, FS3, and MS3. Each row in the heatmap corresponds
to one gene.
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developmental stages of male and female flower buds (Figure 5 and
Supplementary Figure 12).

Identification of the genes involved in
o-linolenic acid synthesis

According to the functional annotation, 12 genes encoding key
enzymes involved in the main synthesis and metabolic pathways of
linolenic acid were identified in the Female V1 genome. Among
them, six genes of four key enzymes related to the synthesis of -
linolenic acid were identified, including two acyl-ACP desaturase
(FAB2) genes—EU0119133 and EU0120166, which are homologues
of SAD and perform the same function of converting stearoyl-ACP
(C18:0-ACP) to oleoyl-ACP (C18:1-ACP) (Kazaz et al., 2020); one
fatty acyl-ACP thioesterase A (FATA) gene—EU0103200; two
omega-6 fatty acid desaturase (FAD2, FAD6) genes—EU0105412
and EU0128492; and one omega-3 fatty acid desaturase (FAD7)
gene—EU0103017. Six key enzyme genes for o-linolenic acid
metabolism were also identified, including four lipoxygenase
(LOX) genes—EU0114412, EU0114414, EU0119724, and
EU0119725—and two alpha-dioxygenase (DOX) genes,
EU0107025, EU0131326 (Supplementary Table 6).

In addition, the expression levels of 12 identified key enzyme genes
were compared between four parts of the fruit, stem, bark, and leaf. A
heatmap of gene expression levels was also drawn (Figure 6). The
expression levels of oi-linolenic acid synthesis-related genes were higher
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in fruits and leaves than that in bark and stems. Overall, the expression
levels of o-linolenic acid synthesis-related genes were much higher
than those of metabolism-related genes. In particularly, the gene
EU0103017—encoding FAD7, a key enzyme for linolenic acid
synthesis—was highly expressed.

Discussion

E. ulmoides is an important economic plant because its bark, leaf,
flower, fruit, and other tissues are rich in active secondary metabolites
with important medicinal and economic value (Wang et al., 2019). High-
quality E. ulmoides genomes have been useful for exploring the
mechanisms of sex differentiation, synthesis and metabolism of
important compounds. We assembled high-quality female and male
genomes using PacBio and Hi-C technologies. There were 31,665
protein coding genes identified in Female V1 as compared to the
37,998 predicted genes in Male V2, and the repetitive sequence size in
Female V1 was higher than that in Male V2. These results indicated that
some differences in the genomes of male and female E. ulmoides were
produced during the evolutionary process. Compared to previously
published genomes (Wuyun et al., 2018) (Male V1), the quality of the
reassembled version in this study (Male V2) was significantly increased.
For example, superscaffold N50 was 25 times higher in Male V2 as
compared to Male V1, and there were 1,266 new protein coding genes in
addition to the 26,732 identified in Male V1. All these results indicated
that there was greater accuracy and completeness in the Male V2 genome
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assembly as compared to the Male V1 genome. These two newly
genomes provide a valuable resource for understanding sex
differentiation and synthesis of important compounds in E. ulmoides,
and they can be widely applied to genetics and genomics studies, such as
the development of markers related to sex identification, detection of
genes that synthesize important substances, and studies on the
evolutionary history of E. ulmoides.

TEs is an important driving force to promote genome evolution,
and the most important driving force is the accumulation of LTR-RT's
(Sahebi et al., 2018; Lanciano and Cristofari, 2020). Further analysis
showed that LTR-RTs erupted approximately 2 Mya, and cold
tolerance may explain why E. ulmoides survived the Quaternary
glaciation (Cros et al., 2020) approximately 2 Mya. Another insertion
peak was identified in the Male V2 genome, this may be related to a
greater number of repetitive sequences in the male genome. Whole
genome duplication (WGD), also known as a paleopolyploidy event,
provides abundant evolutionary materials for species and is considered
as an important driving force for the formation and evolution of species
(Soltis and Soltis, 2016; Clark and Donoghue, 2018). Most plants
experience WGD, and many WGD events in angiosperms were
detected during the Cretaceous-Tertiary period (145.5-65.5 Mya)
(Vanneste et al, 2014). There is an obvious peak in the Ks
distribution at the Ks value of 2.29375 in the two genomes, which
indicated that males and females underwent a WGD event
approximately 139 Mya (y-WGT, 122-164 Mya) (Salse, 2016). Plants
undergoing WGD events can enhance their environmental adaptability
and stress resistance, thus promoting species evolution (del Pozo and
Ramirez-Parra, 2015). Therefore, "WGT event may increase the
adaptability of E. ulmoides to harsh environments, thus enabling E.
ulmoides to resist the extinction event that occurred in the Cretaceous-
Tertiary period. The peak at 0.45 in male genome is not as obvious as
that in female, which might be the comparatively smaller continuity
(Contig N50 17.06 kb) and lower quality of male genome than that of
female genome. To detect whether there is a WGD event here, we have
performed collinearity analysis. The 1:1 synteny pattern between male
and female genomes also revealed that they have undergone the same
number of WGD events. Besides, the divergence time between female
and male E. ulmoides was identified with a Ks peak value of 0.075, while
the recent WGD, specifically occurred in female, was with the Ks peak
value of 0.45, which indicated that the recent WGD occurred before
their differentiation.

There were nine MADS-box genes involved in the ABCDE mode
in both female and male E. ulmoides, and their gene structure and
domain sequence were conservative, suggesting their important role in
floral development. During the development of male and female E.
ulmoides flower buds, the greatest number of MADS-box differentially
expressed genes was observed in the floral organ maturity stage,
followed by the floral organ morphological differentiation initial
stage, and the same was true for ABCDE genes. These results
showed that the male and female flower buds of E. ulmoides were
identical in the early developmental stage. However, with the
development of female and male flower buds, the morphological
differences gradually became obvious, and the differential genes
increased. The ABCDE model of floral organ has been studied in
Nymphaea colorata (Zhang et al., 2020), and the genes involved in
floral organ in E. ulmoides and N. colorata showed high homology,
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which indicated that the genes related to flower development identified
in E. ulmoides were reliable. In the ABCDE flower development model,
B, C, and E genes jointly control stamen development (Hu et al,, 2021).
During the floral organ maturity stage of E. ulmoides, a large number of
MADS-box family genes were differentially expressed in male and
female flower buds. In particular, we observed that the B-class gene
EuAP3 was differentially expressed during the three stages of male and
female flower bud development, and the expression level in male flower
buds was significantly higher than that in female flower buds, which
further supports the role of EuAP3 in regulating stamen development.
The expression of the C-class gene (EuAG) was also upregulated in
male flower buds. This indicated that similar to the AG gene function
in Arabidopsis and rice, the EuAG gene was involved in the
development of stamens. EuAP3 and EuAG are the key regulatory
genes for stamen development and may be candidate genes for
regulating sex differentiation.

E. ulmoides is rich in o-linolenic acid, which is synthesized from
stearic acid under the catalysis of a series of fatty acid desaturases
(Liu et al., 2020). First, stearoyl-ACP (C18:0-ACP) is catalyzed by
enzyme FAB2 to produce oleoyl-ACP (C18:1-ACP), which is then
converted to oleic acid (OA, C18:1) by the FATA enzyme. Oleic acid
is desaturated by the enzyme fatty acid desaturase 2 (FAD2) and
fatty acid desaturase 6 (FAD6) to generate linoleic acid (LA, C18:2).
The fatty acid desaturase 7 (FAD7) enzyme catalyzes the synthesis
of a-linolenic acid (ALA, C18:3) from LA in E. ulmoides. DOX and
LOX are two key enzymes that catalyze the first step of a-linolenic
acid metabolism, and they catalyze o-linolenic acid to produce 2
(R)-HPOT and 9/13(S)-HPOT, respectively (Gfeller et al., 2010;
Shimada and Hara-Nishimura, 2015).

Transcriptome analysis results showed that the expression of
synthesis-related genes was high, and there was very high expression
of the genes encoding the key enzyme -3 fatty acid desaturase
(FAD?7), which is involved in o-linolenic acid synthesis and allows
Eucommia to synthesize sufficient o-linolenic acid. The expression of
metabolism-related genes was lower or they were not expressed, and
thus, o-linolenic acid could be efficiently accumulated in E. ulmoides.
These results may explain why the o-linolenic acid content in E.
ulmoides is higher than that in other plants. In addition, the expression
level of genes related to oi-linolenic acid synthesis in fruit and leaf was
higher than that in bark and stem. Although the expression of genes
related to o-linolenic acid synthesis was higher in leaf (EU0I119133,
EU0120166, EU0103017), the expression of genes related to the
downstream o:-linolenic acid metabolic pathway was also higher in
leaf (EU0107025, EU0131326). This allows the synthesis of a-linolenic
acid in the leaf to be greatly metabolized, while the oi-linolenic acid in
the fruit can be accumulated, which explains why the a-linolenic acid is
mainly distributed in the fruit of E. ulmoides.

In the current study, two high-quality E. ulmoides genomes are
provided, which are helpful for evolutionary and genomics research.
Using these genomic data, we identified WGD events and evaluated the
LTR outbreak time to provide a basis for future studies on genomic
evolution and stress resistance of E. ulmoides. MADS-box family genes
were also identified, and the genes related to flower development in E.
ulmoides were predicted according to the expression patterns of genes
in male and female flower buds, and finally the key candidate genes
that regulate sex differentiation were identified. In addition, the key
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regulatory genes for o-linolenic acid synthesis and metabolism were
identified, and the mechanism of o-linolenic acid accumulation was
revealed. According to these genes, E. ulmoides can be improved by
directed genetic modification. Overall, our research results not only
provide valuable information for the evolutionary analysis of E.
ulmoides but also advance our understanding of the molecular
mechanism of sex differentiation and o-linolenic acid accumulation.
This study will accelerate the breeding of superior varieties and enable
us to more thoroughly explore and use the value inherent in
E. ulmoides.
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Perenniality, more than
genotypes, shapes biological
and chemical rhizosphere
composition of perennial
wheat lines
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Perennial grains provide various ecosystem services compared to the annual
counterparts thanks to their extensive root system and permanent soil cover.
However, little is known about the evolution and diversification of perennial grains
rhizosphere and its ecological functions over time. In this study, a suite of -OMICSs
- metagenomics, enzymomics, metabolomics and lipidomics - was used to
compare the rhizosphere environment of four perennial wheat lines at the first
and fourth year of growth in comparison with an annual durum wheat cultivar and
the parental species Thinopyrum intermedium. We hypothesized that wheat
perenniality has a greater role in shaping the rhizobiome composition, biomass,
diversity, and activity than plant genotypes because perenniality affects the quality
and quantity of C input — mainly root exudates — hence modulating the plant-
microbes crosstalk. In support of this hypothesis, the continuous supply of sugars
in the rhizosphere along the years created a favorable environment for microbial
growth which is reflected in a higher microbial biomass and enzymatic activity.
Moreover, modification in the rhizosphere metabolome and lipidome over the
years led to changes in the microbial community composition favoring the
coexistence of more diverse microbial taxa, increasing plant tolerance to biotic
and abiotic stresses. Despite the dominance of the perenniality effect, our data
underlined that the OK72 line rhizobiome distinguished from the others by the
increase in abundance of Pseudomonas spp.. most of which are known as
potential beneficial microorganisms, identifying this line as a suitable candidate
for the study and selection of new perennial wheat lines.

KEYWORDS

perennial grains, rhizosphere environment, microbial biodiversity, metagenomics, soil
metabolomics, soil enzymomics, soil lipidomics
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1 Introduction

Nowadays, intense annual crop production is causing a global
exacerbation of natural resources degradation and biodiversity loss
(Veerman et al.,, 2020) which leads to remarkable adverse impacts
on essential ecosystem services (Pimentel et al., 2012). In addition,
conventional crops are threatened by climate change that strongly
impacts agricultural yields (Veerman et al., 2020). Therefore, it is
necessary to adopt sustainable agricultural practices that could
either decrease the agricultural impacts on climate and at the
same time enhance agriculture resilience. The cultivation of
perennial grain cropping systems, mostly in marginal land, has
been proposed as an innovative method to face climate changes and
restore soil health (Glover et al., 2010; Audu et al., 2022b).

The advantages of perennial crops include a longer growing
season, a permanent soil cover that doesn’t require intensive soil
tillage and seedling, and a deep and dense rooting system (DeHaan
et al., 2005; Glover et al., 2010; Pimentel et al., 2012). These features
are expected to reduce soil erosion, ensure more efficient use of
nutrient and water, also in deep soil layers, and increase soil carbon
(C) sequestration, providing fundamental advantages for climate
change mitigation and adaptation (DeHaan et al., 2005; Sprunger
et al., 2018). Permanent soil cover and reduced soil disturbance also
support highly structured and complex food webs, thereby boosting
functional biodiversity and conditions for soil diversity
conservation (Rasche et al., 2017; Sprunger et al., 2019).
Moreover, extensive root network and allocation of belowground
carbon, in term of root exudates and root debris, have the potential
to promote plant-microbial linkages with important implications
for nutrient cycling and ecosystem functioning (Wardle David et al.,
2004; Hargreaves and Hofmockel, 2014; Audu et al., 2022b). Indeed,
the development of perennial root systems during the plant growth
represents a continuous supply of C to soil that stimulates microbial
biomass and activity and can shape microbial community
composition over time (Culman et al., 2010; Hargreaves et al.,
2015; Rasche et al., 2017; Audu et al., 2022a; Audu et al., 2022b).

Previous studies about conservative managed annual cropping
system have demonstrated that C addition from organic residues
application, use of cover crops, and adoption of conservation tillage,
can increase microbial biomass and activity compared to
conventional one (Ceja-Navarro et al., 2010; Finney et al., 2017;
Ghaley et al, 2018). Likewise, perennial herbaceous cropping
systems sustain greater and more complex biological communities
(Culman et al,, 2010), distinguished by higher microbial biomass
(Allison et al., 2005; Culman et al., 2010; Liang et al., 2012), activity
(Hargreaves and Hofmockel, 2014) and diversity (Allison et al.,
2005; Mao et al,, 2013). Moreover, long-term use of these practices
can select microbes with different life strategies, resulting from
changes in soil structure, increased microhabitat diversity and
increased abundance and diversity of available C substrates (Mao
et al., 2013; Hargreaves et al., 2015; Schmidt et al., 2018).
Furthermore, these practices increase the relative abundance of
fungi, mainly due to reduced soil disturbance and hyphal network
preservation, which may promote soil organic matter (SOM)
stabilization and overall ecosystem functioning (Liang et al., 2012;
Finney et al., 2017).
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Nevertheless, only few recent studies evaluated shifts of
microbial communities under perennial grain crops cultivation
(Sprunger et al., 2019; Audu et al, 2022a; Audu et al, 2022b).
The authors highlighted that perennial grain often need to be fully
established (i.e., > 3 years) before changes in microbial community
structure are detectable (Sprunger et al., 2019). On the other hand,
other authors showed that perennial wheat cultivation can improve
microbial biomass and activity, as measured by enzymes activity
and basal respiration, compared with cultivation of annual wheat
(Audu et al., 2022a; Audu et al., 2022b).

Current tecnhnologies such as -Omics allow us to decipher the
complex dynamics of soil microbial communities and their
ecological functions. Indeed, -Omics techniques have recently
allowed the characterization of the overall soil microbial genetic
and functional diversity through high-throughput analysis of soil
DNAs (genomics), RNAs (transcriptomics), proteins (proteomics),
enzymes (enzymomics), metabolites (metabolomics) and more
recently lipids (lipidomics) (Withers et al., 2020; Bertola et al,
2021). The advent of next generation sequencing (NGS) techniques,
has hastened the identification of soil microorganism communities
predicting also their potential functions by DNA and RNA shot gun
sequencing, while enzymomics, proteomics, and more recently
metabolomics, have allowed the investigation of soil microbial
biological functions (Vogel et al., 2009; Baldrian, 2014; Withers
et al,, 2020; Macabuhay et al., 2022). In particular, soil metabolites
can reflect interactions between microorganisms and plant roots
since they determine microbial food webs, regulate soil chemistry,
change microbial gene expression, and act as info-chemicals to
mediate microbe-to-microbe interactions (Bais et al., 2006; Hu
et al, 2018; Macabuhay et al, 2022). Sugars, amino acids and
organic acids dominate the metabolite pool of root-associated soils
and mediate plant-microbe and microbe-to-microbe interactions
that govern the overall microbial community (Bais et al., 2006;
Carvalhais et al.,, 2011; Canarini et al., 2019). Also, recent evidence
revealed an important role of lipids in the cross-talk between roots
and rhizosphere microbes (Macabuhay et al., 2022). Lipids are a
diverse and ubiquitous group of compounds which play many key
biological functions, mainly regulating the plasma membrane
cellular processes and signaling mediation. Further, the relative
diversity and abundance of lipids in soil have been used to
investigate microbial communities’ responses to a range of
external stressors, hence providing useful insights to changes in
microbial function (Brown et al., 2021).

To date, however, there has been no study that apply high-
throughput molecular technologies to unravel the mechanisms that
shape soil microbial communities under perennial grain crops.
Indeed, there is a gap in understanding the plant-induced
modulation of the rhizobiome associated with long-term
cultivation of new perennial grain lines.

We hypothesized that wheat perenniality has a predominant
role respect to plant genotype in shaping the microbial community
composition, biomass, diversity, and activity by affecting the quality
and quantity of C input — mainly root exudates — and modulating
the plant-microbes crosstalk. Therefore, this study aims to examine
the evolution of rhizobiome composition and activity of four
perennial wheat lines derived from the cross-breeding between
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common wheat cultivars and Thinopyrum spp. (Gazza et al., 20165
Baronti et al,, 2022). These four genotypes have been selected from a
wider group of nine wheat x wheatgrass derivatives with a relatively
high post-harvest regrowth capacity and for their higher nutritional
and technological quality (Gazza et al., 2016; Baronti et al.,, 2022).
Rhizosphere microbial communities were evaluated on the first and
fourth year of growth of the perennial wheat lines and compared
with the rhizosphere microbial communities of an annual durum
wheat cultivar and the parental species Thinopyrum intermedium.
In particular, we analyzed: i) the variations in biochemical activity
of a broad range of hydrolytic enzymes, ii) the 16S rDNA and ITS
based bacterial and fungal community composition in the
rhizospheres by NGS techniques and iii) the variation in primary
metabolites and lipids associated to the root system by un-targeted
mass spectrometry-based metabolomics and lipidomics. In
addition, to get new insights into rhizobiome dynamics over time,
we investigated the relationships between microbial communities’
structure (key microbial phyla) and activity (measured as enzyme
activity), and how this is modulated by primary metabolites
and lipids.

2 Materials and methods
2.1 Site description

The field experiment was set up in Central Italy at
“Montelibretti” experimental farm station (CREA-IT, Rome) (Lat
42°08'N; Long 12°44’E; 20 m a.s.l.) in the Tiber valley. The area is
characterized by a sub-humid Mediterranean climate with annual
rainfall of 902 mm and mean air temperature of 14.7°C (historical
series 1973-2016). The soil is classified as Arenosol with a silty clay
loam soil texture. The experimental field (30 m x 5 m) was placed in
a flat and homogeneous area of the experimental farm. Prior to
planting, the experimental site had hosted common and durum
wheat. Four new perennial wheat genotypes (NPGs) selected by
(Gazza et al.,, 2016) (CPI-147235a, CPI-147280b, 11955,
OK7211542, hereafter 235a, 280b, 11955 and OK?72, respectively),
were sown in November 2017 (year 4) and November 2020 (year 1),
while the annual durum wheat cv Ardente and the perennial
parental species Thinopyrum intermedium (Tpi) were sown
respectively in November 2020 (year 1) and November 2010 (year
11). The elementary plot consisted of eight rows, 17 cm apart, sown
with 400 germinating kernels/m?. Plots were fertilized only the first
year at a rate of 150 kg/ha of N (commercial urea fertilizer) applied
in three top-dressing: at sowing, at emergence and at tillering phases
and no irrigation was used all the years of plant growth. Weeds
between plots were mechanically controlled, while those within
rows were removed by hand.

2.2 Rhizosphere sampling

Rhizosphere samples of perennial wheat genotypes (year 1 and
4), annual durum wheat cultivar Ardente and Thinopyrum
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intermedium were collected in June 2021. Three samples of bare
soil (BS) were also collected nearby. Four plants per genotype
(235A, 2808, 11955, OK72 and Triticum durum) and three plants
for the Thinopyrum intermedium were excavated from the top 20
cm of soil to collect the rhizosphere with two different methods
according to its proximity to roots. Hence, the coarse rhizosphere
(RS1) was gently separated from roots, while the thin layer of the
rhizosphere, closer to roots (rhizoplane) (RS2), was separated by
using an appropriate buffer as described in (McPherson et al., 2018).

2.3 16S rDNA and ITS -based
community analysis

DNA was extracted from BS and RS2 samples starting from 200
mg of soil using the NucleoSpin Soil Kit (Machery - Nagel)
according with manufacturer’s protocol and visualized by
electrophoresis on 1% (w/v) agarose gels to test for DNA integrity
and quantified with Nanodrop ND1000 (Thermo Fisher Scientific,
Waltham; MA, USA). The DNA samples obtained were sent to a
commercial provider (IGA-Technology, Udine; http://
www.igatechnology.com/) for the 16S rRNA and ITS gene
amplification and sequencing. Libraries were prepared by
following Illumina 16S Metagenomic Sequencing Library
Preparation protocol in two amplification steps: an initial PCR
amplification using locus-specific PCR primers (16S-341F 5’-
CCTACGGGNBGCASCAG -3’ and 16S-805R 5’-
GACTACNVGGGTATCTAATCC -3’ for bacteria; ITS1F 5-
TCCGTAGGTGAACCTGCGG -3" and ITS4R 5’-
TCCTCCGCTTATTGATATGC -3’ for fungi) and a subsequent
amplification that integrates relevant flow-cell binding domains and
unique indices (NexteraXT Index Kit, FC-131-1001/FC-131-1002).
Libraries were sequenced on a MiSeq instrument (Illumina) in
paired end 300-bp mode read length and reads were de-multiplexed
based on Illumina indexing system. Taxonomic assignment was
done using the software Quantitative Insights into Microbial
Ecology (QIIME) (Kuczynski et al, 2012). Raw sequences were
processed using the QIIME pipelines and the USEARCH algorithm
(version 8.1.1756, 32-bit) was applied for chimera filtering,
grouping of replicate sequences, sorting sequences per decreasing
abundance and OTU identification. The Operational Taxonomic
Unit (OTU) were identified by adopting an “open-reference”
algorithm where OTUs were built de novo with a clustering
threshold set at 97%, with sequences that passed a pre-filter step
for minimum identity of 90% with any sequence present in the
reference database. OTUs in “open-reference” analysis were
generated with a minimum of 2 sequenced fragments. The RDP
classifier and Reference databases (GreenGene database (version
2013_8) for 16S rRNA gene and UNITEdatabase v.7.2 -UNITE
community, 2017- for ITS gene) were used to assign taxonomy with
a minimum confidence threshold of 0.50. For bacteria a total of
6,804,064 16S rDNA raw reads were generated, while for fungi a
total of 6,698,310 ITS raw reads were sequenced, with an average
number of reads per samples of 154,638 and 152,234 for bacteria
and fungi respectively. After denoising and filtering they were
reduced to 2,790,088 and 2,377,941 respectively (Supplementary
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Datafiles 58, 59). All raw sequences have been uploaded to NCBI
under Bioprojects PRINA826315.

Alpha and beta diversity were both calculated on the total OTU
matrices (see Supplementary Datasets 53, 54). To compare bacterial
and fungal alpha diversity, Shannon Diversity and Simpson indices
were estimated with the R vegan package. All indices were analyzed
using a two-way ANOVA on generalized least squares model and
means were compared with an adjusted Tukey’s pairwise means
comparison procedure using emmeans and multcomp packages in
R. The beta diversity was evaluated through distance-based
redundancy analysis (dbRDA) as described in (Ferrarini et al,
2021). Briefly, differences in OTU patterns among treatments
were evaluated via a 2-way model (year x line) based on distance-
based redundancy analysis (dbRDA). Contrasts between treatments
analysed via one-way permutational multivariate analysis of
variance using distance matrices (ADONIS) based on the Bray-
Curtis matrix. Differences in relative abundances of the most
representative genus (relative abundance > 0.3% for bacteria and
> 0.03% for fungi) between samples were tested by two-way
Analysis of Variance (ANOVA). All graphing was performed
with the package ggplot2 in R.

2.4 Soil enzymes activities and
microbial biomass

Enzyme activity analysis (EAA) was performed on rhizosphere
(RS1) samples. The assay based on the procedure of (Cowie et al.,
2013) tested 17 hydrolytic enzymes involved in the principal
nutrient cycles, namely: arylsulfatase (aryS), o-glucosidase (alfaG),
B-glucosidase (betaG), o.-galactosidase (alfaGAL), B-galactosidase
(betaGAL), arabinase (arabin), B-1,4-xylanase (xilo), B-D-
glucuronidase (uroni), chitinase/N-acetyl-B-D-glucosaminidase
(chit), tripsin-like protease (trip), leucine amino-peptidase (leu),
acid- (acP) and alkaline- (alkP) phosphomonoesterase,
phosphodiesterase (bisP), pyrophosphate-phosphodiesterase
(piroP), inositol-P phosphatase (inositP) and butyric esterase
(butir). All enzymatic activities (EA) were measured in triplicate
using a heteromolecular exchange procedure (Cowie et al., 2013)
and bead-beating to disrupt soil aggregates and microbial cells.
Briefly, 0.4 g fresh weight of soil was transferred to 2 mL
microcentrifuge tubes together with 1.4 mL of 3% lysozyme
containing 0.4 mL of 100 um glass beads and 0.4 mL of 800 um
ceramic beads. Bead-beating was carried out using a Retsch 400 mill
at 30 strokes s—1 for 3 min, followed by centrifugation at 20,000g for
5 min at 10°C. The supernatant containing desorbed enzymes was
dispensed into 384-well white microplates containing the
appropriate buffers (aryS, acP, inositP, alfaG, betaG, alfaGAL,
betaGAL, arabin, xilo, uroni, and chit in morpholine heptane
sulfonic acid 100 mM, pH 6; trip, leu, bisP, butir and piroP, in
Tri-hydroxymethyl aminomethane 100 mM, pH 7.5; alkP in Tri-
hydroxymethyl-aminomethane 100 mM, pH 9.0) to determine the
enzymatic activities by fluorometry using 4- methyl-umbelliferyl
(MUF) and 4-amido-7 methyl-coumarine (AMC) fluorogenic
substrates, with readings taken using a Synergy HT microplate
reader (Bio-Tek, Winooski, Vermont, United States). All
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measurements were taken in triplicate and the activities were
expressed as nanomoles of MUF (or AMC) min/g dry soil.
Microbial biomass was determined using the double-stranded
DNA (dsDNA) content as a proxy (Bragato et al., 2016). DNA
was extracted as described by (Fornasier et al., 2014). Briefly, the
bead-beating as well as the centrifugation procedure was the same
as for the enzyme described above, but the extraction buffer was
0.12 M sodium phosphate, pH 7.8. After diluting the supernatant,
the dsDNA was quantified using PicoGreen (Thermo Fisher
Scientific, Milan, Italy).

Differences in EA patterns among treatments were evaluated by
distance-based redundancy analysis (dbRDA) using the R:vegan
package. Four steps were applied: (1) a Bray-Curtis dissimilarity
(nonlinear) matrix was calculated on square root transformed data;
(2) a principal coordinate analysis (PCoA) was calculated based on
the distance matrix, from which the eigenvalues (obtained in the
PCoA) were applied to a RDA with 999 permutations to obtain
dbRDA axis coordinates for treatments to be plotted as multivariate
centroids surrounded by 95% confidence interval ellipsoids; (3)
one-way permutational multivariate analysis of variance using
distance matrices (ADONIS) based on the Bray-Curtis matrix was
conducted for all 999 permutations on all pairwise contrasts tested
for differences among treatments; (4) a similarity percentage
(SIMPER) was used toidentify among all the enzymes measured
the ones that contributes cumulatively less than 90% to dissimilarity
in all contrasts. The following cut-off criterion was applied to allow
the identification of the enzymes to use in the dbRDA: 90%
cumulative contribution to dissimilarity in at least 70% of total
number of contrasts.

Analysis of Variance (ANOVA) was performed on dsDNA data
and means were compared with an adjusted Tukey’s pairwise means
comparison procedure using emmeans and multcomp packages
in R.

2.5 Rhizosphere metabolomics and
lipidomics

2.5.1 Sample extraction and mass
spectrometry detection

Rhizosphere primary metabolites and lipids were extracted
from RS1. Briefly, 0.5 g of lyophilized samples were aliquoted into
15-ml Falcon tubes together with 2 ml of 60% (vol/vol) methanol in
Nanopure water. Samples were vortexed at maximum speed for 15
min at 4°C and subsequently 3.5 ml of ice-cold chloroform were
added. Each sample was sonicated for 5 minute and allowed to cool
on ice for 1 min. This latest step was carried out for 5 more times.
The samples were allowed to completely cool at -80°C for 10 min,
then centrifuged at 4500 g for 10 min at 4°C to separate the aqueous
and the organic phase. For each sample 1 ml of the upper aqueous
phase was dried down completely in a vacuum concentrator
(Labconco, Kansas City, MO), and stored at -20°C until chemical
derivatization before GC-MS analysis. In turn,1 ml of organic phase
was dried down and reconstructed in 1 ml of ternary mix of
acetonitrile/isopropanol/methanol before LC-HRMS untargeted
lipidomics analysis.
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2.5.2 Metabolomics: sample derivatization for
GC/MS and data acquisition

The determination of simple sugars, polyalcohols, amino acids
and organic acids of rhizosphere soil, was performed following the
sample derivatization protocol described by (Swenson et al,, 2015),
with minor modifications (SI Appendix, Methods). Briefly, each
dried sample residue was added to a mixture of 780 pl of
dimetilformammide (DMF), containing 0.050 mg of internal
standard phenyl-B-D-glucoside, and 20 pl of a solution
containing 2 mg/mL of internal standard tetracosane (C24) in
hexane. Then, each solution was added to 200 pl of N,O-bis
(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% of
trimethylchlorosilane, shaken and incubated at 37°C for 30 min.
In this way, all the analytes of interest were transformed in their
corresponding trimethyl-silyl-ethers.

Aqueous standard solutions containing simple sugars, organic
acids and amino acids were used for metabolite identification, based
on comparison of analyte typical retention times and mass spectra.
Specifically, for sugars and organic acids, solutions at a
concentration of 1 mg/mL of each compound were prepared
considering: arabinose, fructose, fucose, galactose, glucose,
maltose, mannose, melibiose, myo-inositol, palatinose, ramnose,
ribose, sorbitol, trehalose, and xylose (Sigma Aldrich) for simple
sugars and polyols, and caffeic acid, cinnamic acid cumaric acid,
galacturonic acid, gallic acid, glycolic acid, ferulic acid, lactic acid,
malic acid, malonic acid, and sinapic acid (Sigma Aldrich) as
organic acids. Concerning amino acids, a 1.25 mM solution was
obtained by mixing (in a 1:1 ratio) a 2.5 mM Amino Acid Standard
H solution (Thermo Fisher Scientific) and a 2.5 mM mixture of
remaining amino acids (nor-leucine, tryptophan, asparagine, and
glutamine, from Sigma Aldrich) to a final volume of 1 mL. From
each standard mixtures, 100 pl were dried, and dissolved in a
solution of 800 ul DMF and 200 ul BSTFA and incubated at 60°C
for 1h for derivatization.

For each GC-MS analysis, derivatized samples (1 pl) were split
injected (1:20 split ratio) into a Thermo Scientific Trace 1300 gas-
chromatograph coupled to a Thermo Scientific ISQ mass
spectrometer equipped with electronic impact (EI) source. The
separation of analytes was achieved using a BP5MS (30 m x 0.25
mm X 0.25 um, SGE Analytical Science, Milan, Italy) capillary
column and helium as carrier gas. Injector and detector
temperatures were kept at 280°C. The oven temperature was
programmed from 60°C to 280°C at a 15°C/min thermal gradient,
as follows: from 60°C for 0.2 min after injection, to 80°C at 15°C/
min, hold for 0.2 min, to 280°C at 15°C/min and hold for 15 min,
with a total run time of 30 min. Acquisition was performed in the
full scan mode with a 40-500 m/z range. The GC-MS raw data files
were collected with Xcalibur 2.2 SP1 w Foundation 2.0 SPI.
Compound identification was based on comparison of retention
times and mass spectra with those of pure standards or spectral
information provided by NIST 14 GC-MS library (Supplementary
Dataset 56). In addition, the derivatization mode applied lead to the
detection of different isomers for some metabolites, especially in
case of sugars, so both the obtained signals were reported and
identified as different position isomers, when possible
(Supplementary Dataset S6).
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The quantification of each identified gas-chromatographic
signal was performed by manually integrating its peak area and
calculating with respect to the peak area of the selected internal
standard (C24 for organic acids and polyalcohols, nor-leucine for
amino acids, and phenyl-beta-D-glucoside for sugars). Finally,
values were reported as relative percentage on total metabolites.

2.5.3 Lipidomics: UHPLC-TWIMS-QTOF analysis
and data processing

The untargeted lipidomics workflow was performed as
described previously (Pedrazzani et al., 2021) (SI Appendix,
Methods). An ACQUITY I-Class UPLC separation system
coupled to a Vion IMS QTOF mass spectrometer (Waters,
Wilmslow, UK) equipped with an electrospray ionization (ESI)
interface was employed for soil lipidomics. Samples were injected (2
uL) and chromatographically separated using a reversed-phase C18
BEH ACQUITY column (2.1 x 100 mm, 1.7 um particle size)
(Waters, Milford, MA, USA). Gradient elution was performed as
previously reported (Pedrazzani et al, 2021) by using 5 mM
ammonium formate in Milli-Q water/methanol (95:5, v/v)
(solvent A) and 5 mM ammonium formate in isopropanol/
methanol/Milli-Q water (65:30:5, v/v) (solvent B) both acidified
with 0.1% formic acid. The following multistep elution gradient was
used: 0.0 min (10% solvent B; 0.40 mL/min) to 1.0 min (50% solvent
B; 0.40 mL/min), subsequently 1-5 min (80% solvent B; 0.40 mL/
min), and 11.0 min (100% solvent B; 0.50 mL/min). After a 4.5 min
isocratic step, the system was re-equilibrated to initial conditions for
2.5 min (10% solvent B; 0.4 mL/min). Samples were permanently
kept at 10°C. Mass spectrometry data were collected in positive and
negative electrospray mode over the mass range of m/z 100-1200.
Source settings were maintained using a capillary voltage of 2.5 kV,
a source temperature of 120°C, a desolvation temperature of 500°C,
and a desolvation gas flow of 1000 L/h. A TOF analyzer was
operated in sensitivity mode, and data were acquired using
HDMSE, which is a data-independent approach (DIA) coupled
with ion mobility. The optimized ion mobility settings included a
nitrogen flow rate of 90 mL/min (3.2 mbar), a wave velocity of 650
m/s, and a wave height of 40 V. The device within the Vion was
calibrated using a Major Mix IMS calibration kit (Waters,
Wilmslow, UK) to allow for CCS values to be determined in
nitrogen. The calibration covered the CCS range from 130 to 306
A2. The TOF was also calibrated prior to data acquisition and
covered the mass range from m/z 151 to 1013. TOF and CCS
calibrations were performed for both positive- and negative-ion
mode. Data acquisition was conducted using UNIFI 1.8 (Waters,
Wilmslow, UK).

Data processing and compound identification were conducted
using Progenesis QI Informatics (Nonlinear Dynamics, Newcastle,
UK). Each UHPLC-MS run was imported as an ion-intensity map,
including m/z (m/z range 100-1200) and retention time, that were
then aligned in the retention-time direction (0-15 min). Isotope
and adduct deconvolution were applied, to reduce the number of
features detected. Features identification was performed against
publicly available database including LIPID MAPS, Human
Metabolome database (HMDB), and METLIN, as well as by
fragmentation patterns, retention times, and CCS. CCS values
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were searched against “MetCCS Predictor” database containing m/z
and CCS values by selecting a ACCS of 5% for metabolite matching
(Zhou et al., 2016). Based on the Metabolomics Standards Initiative
(Summer et al, 2007), metabolites were annotated as level III
(putatively characterized), level II (putatively identified
compounds), and level I (identified compound). A mix of
monoacylglycerol, diacylglycerols and triacylglycerols was run at
the beginning, in the middle and at the end of the sample list to
monitor system retention time, CCS and mass error stability.

2.5.4 Metabolomics and lipidomics
multivariate modeling

Both metabolomics and lipidomics data matrices were
independently subjected to unsupervised principal components
analysis (PCA) with pareto scaling was performed to check the
quality of the raw data. Afterwards, supervised models, including
partial least-squares discriminant analysis (PLS-DA) were built and
validated using SIMCA software (v. 16.0.2, Sartorius Stedim Data
Analytics, Sweden). The variable influence in projection analysis
(VIP) was further used to identify the compounds that had the
highest discrimination potential (VIP value threshold > 1.2).
Moreover, agglomerative hierarchical clustering analysis was
applied to metabolite concentration data and soil samples.
Similarity was determined by Euclidean distance for analysis of
the differences in metabolite concentrations, and clustering was
performed using Ward’s linkage. The dendrograms were combined
with a heatmap, generated based on z-scores of metabolite
concentrations using the MetaboAnalyst platform (Chong and
Xia, 2020).

The redundancy analysis (RDA) was employed to identify the
relationship between bacterial and fungal community composition
and metabolites and lipid accumulation in the perennial wheat
rhizosphere. Data correlation between the composition of microbial
communities, metabolites and lipids in the rhizosphere was
evaluated by Spearman correlation coefficient (p < 0.005) (see
Supplementary Dataset S10).
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3 Results

3.1 DNA-based bacterial and fungal
community composition and diversity

Multivariate analyses on the total OTU matrices showed
significant effects of plant genotypes and perenniality in shaping
both bacterial and fungal communities. Indeed, dbRDA analysis
reported a significant interaction “genotype” x “year” for bacteria
(P =0.019) and fungi (P = 0.02), with single factors “genotype” and
“year” (P< 0.001) for both bacteria and fungi. The dbRDA model
explains a percentage of the total variance of 47.7% (bacteria)
(Figure 1A), and 49% (fungi) (Figure 1B). ADONIS showed that
the rhizosphere and the bare soil microbial communities were
significantly separated from each other (Figures 1A, B), indicating
a significant impact of plants roots on selecting and shaping the
rhizosphere microbial community. Moreover, for both bacteria and
fungi, samples belonging to year 1 and year 4 were significantly
different (p<0,005), together with the annual durum wheat and the
parental species Thinopyrum intermedium respectively, suggesting a
selection of the microbial community over the years. However,
differences of microbial communities’ composition among wheat
genotypes were not significant.

Additionally, plant genotype had no significant effect on
bacterial (Figures 2A, B) and fungal diversity (Figures 2C, D),
while perenniality significantly increased the fungal evenness
from the first to the fourth year of plant growth. Perenniality also
increased the bacterial evenness even if not significantly.
Phylogenetic analysis revealed a microbial composition and
complexity with 20 phyla for bacteria (Figure SIA) and 6 phyla
for fungi (Figure S1B). Among those, the most represented bacterial
phyla were Proteobacteria (38%), followed by Bacteroidetes (12%),
Actinobacteria (7%) and Verrucomicrobia (6%), while Ascomycota
(33%), Basidiomycota (8%) and Zygomycota (6%) were the most
abundant fungal phyla. A total of 458 bacterial genera and 331
fungal genera were also identified (see Supplementary Datasets S1,
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Mean values of Simpson’s (D) and index Shannon Wiever for bacteria (A, B) and fungi (C, D) as affected by time of plant residence on soil (1,4 and 11
years) as well as plant species/genotypes (Triticum durum cv. Ardente, Thinopyrum intermedium (Tpi) and four perennial wheat genotypes 235A,
280B, 11955, OK72). Different letters denote statistically different (Tukey's test, P = 0.05) D-values among treatment.

52). About 25 bacterial genera had relative abundance >0.3% while
only 10 fungal genera had relative abundance >0.03%. across all
samples. Of these bacteria, the genera Niabella, Flavisolibacter,
Kaistobacter and Opitutus, were more abundant in association
with the roots of durum wheat and NPGs at the first year of
growth. On the other hand, the rhizospheres of Thinopyrum
intermedium and NPGs at the fourth year of growth were richer
in the genera Gemmata, Haliangium and Steroidobacter. It is
noteworthy that Pseudomonas genus (Phylum Proteobacteria) was
highly abundant (more than 15% of the relative abundance) in
association with the OK72 genotype both at the 1* and 4™ year, (SI
Supplementary Mat Dataset S1). At the 4™ year of cultivation, a
greater abundance of fungi was detected, including the genera
Aspergillus, Chrysosporium and Fusarium, among which plant
pathogenic species occur (SI Supplementary Mat Dataset S2).
Despite this, the higher fungal evenness at the 4™ year might
contain the overgrowth of these fungi, as indicated by their low
relative abundance (<1.5%). Moreover, the bacterial genus Bacillus
and the fungal genus Mortierella to which belong beneficial species,
were widely present across all samples.
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3.2 Enzymatic activities and microbial
biomass

The dbRDA patterns of hydrolytic enzyme activity differed
significantly among the treatment groups (P = 0.001) accounting for
61.1% of the total variance (Figure 3A). The factors “genotypes” and
“years” caused separation along axes 1 (F = 1.3 and P = 0.991)
accounting for 2.8% of the total variance and along axes 2 (F = 42.8
and P = 0.001) accounting for 86.6% of the total variance. ADONIS
and dbRDA showed how enzyme profiles of Thinopyrum
intermedium’ and durum wheat’s rhizospheres were clearly
differentiated from each other as well as the enzyme profiles of
OK72 and 235A genotypes at the 1% and 4™ year of cultivation. On
the contrary, the genotypes 11955 and 280B at the 1% and 4" year of
cultivation were closer to each other. Species score plot (Figure 3B)
showed that the higher activity (see Supplementary Mat Dataset S5) of
alkaline (alkP) phosphomonoesterase, pyrophosphate-
phosphodiesterase (piroP) and butyric esterase (butir) at the 4™ year
of NPGs cultivation and associated with Thinopyrum intermedium
compared to NPGs at the 1% year and durum wheat, caused the
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horizontal differentiation in the dbRDA plot. This indicate that over the
years production of P-acquiring enzymes (alkP and piroP) and
enzymes involved in organic matter degradation (butir) increase
under perennial wheats growth.

Univariate analysis on microbial biomass revealed that
Thinopyrum intermedium had the highest microbial biomass, while
at the 4™ year of cultivation it was similar among the NPGs (Figure 4).
On the contrary, at the 1% year of NPGs cultivation, the microbial
biomass associated with genotype 280B was significantly higher than
that associated to 235A, and not for the other genotypes. No statistical
differences can be claimed between Ardente and NPGs, but only for the
comparison Ardente/Thinopyrum.

3.3 Metabolomics

Following the GC-MS untargeted analysis of soil samples, 33
metabolites were annotated, as summarized in (Supplementary
Dataset 6). Mono- and disaccharides (glucose, fructose, sucrose,
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Mean values of microbial biomass as affected by time of plant
residence on soil (1,4 and 11 years) and plant species/genotypes
(Triticum durum cv. Ardente, Thinopyrum intermedium (Tpi) and
four perennial wheat genotypes 235A, 280B, 11955, OK72). Different
letters denote statistically different (Tukey's test, P =0.05) D-values
among treatment.
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trehalose) and sugar alcohol (mannitol/ribitol) were the most
abundant biochemical classes detected. Polyalcohol, organic acids
and nucleobases were also annotated but their intensities were lower
compared to the other classes. These primary metabolites can
accumulate in soils from leaves litter, root exudates, but are also
produced by different microorganisms (Withers et al., 2020).

At first, the PCA was employed to explore the data. The first 3
PCs describes 58% of the total variance. As show in Figure S2A, a
trend to separate samples according to the year of plant residence
on soil is reported for the first PC. No clustering according to the
genotypes was observed (Figure S2B).

Afterwards, supervised PLS-DA (Figure S3) was performed and
displayed a clear differentiation between two main groups, i)
samples belonging to NPGs rhizosphere collected at the 4™ year
of growth with Thinopyrum intermedium (11 years), and ii) samples
belonging to NPGs’ rhizosphere collected at the 1° year of growth
with Triticum durum cv. Ardente. The spread of the samples in the
score plot as well as the low prediction ability of the PLS-DA model
(Q? 0.179) is ascribable to the biological variability of the soil
samples. Among the most significant metabolites responsible for
this group separation, sugar alcohol, mono and disaccharides such
as mannitol, glucose and maltose were accumulated in NPGs’
rhizosphere collected at the 4™ year and in Thinopyrum
intermedium (11 years) (see heatmap in Figures 5A, S4). The
opposite trend was observed for benzoic acid and glycerol, among
other, whose intensities were significantly higher in soils collected at
the 1*" year and decreased over time (4 and 11 years). Therefore, our
results confirmed the importance of plant permanence on soil in
shaping plant-soil polar metabolites.

3.4 Lipidomics

A total of 163 lipids grouped within 15 biochemical classes and
33 sub-classes were annotated (see Supplementary Dataset S7)
among the statistically significant (FDR ANOVA p-value < 0.01)
features. Triacylglycerol (TG) were the most abundant species
followed by diacylglycerols (DG), fatty acids (FA), ceramides,
sterols and prenol lipids. The mixing of various lipid sources in
soil, as for sugars, makes difficult to determine if their origin is from
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plant or microorganism. Indeed, apart from glycolipid and sterols,
the other lipid classes are common to most of the living organisms.

The sample clustering observed for lipids data (Figure S5) was
in line with those observed for primary metabolites (Figure S3). TG
and DG were accumulated in the rhizosphere collected at the 4™
year of growth and from Thinopyrum intermedium, compared to
soils collected after 1 year of growth and Triticum durum cv (see
heat map in Figure 5B). Same tendency was reported for
glycerophospholipids, including glycerophosphocholine (PCs),
glycerophosphoserine (PSs) and glycerophosphoethanolamines
(PEs). On the other hands, opposite trend was observed for
sphingoid bases, prenol lipids and fatty acids. Our results revealed
that both storage (i.e., TG) and signalling (i.e., sphingolipids, fatty
acids) lipids play a role in modulating the plant-microbial
interaction, being statistically significant differentially
accumulated in the rhizosphere collected at different years of
plant permanence on soil.

4 Discussions

A combination of -Omics techniques was applied to examine
the rhizosphere environment of four new perennial wheat
genotypes at the 1°* and 4™ year of cultivation in comparison to
an annual durum wheat cultivar and the parental specie
Thinopyrum intermedium. Our results showed that permanent
soil cover and no-tillage, which characterize a perennial cropping
system, have a predominant role in shaping perennial wheats
rhizobiome and the rhizosphere environment. This is also

10.3389/fpls.2023.1172857

confirmed by other studies where soil properties were the main
factors structuring the rhizobiome (Schlatter et al., 2020; Simonin
et al, 2020; Audu et al, 2022b), followed by crop management
(Hargreaves and Hofmockel, 2014; Sprunger et al., 2019; Audu
et al, 2022a), and crop genotypes (Brisson et al., 2019; Simonin
etal., 2020; Ndour et al,, 2021; Semchenko et al., 2021). In our study
multivariate analysis on total bacterial and fungal OTUs, revealed a
common rhizosphere microbial community composition between
new perennial wheat genotypes at the 1*' year from sowing and the
annual durum wheat. After four years of plant development, the
composition of the rhizobiome mutated, resulting more similar to
that one of the parental specie Thinopyrum intermedium,
suggesting that the continuous development of perennial root
system along the years affected the microbial community.
Moreover, NPGs rhizobiome didn’t mutate after several years of
plant establishment as shown by the similarity with Thinopyrum
intermedium rhizosphere community, probably because with minor
environmental disturbances the rhizosphere ecosystem saturates,
becoming redundant (Yachi and Loreau, 1999). Despite the
dominance of the perenniality effect, some differences in bacterial
taxa were also observed by analyzing the 16S rDNA profiling
between lines. In particular, Pseudomonas genus (phylum
Proteobacteria) relative abundance was significantly higher in
OK72 comparing to the other lines, regardless of the cultivation
year (Figures 6, SIA). Pseudomonas strains are known to be able to
control plant pathogens (Sah et al., 2021) and to respond well to the
presence of root exudates by upregulating genes involved in the
catabolism of myo-inositol (Mavrodi et al., 2021) which had been
reported as an essential trait for the colonization of Arabidopsis
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thaliana roots (Cole et al., 2017). These enzymes release
phosphorus (P) from myo-inositol P making it available for
uptake by plants. Pseudomonas is also able to solubilize
phosphorous from inorganic source, which is confirmed in our
study by the positive correlation (p<0.0001) with myo-inositol and
phosphorous acquiring enzymes (alkP, piroP and inositP) (See
Figure 6, where is referenced the phylum, and Supplementary
Dataset S10).

The presence of potential plant beneficial microbes involved in
plant defense (Qiu et al., 2012; Liu et al., 2018; Lin et al., 2021) both
at the 1°" and 4" year of growth such as, Flavisolibacter,
Kaistobacter, Haliangium, Bacillus and Pseudomonas, might be of
particular interest since these perennial wheat derivatives never
showed powdery mildew and rusts (Puccinia spp.) disease
symptoms during our experiment as well as in other field
experiments (Pogna et al, 2014). This is noteworthy since
perennial grains are generally considered susceptible to diseases
(Cox et al, 2005). Indeed, typical cultural practices effective at
reducing soil- and residue-borne pathogens, such as annual crop
rotations, delayed fall planting, and tillage, are not feasible in
perennial systems. Moreover, the higher fungal evenness detected
on NPGs after four years might be also involved in the phenomenon
of the general soil-borne disease suppressiveness, controlling the
spread of pathogenic (Mazzola, 2002). Indeed, when many different
species are present, they can fulfil a variety of different ecological
niches within a given ecosystem, thus competing with potential
plant pathogen. This result is confirmed also by the lipid analysis.
Indeed, phytosphingosines are significantly accumulated in the
rhizosphere after one and four years most likely as root exudates.
These compounds have been recently demonstrated to be produced
by plants following plant-pathogen interaction as a resistance
strategy (Glenz et al., 2022).

10.3389/fpls.2023.1172857

However, the prolonged absence of significant soil disturbances,
as in the case of Thinopyrum intermedium which is resident in the
same soil for 11 years, led to fungal evenness reduction, which could
jeopardize the resistance to biotic stresses. Indeed, according to the
insurance hypothesis, biodiversity insures ecosystems against
declines in their functioning because many species provide greater
guarantees that some will maintain functioning even if others fail
(Yachi and Loreau, 1999). Moreover, Thinopyrum intermedium
reported the highest microbial biomass due to the reduced
environmental disturbance and the constant supply of carbon
from above- and belowground plant biomass as well as root
exudates (Allison et al., 2005; Culman et al., 2010; Liang et al.,
2012; Xia et al., 2019). Further, significant differences among plant
genotypes (280B and 235A) at the first year of growth were detected
for microbial biomass. Based on a previous study, these differences
might be caused by a dissimilar development strategy of the roots’
apparatus of the lines which showed variability in agronomic and
eco-physiological performance in two subsequent years of
cultivation (Baronti et al, 2022). However, the progressive
reduction of differences in microbial biomass between genotypes
after four years, might be the consequence of the vertical root
development and the continuous deposition of aboveground plant
litter on soil. Moreover, plant litter accumulation, root turnover and
the continuous production of root exudates for many years had
boosted the activity of all the enzymes considered in this study and
significantly the enzymes involved in organic matter decomposition
(butir) (Hargreaves and Hofmockel, 2014) and of phosphorous
acquiring enzymes (alkP and piroP) (See Figure 6). Butyrate
esterase is generally related to microbial biomass content
(Kahkonen et al, 1999; Trivedi et al., 2016), while changes in
microbial community structure and diversity over the years are
not reflected, with the same extent, to an improvement of the
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functional diversity. This indicate that decomposition of organic
matter is not related to the microbial diversity since most
microorganisms can carry out this function (Nannipieri et al,
2003). Moreover, the increase of rhizodeposit quantity, but with
small changes in their composition is not sufficient to change soil
functionality, because there is no need to change enzyme pattern
when the substrate is very similar.

Furthermore, perennial wheats root development along the
years modifies the chemical properties of the rhizosphere
environment. In our study, the abundance of rhizosphere
metabolites is consistent with other research (Liu et al., 2020;
Tannucci et al, 2021), where the most abundant are usually
sugars, followed by polyalcohols, organic acids, and amino acids.
They are involved in a variety of functions including the modulation
of nutrient availabilities, mainly by means of soil acidification
(Carvalhais et al., 2011), and in plant-microbe interactions (Bais
et al, 2006; Liu et al, 2020; Bi et al, 2021). Indeed, sugars,
independent of origins (roots, bacteria, fungi) improve soil
structure by affecting aggregates formation and water retention,
contributing to C stabilization and creating a favorable
environment for both root development and microbial growth
(Gunina and Kuzyakov, 2015). However, sugars are the energy
source for all the living organisms, making challenging the
identification of their origin in soil. Indeed, it is estimated that
only 20% of the carbohydrates in soils are exudated from plant,
while the remaining 80% originates from the secondary source,
which are microorganisms and their residue (Gunina and
Kuzyakov, 2015). The higher content of hexose, including

glucose, in the rhizosphere collected at the 11™

year may be the
result of the repetitive and thus, cumulative accumulation both as
root exudate (originated from cellulose decomposition) and
microorganism synthesis. Indeed, its trend 11™ year > 4™ year
>1°" year is consistent with the continuous development of
perennial root system along the years, which, in turn, affects the
microbial biomass as highlighted by the RDA analysis in Figure 6.
Moreover, we observed a positive correlation (p<0.01) between
glucose and betaG enzyme activity which is further correlated with
Proteobacteria and Actinobacteria (p<0.01) (see Supplementary
Dataset S10). These are the main bacterial phyla, while
Ascomycota is the only dominant fungal phylum that exhibit
high betaG enzyme activity, as recently reported (Zeng et al., 2022).

Together with glucose, maltose, and mannitol, significantly
accumulated in the rhizosphere along the years (see Figures 6,
S4). These metabolites are commonly associated with osmotic
regulation (Brown et al., 2021), suggesting that along the years
both plants and microorganisms are led to maintain a favorable
environment for their growth. Interestingly, mannitol is synthesized
in numerous plant species, but not in common wheat (Triticum
aestivum) (Abebe et al., 2003). Therefore, its accumulation has to be
mediated by fungal and bacteria metabolism (Patel and Williamson,
2016). We observed the same trend for TGs, that can be
accumulated in soil mainly as root exudates. They are a major
energy deposit for most of eukaryotic organisms, including fungi,
yeast, plants and animals but occurrence in bacteria is limited to the
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actinomycetes taxa (Alvarez and Steinbchel, 2002). Their
accumulation in the rhizosphere collected at the 4™ and 11™ year
may result from i) a higher excretion from the continuous
development of perennial root system, as well as ii) from a lower
degradation rate occurring in the soil but also iii) due to the higher
presence of actinomycetes in the rhizosphere (positive correlation p
< 0.001). Indeed, TGs in soil undergo B-oxidation with the
formation of FAs (Hita et al., 1996), which in our study were
found to be accumulated in the annual wheat and NPGs after one
years. Fatty acids are essential molecules that play crucial roles in
plant-plant, plant-microbe and plant-environment interactions
(Macabuhay et al., 2022). Furthermore, some studies have
revealed that fatty acids and their derivatives directly inhibit the
growth of plant pathogens within the rhizosphere, and improve the
surrounding environment of plant rhizosphere to reduce the
occurrence of crop diseases and promote crop growth (Upchurch,
2008; Raffaele et al., 2009). In our study, wheat perenniality has led
to an increase in abundance of complex lipids, glycerolipids and the
glycerophospholipids. These are involved in many regulatory
processes such as cell signaling and intracellular trafficking
(Macabuhay et al, 2022). In addition, the higher amount of
glycerophospholipids and glycerolipids in the microbial plasma
membrane can be an adaptive trait for the well-established and
selected microbial community of NPGs rhizosphere after 4 years. In
particular, phosphatidil ethanolammine showed to be significantly
more abundant in the 4™ year NPGs respect to the annual wheat
line. Moreover, the increase in glycerophospholipids reduces
microbes membrane permeability and increases resistance against
antimicrobial compounds allowing the establishment of coexistence
between different microbial species rather than their eradication
(Molina-Santiago et al., 2021). Furthermore, they are released as
exudates of plant roots and their role in directly influencing growth
of plant interacting microorganisms has been only recently
investigated (Glenz et al., 2022; Zeng and Yao, 2022). In addition,
the increased level of hydrophobic components of organic matter
can enhance soil aggregate stability and C stabilization (Goh, 2004).
However, the study of the soil lipidome is a new frontier of research
and very few studies were conducted so far (Tinoco et al, 2018;
Wilson et al., 2021). Even though the role of lipid in rhizodeposition
and plant-microbe signaling (Bi et al., 2021) as well as microbes-to-
plant signaling (Macabuhay et al., 2022) is undoubtedly relevant,
the interpretation of these data remain challenging due to the lack
of knowledge.

In conclusion, in this study, we demonstrate that the long
permanence of perennial wheat lines on soil (see Figure 7)
remarkably modifies the quality and quantity of root exudates,
shaping the rhizosphere microbial community composition and
favoring the growth of microorganisms as indicated by their higher
biomass and activity. Moreover, these modifications point to the
existence of a less stressful environment which favor the plant-
microbiome crosstalk, thus improving plant resilience to biotic and
abiotic stresses. Despite the dominance of the perenniality effect,
OK72 distinguished from the other lines not only for its better
agronomic features and nutritional quality, as previously shown
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(Gazza et al., 2016; Baronti et al., 2022) but also for the increase of
potential beneficial microorganisms such as Pseudomonas spp., thus
resulting a suitable candidate for the study and selection of new
perennial wheat lines (Figure 7).
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Citrus reticulata Blanco ‘Orah’ is grown throughout southern China and provides
enormous economic value. However, the agricultural industry has suffered
substantial losses during recent years due to marbled fruit disease. The present
study focuses on the soil bacterial communities associated with marbled fruit in
‘Orah’. The agronomic traits and microbiomes of plants with normal and marbled
fruit from three different orchards were compared. No significant differences
were found in agronomic traits between the groups, except for higher fruit yields
and higher quality of fruits in normal fruit group. Additionally, a total of 2,106,050
16S rRNA gene sequences were generated via the NovoSeq 6000. The alpha
diversity index (including the Shannon and Simpson indices), Bray—Curtis
similarity, and principal component analyses indicated no significant
differences in microbiome diversity between normal and marbled fruit groups.
For the healthy ‘Orah’, the most abundant associated phyla were Bacteroidetes,
Firmicutes, and Proteobacteria. In comparison, Burkholderiaceae and
Acidobacteria were the most abundant taxa with the marbled fruit group. In
addition, the family Xanthomonadaceae and the genus Candidatus Nitrosotalea
were prevalent with this group. Analysis using the Kyoto Encyclopedia of Genes
and Genomes pathways showed that several pathways related to metabolism
significantly differed between the groups. Thus, the present study provides
valuable information regarding soil bacterial communities associated with
marbled fruit in ‘Orah’.
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1 Introduction

Soil health is a vital factor for plants and provides for a central
living ecosystem and crop yields (Lehmann et al., 2020). Soil health
can be affected by climate, mineral composition, organic content,
and biotic factors (Turmel et al., 2015; Lal, 2016). Recent studies
have shown that soil microbiota influence plant growth and yields
(Bulgarelli et al., 2013; Khodakovskaya et al., 2013; Tkacz and Poole,
2015). Microbiota are complex systems of microbial communities
that provide important proteins, such as enzymatic resources, for
plant roots (Gianfreda and Rao, 2008). The rapid development of
next-generation high-throughput sequencing and bioinformatic
technologies has revealed new information about the function of
microbiota. The connections between plants and the soil microbiota
around their roots are critical for nutrient absorption, metabolism,
and growth (Hacquard et al., 2015; Chialva et al,, 2022).

Citrus reticulata Blanco ‘Orah’ is a small, fruiting citrus tree that
was bred by Spiegel-Roy and Vardi (Usman and Fatima, 2018; Qin
et al, 2022). To date, this variety has been planted throughout
southern China and has produced substantial income for farmers
and high-quality fruits for consumers (He et al.,, 2022). Although
‘Orah’ orchards have been expanding rapidly in recent years, the
plants suffer from several diseases, such as marbled fruit (Liu et al.,
2020b). Marbled fruit occurs in several citrus varieties and results in
shrunken and light-weight fruit. Boron deficiency and citrus yellow
vein clearing virus can also lead to marbled fruit (Liu et al., 2019).
Furthermore, grafting, scions, seedlings, and indirect contact by
tools can spread the disease, causing large financial losses.
Therefore, understanding the pathogeny of this disease would
improve the production of ‘Orah’.

Identification of soil-based probiotics provides potential
therapies for plant diseases (Wu et al., 2020). For example,
irrigation of plant roots with Bacillus subtilis has been found to
alleviate wilt disease in watermelon (Citrullus lanatus) (Ge et al.,
2021). Bacillus amyloliquefaciens inhibits pathogenic bacteria,
including Gymnosporangium asiaticum, Phytophtora parasitica,
and Pythium helicoides (Asari et al., 2016; Ngalimat et al., 2021).
Furthermore, investigation of soil microbiomes from the roots of
diseased plants may identify possible pathogens, thereby aiding in
providing precise and specific therapies for marbled fruit disease.
Unfortunately, data on the microbiome remains scarce, resulting in
a lack of key evidence regarding the pathogeny of marbled fruit
disease in ‘Orah’.

Nevertheless, this is among the most concerning diseases in
‘Orah’. The current treatment strategies include increasing nutrition
by fertilizing, replenishing the beneficial microbiome, sod-culture,
and hormonal control (Qin et al., 2022). These therapies provide
clear effects against marbled fruit disease; however, they still have
several defects. First, these therapies are concerned with the whole
environment of the plants rather than the inhibition of a specific
pathogen. Additionally, these therapies are complicated to use.
Thus, more details are required regarding the pathogenesis of
marbled fruit disease in ‘Orah’. In the present study, we
compared normal, healthy fruits (NF) and marbled fruits (MF)
from three different orchards. The plant and fruit morphologies of
the NF and MF groups were examined. In addition, the soil
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microbiomes from the roots of these groups were evaluated via
16S rRNA gene sequencing using a next-generation approach.
Finally, we analyzed the differences in diversity, taxa, and
functions of the microbiome between NF and MF. This
information will will provide potential information of marble fruit
disease for ‘Orah’.

2 Materials and methods
2.1 Field experiments and sampling

The tested ‘Orah’ trees were growing in three different orchards
in Wuming, Naning, China, specifically Guangxi Jiacai Ecological
Agriculture Co., Ltd (Wuming, Nanning, China; named JC),
Guangxi Nanning Wanjin Agriculture Co., Ltd (Wuming,
Nanning, China; named WJ), and Xiaoleima village (Wuming,
Nanning, China; named XLM). The plants were sampled from
2019-2021. All the trees were four years old and randomly selected
in the present study. The plants were managed following
standardized fertilization and management techniques as
described by (Huang et al, 2022). All the samples and tested
groups was blind to the investigators in the study. Twenty
individuals from each group were included in the study. The soil
samples were collected from the root of the tree in 20 cm depth. For
each group, 100 g soil samples from 5 trees were collected and 3
replications were performed. We used 0.5 g soil from each sample
for DNA extraction. For analysis of agronomic traits, 10 fruits from
each tree were used for the present study. The soil samples were
talking about the soil around the plant roots.

2.2 Measurements of plant and fruit quality

The plant height, stem diameter, leaf thickness, leaf length, leaf
width, number of fruits, and percentage of NF were calculated
following the methods of (He et al., 2022). Leaf chlorophyll content
was determined as described by (Zhu et al., 2020) using a SPAD-502
chlorophyll meter (Konica Minolta Inc., Japan).

The histology of leaves and fruit peel from the NF and MF
groups were observed via paraffin section as described by (Zhang
et al, 2021). Briefly, the leaf and fruit peel tissues were cut into 2-3
mm sections and embedded in paraffin. The tissues were then cut
into 5 um slices. Subsequently, the slices were dewaxed using xylene
and the tissues were stained using safranine and fast-green followed
by neutral gum sealing. Finally, the sections were observed and
photographed using a DM2500 optical microscope (Leica
Microsystems, USA).

2.3 DNA extraction and sequencing

DNA was extracted from the samples using a TTANamp Soil
DNA Kit (TIANGEN, China) according to the manufacturer’s
protocols. The quality of the DNA was measured using a 1%
agarose gel and NanoDrop 2000 spectrophotometer (NanoDrop,
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USA). The 16S rRNA genes from partial bacterial DNA fragments
were amplified via touchdown polymerase chain reaction (PCR).
The primers for amplification of the variable regions, which
included V3-V4 of the 16S rRNA genes, were 341F: 5'-
CCTAYGGGRBGCASCAG and 806R: 5-GGACTACNN
GGGTATCTAAT (Chialva et al., 2022). Three biological
replicates of the groups were included in the study. For each
sample, PCR was performed on three replicates in a reaction
system with a total volume of 30 pL, composed of 15 uL of
Phusion® High-Fidelity PCR Master Mix (New England Biolabs),
2.5 uL of each primer (10 uM), sterile water, and 10 uL of DNA (1
ng/uL). The reaction was performed as follows: initial denaturation
at 98°C for 30 s, followed by 25 cycles (98°C for 10 s, 55°C for 30 s,
and 72°C for 30 s), and a final extension at 72°C for 5 min. The
products were purified using agarose gel and Agencourt Ampure
XP beads (Beckman, USA) according to the manufacturer’s
instructions. The DNA samples were assayed using a PicoGreen
dsDNA quantitation assay (Thermo Fisher, USA). Sequencing
libraries were constructed using a TruSeq® DNA PCR-Free
Sample Preparation Kit (Cat number: FC-121-3003, Illumina,
USA) following the manufacturer’s instructions, with the addition
of index codes assayed using a Qubit@ 2.0 fluorometer (Cat
number: Q33216, Thermo Fisher, USA) and Agilent Bioanalyzer
2100 (Cat number: 2100-1, Agilent, USA). Finally, the prepared
DNA libraries were sequenced using an Illumina NovoSeq 6000
platform (Illumina, USA).

2.4 Bioinformatic analysis

The raw reads were first filtered to remove low-quality sequences,
tags, and primers; subsequently, the non-bacterial ribosome
sequences and chimeras were removed. The pair-end reads were
assembled using FLASH v1.2.11 (Liu et al., 2021) and the assembled
sequences were clustered into operational taxonomic units using the
CD-HIT algorithm within the UCLUST program (USEARCH V11;
https://www.drive5.com/usearch/). The alpha and beta diversity
comparisons were performed using QIIME2 plugins. The similarity
matrices were used Bray-Curtis distances and the s distances on
square-root transformed abundance data were calculated using
R packages “phyloseq”, “dplyr” and “ggplot2” (Yin et al, 2013).
Functional analysis utilizing the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways was performed using
MicrobiomeAnalyst (https://www.microbiomeanalyst.ca/
MicrobiomeAnalyst/home.xhtml).

2.5 Statistical analysis

The statistical analysis and plotting were performed using R
project (V4.2.1). The alpha and beta diversities were normalized
prior to analysis using the read counts. The Shannon diversity index
was used to reflect the alpha diversity. The Bray-Curtis dissimilarity
matrix and permutational analysis of variance were used to assess
the beta diversity which were analyzed by PRIMER v. 6 (PRIMER-
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E, UK). For the different groups, a principal component analysis
(PCA) graph was plotted to show the clustering of the bacteria.

3 Results
3.1 Plant and fruit quality of ‘Orah’

First, the trees that produced normal and marbled fruit were
compared (Figure 1A). The plant heights, tree trunk, leaf
thicknesses, leaf lengths, leaf widths, and leaf chlorophyll contents
showed no significant differences between the NF and MF from the
three orchards (p>0.05, Table 1). The leaf histology did not differ
between the NF and MF groups; however, the fruit peel contained
more lignin in MF than that in NF (Figure 1B).

The MF contained more lignified cells than did the NF, which
are shown stained red by Safranine in Figure 1A. However, the
number of fruits produced did not significantly differ between the
NF and MF groups (p>0.05, Figure 1C). The percentage of NF was
significantly higher in the NF group than that in the MF group
(p<0.05, Figure 1D).

3.2 Alpha and beta diversity analyses

The present study obtained a total of 2,106,050 16S rRNA gene
sequences, including 1,754,017 sequences (83.28%) that represented a
total of 7,889 effective operational taxonomic units (Supplementary
Table S1), which were mostly assigned to 10 phyla (91.29-94.62%):
Firmicutes, Chloroflexi, Proteobacteria, Bacteroidetes, Acidobacteria,
Actinobacteria, Verrucomicrobia, Cyanobacteria, Thermotogae, and
Thaumarchaeota (Supplementary Table 2).

We used the alpha diversity to calculate the Shannon and
Simpson indices of the different genera. The Shannon index
indicated no significant differences in the average diversity of the
NF and MF groups at all orchards (p>0.05, Figure 2A). In addition,
similar results were found when using the Simpson index to
compare these groups (p>0.05, Figure 2B). To compare the
overall divergence in the bacterial community compositions
among the tested groups, the Bray-Curtis similarity and PCA
were utilized (Figures 2C, D). Both analyses suggested that in the
XLM, the NF and MF groups were highly similar to each other.
However, in W] and JC orchards, the NF and MF groups were most
similar to the fruit same group from the other orchard.

3.3 Bacterial diversity in soil from roots of
healthy ‘Orah’

The 10 most abundant phyla associated with the NF groups are
shown in Figure 3. For the three orchards, the predominant
bacterial phylum was Bacteroidetes (24.08%), followed by
Firmicutes (22.13%) and Proteobacteria (16.61%). Moreover, the
most abundant bacterial phylum at XLM was Firmicutes (23.21%),
whereas, at the other two orchards, Bacteroidetes was the most
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FIGURE 1

Comparisons of leaves and fruits between MF and NF groups. (A) The fruits in the MF and NF groups at the WJ, XLM, and JC orchards. (B) Histology
of the leaves and fruit peel of MF and NF groups, which were analyzed via safranine and fast-green. (C) Statistical analysis of the number of fruits
produced in the MF and NF groups at WJ, XLM, and JC. (D) Percentage of NF in the MF and NF groups at WJ, XLM, and JC. The asterisks show the
significant differences between the two groups (P<0.05) by t-test

TABLE 1 comparison of the NF and MF plants from three planting areas.

Groups Plant height Tree trunk (mm) Leaf thickness Leaf length Leaf width Number of Ratio of NF
(cm) (mm) (mm) (mm) fruiting-bearing (%)
WJ NF 272.67+6.96aA 76.82+3.65abAB 0.35+0.03abA 9.34+0.48aA 4.82+0.37aA 79.26x1.56aA 371.00 99.48+3.25aA
+116.29aA
XLM 218.00+16.35bB 65.49+7.62cBC 0.33+0.01abA 7.85+0.05bB 4.35+0.09abA 75.68 316.00 100.00+3.53aA
NF +0.54abA +68.13abA
JC NEF 204.67+7.30bB 62.59+2.38cC 0.31+0.01bA 8.15+0.33bAB 4.46+0.18abA 73.33+4.63bA 252.33 100.00+3.53aA
+66.54abA
W] MF 282+22.37aA 81.71+5.75aA 0.37+0.03aA 8.47+0.82abAB 4.25+0.30bA 74.49 203.67+81.44bA 28.39+16.20bB
+1.12abA
XLM 226.33+2.11bB 65.36+0.65cBC 0.33+0abA 8.19+0.45bAB 4.51+0.04abA 75.55 229.00 1.69+2.41cC
ME +2.20abA +41.54abA
JC] MF 203.67+8.48bB 70.60 0.33+0.03abA 8.01+0.38bAB 4.43+0.36abA 7591 193.00+36.79bA 0+3.53¢cC
+3.69bcABC +3.46abA

The lowercase letters and uppercase letters after the values showed significant differences at p < 0.05 and p < 0.01, respectively.
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FIGURE 3

The 10 most abundant phyla of the NF group at JC, WJ and XLM.
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abundant phylum (23.78% at JC and 25.50% at WJ). The top three
phyla comprised 62.82% of the observed taxa in the three orchards.
Only 5.95% of observed taxa were not among the top 10 phyla,
which were Bacteroidetes, Firmicutes, Proteobacteria, Chloroflexi,
Acidobacteria, Actinobacteria, Verrucomicrobia, Cyanobacteria,
Thaumarchaeota, and Thermotogae (Figure 3).

3.4 Comparing of the microbiomes of NF
and MF groups

To analyze the differences in the soil microbiome between the
NF and MF groups, a linear discriminant analysis of effect size was
conducted. The results show that Burkholderiaceae and
Acidobacteria were abundant in the MF groups. These two
bacterial taxa also showed significantly different abundances
(p<0.05, Student’s t-test; Figure 4). At the family level,
Xanthomonadaceae was significantly more abundant in all the
MF groups compared to that in the NF groups (p<0.05).
SAGMCG-1 was significantly more abundant in the MF groups
from JC and W] than in the MF group from XLM (p<0.05,
Figure 5A, Supplementary Table 3). At the genus level,
Candidatus Nitrosotalea was overrepresented in all the MF groups
compared to that in the NF groups (p<0.05, Figure 5B,
Supplementary Table 4).

3.5 Function of prokaryotic communities in
soil from roots of ‘Orah’

KEGG analysis was performed to predict and investigate the
functional profiles of the prokaryotic communities. The results
showed that 21 pathways were significantly different between the
NF and MF groups (p<0.05, Figure 6, Supplementary Table 5).
Several metabolic pathways were significantly more enriched in the
NF groups than those in the MF groups, such as tetracycline
biosynthesis, glyoxylate and dicarboxylate metabolism, flavonoid
biosynthesis, xylene degradation, limonene and pinene degradation,
lysine degradation, metabolism of xenobiotics by cytochrome P450,
and chloroalkane and chloroalkene degradation. The KEGG
pathways for dioxin degradation, phosphonate and phosphinate
metabolism, phosphotransferase system, linoleic acid metabolism,
ethylbenzene degradation, prolyl 4-hydroxylase, and benzoate
degradation were more enriched in the MF groups than those in
the NF groups (Figure 6).

4 Discussion

In the present study, ‘Orah’ trees with healthy fruit and marbled
fruit were sampled to reveal their differences in agronomic traits
and soil microbiome in the root regions. To assess potential
pathogenic microbes related to marbled fruit disease, PCA and
clustering analyses were conducted to determine the diversity of the
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microbiome. Marbled fruit disease, which occurs due to multiple
factors, such as pathogenic microbes, can be relieved by soil-based
probiotic treatments (Vuong et al, 2017). Finding and utilizing
beneficial microorganisms to improve the quality of citrus fruit is a
worthwhile research task. Three different orchards were included in
the present study to eliminate the effects of varied natural
growth conditions. Moreover, the cultivation and management
techniques were similar among these orchards, which
approximated those of commercial production. However, under
these conditions, 5-10% plants still developed this disease and
knowledge on its occurrence from a microbiome view is limited.
Therefore, this study investigated the differences in agronomic
variables and soil microbiomes from the root regions of NF and
MEF groups of ‘Oral’.

Many investors who bear the risks brought by MF disease desire
to solve this issue. A previous study showed that approximately
57.14% of plants with MF also suffered from yellow vein disease and
100% were infected with the Citrus tristeza virus (Bettini et al.,
2018). Furthermore, several diseases in citrus that occur due to
microbial or viral infections affect fruit production. In America, a
stubborn disease of citrus caused by Spiroplasma citri results in
smaller, deformed fruits with lower yields (Mello et al., 2010). Citrus
yellow vein clearing virus causes yellow vein disease in lemons,
which leads to yellowing, bright veins, and leaf drop, resulting in a
decrease in yield (Liu et al.,, 2020a). This virus can be spread by
grafting, tools, seedlings, and scions (Zhen et al., 2015).
Additionally, Aphid leguminosae and Aphid spiraea can spread
this disease in lemons (Tannice and Fric, 2013; Garcia et al,
2016). Some lemon trees are cut down once MF occurs. To date,
specific treatments for MF disease are lacking. Furthermore, the
pathogenesis of MF may result from a virus or other microbes. The
common treatment strategies, such as hormonal treatment and
additional fertilization, cannot cure the disease (Banyal and Sharma,
2015; Garcia et al,, 2016). Hence, developing new probiotics is
important for this disease (Luang-In et al., 2020). Hence, the present
study compared the agronomic characteristics of the leaves and
fruits of plants with and without MF disease. The disease did not
affect the leaf histology, but only lead to low fruit yields. PCA
indicated that the difference in microbiomes was higher among the
orchards than that between the NF and MF samples. Therefore,
these results imply that MF disease affects fewer aspects than
previously considered. Although the Shannon and Simpson
indices were higher in the MF groups than those in the NF
groups at W] and XLM, no significant difference in the diversity
of the soil microbiomes of NF and MF groups was found at JC.
Previous studies showed that diversity indicators, such as the
Shannon and Simpson indices, were affected by plant
biostimulant treatment for endemic huanglongbing (also known
as citrus greening disease) (Castellano-Hinojosa et al., 2021) and
reared host plants (Meng et al., 2022). Surprisingly, the present
results showed no significant differences in diversity between the
soil from the roots of the NF and MF groups. We propose that the
different conditions such as temperature, water and location among
the orchards affected the results.
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The taxonomic analysis of healthy ‘Orah’ microbiomes showed
that the predominant taxa in three orchards were Bacteroidetes,
Firmicutes, and Proteobacteria; this is similar to previous studies.
For example, in a study regarding the microbial profiles of affected
intensive citrus orchards in Shuitianba town (31°4' N, 110°41" E),
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Zigui City, Hubei, China, the five predominant phyla were
Acidobacteria, Bacteroidetes, Firmicutes, Gemmatimonadetes, and
Actinobacteria (He et al, 2022). This similarity shows that the
compositions of the microbiome are similar among various citrus
orchards, and these predominant phyla dominate the microbial
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community. The microbiome analysis of NF and MF groups of
‘Orah’ suggested that Burkholderiaceae and Acidobacteria were the
most abundant in MF groups. Burkholderiaceae includes several
plant pathogens, including Rhizobium spp. and Agrobacterium spp.
(Krimi et al., 2002; Deakin and Broughton, 2009). Moreover, at the
family and genus levels, Xanthomonadaceae and Candidatus
Nitrosotalea, respectively, were significantly more abundant in the
MF groups and those in the NF groups. Within the
Xanthomonadaceae family, genera such as Xanthomonas and
Stenotrophmonas contain several species that are plant pathogens
(Ryan et al,, 2009). Members of the genus Candidatus Nitrosotalea,
which includes Candidatus Nitrosotalea devanaterra and
Candidatus Nitrosotalea sp. Nd2, have been found in acidic soils
as ammonia-oxidizing archaea (Lehtovirta-Morley Laura et al,
2016). Candidatus Nitrosotalea spp. were also found in soil
microbial community structures in the soil of rice-frog cultivation
and high-quality grassland topsoils (Yi et al., 2019). The functions
of these microbes are associated with nitrogen cycle. Nevertheless,
the mechanism causing the high concentrations of these microbes
in the soil around MF plants remains understudied. We propose
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that Candidatus Nitrosotalea has a novel function in MF that
requires further investigation. Additionally, the present study
found functional differences in several metabolic pathways in the
prokaryotic soil communities between the NF and MF groups. The
enriched pathways in the NF groups, including flavonoid
biosynthesis and metabolism of xenobiotics by cytochrome P450,
contributed to fruit yields, whereas the enriched pathways in the
MF groups, such as linoleic acid metabolism, ethylbenzene
degradation, prolyl 4-hydroxylase, and benzoate degradation were
a possible reason for the low weight and quality of the fruit.

5 Conclusion

The agronomic characteristics and soil microbiomes from the
root areas were compared between NF and MF groups of ‘Orah’
trees. The plants showed no significant differences between groups;
however, the fruits of the MF group were lower quality and lighter
weight than those of the NF group. The microbiomes showed no
significant differences between the two groups, which was inferred
from the alpha and beta diversity analyses. The taxonomy of the
microbiomes showed that Burkholderiaceae and Acidobacteria
were predominant in the MF groups. At the family and genus
levels, Xanthomonadaceae and Candidatus Nitrosotalea,
respectively, were significantly more abundant in the MF groups
than those in the NF groups. The functional analysis by KEGG
pathways suggested that the most abundant differing pathways
between both groups were those related to metabolism. Thus,
these findings provide valuable information regarding the control
of MF disease.
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Industrial wastewater obtained from hydrothermal liquefaction (HTL-WW) of
food wastes for biofuels production could represent a source of crop nutrients
since it is characterized by a high amount of organic and inorganic compounds.
In the present work, the potential use of HTL-WW as irrigation water for industrial
crops was investigated. The composition of the HTL-WW was rich in nitrogen,
phosphorus, and potassium with high level of organic carbon. A pot experiment
with Nicotiana tabacum L. plants was conducted using diluted wastewater to
reduce the concentration of some chemical elements below the official
accepted threshold values. Plants were grown in the greenhouse under
controlled conditions for 21 days and irrigated with diluted HTL-WW every 24
hours. Soils and plants were sampled every seven days to evaluate, over time, the
effect of wastewater irrigation both on soil microbial populations, through high-
throughput sequencing, and plant growth parameters, through the
measurement of different biometric indices. Metagenomic results highlighted
that, in the HTL-WW treated rhizosphere, the microbial populations shifted via
their mechanisms of adaptation to the new environmental conditions,
establishing a new balance among bacterial and fungal communities.
Identification of microbial taxa occurring in the rhizosphere of tobacco plants
during the experiment highlighted that the HTL-WW application improved the
growth of Micrococcaceae, Nocardiaceae and Nectriaceae, which included key
species for denitrification, organic compounds degradation and plant growth
promotion. As a result, irrigation with HTL-WW improved the overall
performance of tobacco plants which showed higher leaf greenness and
increased number of flowers compared to irrigated control plants. Overall,
these results demonstrate the potential feasibility of using of HTL-WW in
irrigated agriculture.

KEYWORDS

HTL wastewater, microbiota, high-throughput sequencing, microbial community,
biodiversity, Nicotiana tabacum L.
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1 Introduction

The competition for fresh water among industry, agriculture,
and public utilities is increasing due to population growth and
climate change (Zucchinelli et al.,, 2021). On average, 40% of total
water abstraction in Europe is used for industry and energy
production, 15% for public water supply and 44% for agriculture.
Agriculture is therefore the major user of freshwater. At the same
time, agriculture is the most affected sector by water scarcity,
especially in Mediterranean countries due to an aggravation of
semi-arid and arid climatic conditions (Sofroniou and Bishop,
2014). In this scenario, the key to ensure water security is “water
reuse”, also commonly known as water recycling or water
reclamation. Reclaimed water for irrigation includes different
sources such as municipal and industrial wastewater, stormwater,
agriculture runoff and return flows (EPA, 2021). About 380 billion
m® of water can be recovered from the annual volumes of
wastewater produced. Water recovery is expected to reach 470
billion m? by 2030 and 574 billion m?® by 2050 (United Nations
Educational, Scientific and Cultural Organization - UNESCO,
2021). The use of wastewater in agriculture offers several benefits
including the availability of extra sources to cope with water
scarcity; the possibility of reserving better-quality water for
human consumption; the recovery of the nutrients contained in
wastewater; replenishment of soil organic matter; reduction of
wastewater release into the surrounding area; limiting/avoiding
marine intrusion in coastal areas and overexploitation of fresh
water (Ungureanu et al, 2020). Wastewater recycling not only
offers an alternative source for crop irrigation, but also the
opportunity to recover fertilizing elements, such as nitrogen (N),
phosphorous (P), potassium (K), organic matter, minerals, and
micronutrients. Nevertheless, according to Petousi et al. (2019), in
Europe only the 2.4% accounting for 700 Mm?/year of wastewater is
reused and mostly in Spain. Until 2020, the major barriers
preventing a wider spreading of this practice in EU were the
limited awareness of potential benefits among stakeholders, and
the lack of a supportive and coherent framework for water reuse.
According to Directive 91/271/EEC - Article 12, “treated
wastewater must be reused whenever appropriate and disposal
routes must minimize any adverse effects on the environment”.
However, the document does not specify the minimum quality
requirements for wastewater reuse (Petousi et al., 2019). Recently,
the EU commission approved a new regulation on minimum
requirements for water reuse in agricultural irrigation (EU 2020/
741) that will be applied starting from 26 June 2023. This will
eventually encourage and facilitate water reuse across Europe.

In Italy, the agricultural use of wastewater is currently regulated
by Ministerial Decree n0.185/2003 (limits for heavy metals in mg/L:
Al 13, As 0.02, Ban 10, Be 0.1, B 1, Cd 0.005, Co 0.05, Cr 0.1, Fe 22,
Mn 0.22, Hg 0.001, Ni 0.2, Pb 0.1, Cu 1, Se 0.01, Ti 0.001, V 0.1, Zn
0.5, Sn 3; limits for macro and micronutrients: BOD, 20 mg O,/L;
COD, 100 mg O,/L; Total Nitrogen, 15 mg N/L; Ammonia
Nitrogen, 5 mg NH,/L; Total Phosphorous, 2 mg P/L; Sulphates,
500 mg SO,/L; Chlorides, 100 mg Cl/L), which regards only the
municipal and agro-industrial effluents. Most research on testing
the use of wastewater in agriculture refers to treated municipal
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wastewater, olive mill wastewater, sewage sludges and digestates
(Food and Agriculture Organization — FAO, 2022). However, there
are additional industrial processes which deliver, as side products,
high levels of liquid wastes that could be recovered and valorised for
agricultural uses. In particular, the hydrothermal liquefaction
(HTL) is a high-performance and eco-sustainable thermochemical
technology to produce bioenergy from organic biomass and wastes.
According to UNEP Food Waste Index report, 2021 (UNEP Food
Waste Index report, 2021), a total of around 931 million tonnes of
food waste from households, food service and retail were produced
worldwide in 2019. In undeveloped countries more than 90% of the
waste is openly dumped, burned, or landfilled without landfill gas
collection systems, resulting in high GHG emissions. The available
technologies for organic waste disposal and management include
landfilling, incineration, composting, and anaerobic digestion.
Hydrothermal liquefaction is an additional option, especially
suitable for feedstock with high moisture content, such as the
sorted organic fraction of household waste. Typically, HTL is
carried out in the absence of oxygen, at temperature ranging
between 250 and 350°C, under autogenic pressure (50-200 bar)
and 15-90 minutes reaction times. The main steps of this reaction
are: (i) depolymerization of macromolecules to form water soluble
monomers, (ii) dehydration, decarboxylation, and deamination to
degrade the different monomers, (iii) recombination of the reactive
fragments to form a water insoluble bio-oil, (iv) further
polymerization at prolonged reaction time to form hydro-char. At
the end of this process, four main outputs are produced: the water
insoluble bio-oil, the water phase containing organic and inorganic
components, the gaseous phase, mainly constituted by CO, and the
solid residues consisting in hydro-char and ash (Gu et al., 2019).
The bio-oil, which can be used directly as low sulphur fuel or further
refined to produce high-performance biofuels. Depending on the
moisture content of the starting feedstock, the process generates
also up to 95% of hydrothermal liquid wastewater (HTL-WW) with
high concentrations of organic and inorganic compounds/elements.
Therefore, the valorisation of this liquid co-product is a crucial step
in hydrothermal liquefaction development since its discharge into
civil wastewater treatment plants requires high extra-costs, making
this process no longer economic viable (Posmanik et al., 2017).
Moreover, HTL-WW may have some interesting properties as
irrigation water, since it is rich in plant macro and micronutrients
as well as organic carbon. The HTL-WW does not contain
pathogens, pesticides and emerging contaminants including
analgesics, antihypertensive drugs favouring its reuse in different
areas (Jaramillo and Restrepo, 2017). Nevertheless, the presence of
organic and inorganic matter in wastewaters could affect the soil
physic-chemical properties including the electrical conductivity
(EC), hydrophobicity, heavy-metal concentrations, pH as well as
organic carbon content, humus, nitrogen, phosphate, and
potassium levels and should be adequately monitored (Muamar
etal., 2014). Moreover, wastewater applications are expected to alter
the soil microbiota, because it is particularly sensitive to human-
induced perturbations or environmental stress compared to higher
organisms due to their close relations with the surroundings and
because of higher surface area to volume ratio (Karimi et al., 2017).
Investigating the soil microbiota composition and the interactions
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with plant systems could provide useful information on both crops
and soils productivity and health status (Ventorino et al., 2018a). In
this context, the aim of this study was to assess the feasibility of the
use of HTL-WW as irrigation water in agriculture using Nicotiana
tabacum L. as a model plant since this species is easy to grow and
does not have problems in terms of pathogens, allowing to reduce
the interactions with other environmental constraints and have a
cleaner assessment of the effects of HTL-WW on plant growth.
Moreover, the impact of HTL-WW on root-associated microbiota
was also determined and described by evaluating diversity and
richness variations of bacterial and fungal communities. To the best
of our knowledge, this is the first work reporting the use of
wastewater deriving from hydrothermal liquefaction for crop
irrigation purpose.

2 Material and methods
2.1 HTL-WW analysis

The HTL-WW used in this study was provided by the Eni
Renewable Energy and Material Science Research Center (Novara,
Italy). Two samples were taken from the Waste to Fuel HTL pilot
plant in Eni Gela Refinery (Caltanissetta, Italy) at different time. For
each sample, two 1 L aliquots were taken from two different storage
tanks and were analysed to quantify their chemical composition.
The HTL-WW was, on average, acidic with a pH value of 4.75 and
Chemical Oxygen Demand (COD) and Total Organic Carbon
(TOC) of 57250 and 22433.5 mg/L, respectively. It contained
considerable amounts of total nitrogen (TN) (1845.75 mg/L)
including ammonia (710 mg/L) and nitrates (9.8 mg/L),
phosphate (24.45 mg/L), sulphate (23.7 mg/L) and potassium
(3130 mg/L). The concentrations of macronutrients were: 50 mg/
L of Ca, 25 mg/L of Mg, 23.5 mg/L of S. The heavy metals
concentration (mg/kg) was composed by 0.3 of Cu, 8 of Fe, 2.9 of
7Zn, 0.1 of Ni, 6 of Al, 0.4 of Cr and 0.1 of Mo. The electrical
conductivity reached 12.9 mS/cm, directly related to the high
concentrations of Na* and Cl’, 2990 and 1784 mg/L, respectively.

The HTL-WW was diluted 1:10 with tap water to reduce the
values of some parameters below the threshold limits reported in
the Ministerial Decree n.185/2003, which regulates the agricultural
use of wastewater (Table 1).

2.2 Experimental design and plant growth
conditions

The tobacco experiment was set up in a greenhouse located at
the experimental station of the University of Naples Federico II,
Southern Italy (lat. 43°31’'N, long. 14°58'E; alt. 60 m above sea level)
with Nicotiana tabacum L. plants. The germination of tobacco seeds
was carried out in peats under controlled conditions (T 28°C, 16 h
light/8h, Ur ~ 60%) until the appearance of the 3rd-4th true leaf.
Plants were transplanted in 19 cm @ plastic pots and drip irrigated
with nutrient solutions (N-P-K 20:20:20). At 60 Days-After-Sowing
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TABLE 1 Comparison between the main parameters of HTL-WW from
the waste to fuel process and the legislative limits (DM 2003/185) for
wastewater use in agriculture.

HTL-WW Diluted HTL-WW Italian thresh-
(1:10) olds
(DM183/2003)
pH 5 5 5-9.5
TSS 29.5 mg/L 2.95 mg/L 10 mg/L
COD 57250 mg/L 5725 mg/L 100 mg/L
NH; 710 mg/L 71 mg/L 2 mg/L
E.C. 12900 mS/ 1290 mS/cm 3000 mS/cm
cm

TSS, Total Suspended Solids; COD, Chemical Oxygen Demand; NHj;, ammonia; E.C.,
Electrical Conductivity.

(DAS), when plants were at the 4-5 true leaves, half of the plants
were irrigated with HTL-WW diluted in water at a ratio of 1:10,
while control plants were irrigated with tap water. Irrigation was
performed for 21 days.

2.3 Soil and rhizosphere sampling

Soil samples were collected after irrigation with HTL-WW from
each pot at the beginning of the experiment (T0) and at 7 (17), 14
(T14 and 21 (T21) days. For the microbiological analysis tobacco
rhizosphere were sampled according to Romano et al. (2020a). The
soil chemical parameters were analysed before and after treatment. In
particular, after soil drying (65°C) were determined the pH-H,O
(1:2.5 soil:water solution ratio - pH meter GLP 22, Crison, Barcelona,
Spain); electrical conductivity (E.C.) (1:5 soil:water solution ratio—
Conductimeter basic 30, Crison, Barcelona, Spain); total nitrogen (N)
concentration, assessed after acid digestion with sulfuric acid (96%)
in the presence of potassium sulphate and a low concentration of
copper by the Kjeldahl method (Ijeldahl, 1883); total carbon (TC),
measured according to the Walkley-Black method and reported as
soil organic matter (SOM% = C% x 1.726); phosphorus (P,Os)
content, following the Olsen method and finally the ammonium
acetate method was adopted for exchangeable potassium
(K,0) measurement.

2.4 Microbiological analysis

Microbiological analysis was performed on fresh soil samples.
For molecular analysis, total genomic DNA was extracted from
tobacco rhizosphere using a FastDNA SPIN Kit for Soil (MP
Biomedicals, Illkirch Cedex, France) according to the
manufacturer’s instructions.

2.4.1 High-throughput sequencing

Synthetic oligonucleotide primers S-D-Bact-0341F50 (5'-
CCTACGGGNGGCWGCAG-3’) and S-D-Bact-0785R50 (5'-
GACTACHVGGGTATCTAATCC-3") (Klindworth et al.,, 2013)
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and the primers EMP.ITS1 (5'-CTTGGTCATTTAG
AGGAAGTAA-3") and EMP.ITS2 (5'-GCTGCGTTCTT
CATCGATGC-3") (Bokulich and Mills, 2013) were used to
evaluate bacterial and fungal diversity, respectively, by amplicon-
based metagenomic sequencing. PCR conditions for V3-V4 region
consisted of 25 cycles (95°C for 30 s, 55°C for 30 s and 72°C for 30 s)
plus one additional cycle at 72°C for 10 min as a final chain
elongation. PCR conditions for ITS1-ITS2 region consisted of 35
cycles (94°C for 30 s, 52°C for 30 s and 68°C for 30 s) plus one
additional cycle at 68°C for 7 min as a final chain elongation.
Agencourt AMPure beads (Beckman Coulter, Milan, IT) were used
to purify PCR products; whereas, quantification was performed by
AF2200 Plate Reader (Eppendorf, Milan, IT). Equimolar pools were
obtained, and sequencing was carried out on an Illumina MiSeq
platform, yielding to 2x 250 bp, paired end reads.

2.4.2 Bioinformatics and data analysis

After sequencing, QIIME 2 software was used to analyse fastq
files (Bolyen et al, 2019). Sequence adapters and primers were
trimmed by using cut adapter, whereas DADA2 algorithm
(Callahan et al, 2016) was used to trim low quality reads, to
remove chimeric sequences, and joined sequences shorter than
250 bp by using the DADA2 denoise paired plugin of QIIME2.
DADA?2 produced amplicon sequence variants (ASVs), which were
rarefied at the lowest number sequences/sample and used for
taxonomic assignment using the QIIME feature-classifier plugin
against Greengenes and UNITE database for the bacterial and
fungal microbiota, respectively. The taxa abundances were
recalculated after the exclusion of chloroplast, mitochondria
contaminants and singleton ASVs.

Alpha diversity metrics (Shannon index, Faith’s PD index and
Observed_OTUs) was computed by QIIME2 and the pairwise
Kruskal-Wallis” test was used for significant differences. Beta
diversity was also calculated and plotted by QIIME 2 for the
Weighted UniFrac (Lozupone et al., 2006).

Bar-plots were generated using R packages phyloseq 1.38.0
(McMurdie and Holmes, 2013) and ggplot2 3.4.2. Furthermore,

10.3389/fpls.2023.1180061

the metabolic function was predicted by Tax4Fun analysis through
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(Wang et al., 2019). Analysis mainly focused on the differences of
predicted abundances of genes involved in nitrogen fixation, 1-
aminocyclopropane-1-carboxylate (ACC) deaminase,
aminopeptidase, and glucanase activities across treated with HTL-
WW and untreated samples. Heatmaps were generated in R using
the package Pheatmap 1.0.12 (Kolde, 2019).

2.5 Biometric and physiological
measurements

At 7, 14 21 days after HTL-WW treatment (DAT), three plants
per treatments have been sampled for shoot biomass determination.
At the same time points, SPAD index was measured with a
MINOLTA chlorophyll meter (SPAD 502-Plus). The flower
biomass was measured at the end of the experiment (after 21 days).

Data were analysed by test-t for pairwise comparison of means
(at P < 0.05) using SPSS 19.0 statistical software package (SPSS Inc.,
Cary, NC, United States).

3 Results

3.1 Phenotypic and physiological
evaluation of Nicotiana tabacum L plants

The impact of HTL-WW irrigation on Nicotiana tabacum L.
plants was evaluated by phenotypic observations and biometric
measurements carried out every seven days. Phenotype differences
between treated and untreated plants increased with the time of
growth. After 14 and 21 days, plants treated with HTL-WW showed
a more intense tissue pigmentation (Figure 1) and higher SPAD
values (T14 + 13.6% and T21 + 46.8%) (Table 2). Despite the
greener/healthier appearance of wastewater treated plants, no
significant differences were found in the fresh weight of the shoot

T 14

T21

FIGURE 1

Nicotiana tabacum L. plants treated (WT) and untreated (C) with HTL-WW deriving from Waste to Fuel industrial process after 7 (T7), 14 (T14) and 21

(T21) days of growth.
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TABLE 2 SPAD index of Nicotiana tabacum treated (HTL-WW) and
untreated (C) with HTL-WW after 7 (T7), 14 (T14) and 21 (T21) days
of growth.

Treatment
Control 433 +0.95 37.2 +0.68 31.4 +0.56
HTL-WW 42.9 +0.85 41.9 +0.75 46.1 + 0.95
Test-t ns ek i

Test-t (p<0.05) was performed to identify significant differences between the treatments (ns,
not significant; *** = p<0.001).

biomass between treated (HTL-WW) and untreated (C) plants
(Table 3). The flower biomass at the end of the experiment (T21)
was significantly higher (T-test: 0.007; P <0.05) in plants irrigated
with HTL-WW (34.05 + 14 g) compared to untreated plants (6.25 +
2.67 g) (Figure 2). The main chemical properties of the soils
collected from the tobacco’s pots before (T0) HTL-WW
treatment were total nitrogen (TN) 0.18%, electrical conductivity
(EC) 420.0 uS/cm, organic matter (OM) 6.07%, phosphate (P,05)
223.514 ppm, potassium (K,0) 994.8 ppm and pH 7.3, remaining
constant after the experiment.

3.2 Alpha and beta diversity of
microbial community

The microbial diversity was characterized by partial 16S rRNA
gene and ITS region (ITS1, 5.8S and ITS2) sequencing obtained
from DNA directly extracted from rhizosphere samples of
Nicotiana tabacum L. plants irrigated with HTL-WW (WW) or
with tap water (C). In total, 652,845 and 49,184 high quality reads
were analysed for prokaryotes and eukaryotes, respectively. The
alpha-diversity was determined by calculating the Shannon
diversity index, Faith’s Phylogenetic Diversity index and Observed
OTUs based on OTUs of 99% identity.

As shown in Figure 3, no significant differences (p > 0.05) in
bacterial and fungal diversity were found between HTL-WW
treated (WW) and untreated (C) tobacco rhizosphere, as revealed
by the Shannon (Figures 3A, D), Faith’s Phylogenetic Diversity
indices (Figures 3B, E) and Observed OTUs (Figures 3C, F).

The PCoA of the weighted UniFrac community distance showed
a marked difference between the microbiota of HTL-WW treated and

TABLE 3 Fresh biomass accumulation (shoot FW) of Nicotiana tabacum
treated (HTL-WW) and untreated (C) with HTL-WW after 7 (T7), 14 (T14)
and 21 (T21) days of growth.

Shoot FW (g)

Treatment T14
Control ‘ 145.3 £ 13.39 183.5 + 6.51 222.8 +22.36
HTL-WW ‘ 139.2 £ 6.11 230.0 + 17.61 246.7 +23.22
Test-t ns ns ns

Test-t (p<0.05) was performed to identify significant differences between the treatments (ns,
not significant).
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FIGURE 2

Flower fresh weight (FW) of Nicotiana tabacum irrigated with tap
water (C) and with HTL-WW (WW) at the end of the experiment (21
days). Test-t (p<0.05) was performed to identify significant
differences between the treatments (*** = p<0.001).

untreated rhizosphere samples, highlighting that the use of industrial
wastewater exerts selection pressure on the soil microbiota, especially
for the bacterial communities (Figure 4). In fact, the sample of treated
rhizosphere grouped separately on the right side of the chart in
Figure 4A compared to untreated rhizosphere highlighting a
separation of the samples based on irrigation treatment. It was
interesting to note how the tobacco rhizosphere irrigated with
HTL-WW at the beginning of the experiment (WW_TO0) grouped
with the control samples irrigated with tap water. However, the
samples irrigated with the wastewater gradually separated over time
from the control rhizosphere (Figure 4A).

A similar trend was observed for the fungal community
structure, although the distribution of the samples was less
marked (Figure 4B). In fact, the rhizosphere of the treated plants
at the beginning of the experiment (WW_T0) was more grouped
with the control samples irrigated with tap water; while samples
irrigated with wastewater over time slightly separated among
them (Figure 4B).

3.3 Microbial taxonomic composition

To evaluate any alteration in the microbial communities’
structure after the HTL-WW irrigation treatment, the relative
abundances of bacterial and fungal taxa were determined at phyla
and family level.

3.3.1 Bacteria

In total, fifteen different bacterial phyla were detected in the soil
samples with a relative abundance > 0.1%. Proteobacteria and
Actinobacteria were the taxa which heavily dominated the bacterial
composition of tobacco rhizosphere. These phyla together accounted
for approximately from 63% to 90% of the total bacterial biodiversity in
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(D—F) communities in the rhizosphere samples irrigated with HTL-WW (WW) and tap water (C).

the rhizosphere of plants treated and untreated with HTL-WW.
Additionally, Acidobacteria, Armatimonadetes, Bacteroidetes,
Chlorobi, Choroflexi, Cyanobacteria, Firmicutes, Gemmatimonadetes,
Nitrospirae, Planctomycetes, and Verrucomicrobia, along with
candidate phylum OD1 and TM7 showed a relative abundance >
0.1% in at least one sample (Figure 5A).

The relative frequency of Proteobacteria was enough uniform in
function of the experimental sampling time in both treated and
untreated plants, whereas Actinobacteria showed a different trend.
In particular, the concentration of this phylum was constant in the
rhizosphere of control plants irrigated with tap water (range of
relative abundance: 31-34%), with a peak at day 14 (43%).
Conversely, in the rhizosphere of tobacco plants treated with

Frontiers in Plant Science

HTL-WW a constant increase was observed over time, from
about 34% at the beginning of the experiment (WW_TO0) to 48%
after 21 days of treatment (WW_T21) (Figure 5A). The other
abundant phyla showed a different trend between the samples
treated and untreated with wastewater. In fact, while Chloroflexi
exhibited a similar relative abundance in all the samples,
Acidobacteria, Gemmatimonadetes and Planctomycetes were
mainly present in the rhizosphere of the control plants irrigated
with tap water; while Firmicutes, Bacteroidetes and the candidate
phylum TM7 showed a higher relative abundance in the
rhizosphere of plants irrigated with HTL-WW (Figure 5A).

The microbial diversity was also analysed at a deeper taxonomic
level. In particular, the analysis of the sequences at family level,
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FIGURE 4
Principal Coordinates Analysis (PCoA) of weighted UniFrac distances
of prokaryotic (A) and eukaryotic (B) communities of tobacco
rhizosphere. WW_TO, plants irrigated with HTL-WW at time O;
WW_T7, plants irrigated with HTL-WW after 7 days; WW_T14, plants
irrigated with HTL-WW after 14 days; WW_T21, plants irrigated with
HTL-WW after 21 days; C_TO, plants irrigated with tap water at time
0; C_T7, plants irrigated with tap water after 7 days; C_T14, plants
irrigated with tap water after 14 days; C_T21, plants irrigated with
tap water after 21 days.

considering only those with an abundance > 2% in at least one
sample, allow to identify 20 bacterial families and 5 unclassified taxa
(Figure 5B). These taxa showed a different relative abundance
depending on the time and on the type of water used for
irrigation (HTL-WW or tap water). Micrococcaceae and
Nocardiaceae were most abundant in the wastewater treated
(WW) rhizosphere. In detail, the relative abundance of
Micrococcaceae was on average about 4% in the control samples
(C), while in the treated rhizospheres there was a constant increase
from 8% at the beginning of the experiment (WW_TO0) up to 27%
after 21 days of irrigation (WW_T21; Figure 5B). Nocardiaceae was
almost totally absent in the rhizosphere of control plants, while it
showed a relative abundance of at least 4% in the rhizosphere of
plants treated with HTL-WW, especially at the end of the
experiment after 21 days of irrigation (WW_T21) constituting
about 13-14% of the total bacterial biodiversity (Figure 5B).
Bacillaceae and Pseudomonaceae exhibited different behaviour. In
fact, although these two families were present mainly in the
rhizosphere of plants treated with wastewater, they decreased over
time from 3-6% at the beginning of the experiment (WW_T0) to
about 0.8-0.2% at day 21 (WW_T21; Figure 5B). Although
Comamonadaceae was recovered in all samples, its relative
abundance increased over time in the wastewater treated
rhizosphere. Differently, Solirubrobacteraceae, Gaiellaceae and
Sinobacteraceae were more abundant in the rhizosphere of
control plants, and they decreased over time in the rhizosphere of
HTL-WW treated plants (Figure 5B).
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FIGURE 5
Relative abundance of bacterial phyla (A) and families (B) in the
rhizosphere of Nicotiana tabacum L. plants treated (WW) and
untreated (C) with HTL-WW. Only phyla with an abundance > 0.1%
or families with an abundance > 2% in at least one sample are
shown in the legend. WW_TO, plants irrigated with HTL-WW at time
0; WW_T7, plants irrigated with HTL-WW after 7 days; WW_T14,
plants irrigated with HTL-WW after 14 days; WW_T21, plants
irrigated with HTL-WW after 21 days; C_TO, plants irrigated with tap
water at time 0; C_T7, plants irrigated with tap water after 7 days;
C_T14, plants irrigated with tap water after 14 days; C_T21, plants
irrigated with tap water after 21 days.

3.3.2 Fungi

The phylum-level taxonomic analysis of the fungal community
showed that Ascomycota and Basidiomycota dominated in all
samples (WW and C), accounting for > 90% of the total
biodiversity in each sample (Figure 6A), followed by
Chytridiomycota and Mortierellomycota. Ascomycota and
Basidiomycota exhibited different pattern in the treated and
untreated rhizosphere. In fact, while Ascomycota was mainly
present in the rhizosphere of HTL-WW treated plants,
Basidiomycota showed a greater relative abundance in the
rhizosphere of control plants irrigate with tap water (Figure 6A).

The analysis of the relative abundance of fungal families present
in the tobacco rhizosphere samples with an abundance >1% in at least
one sample, allowed to identify 11 fungal families (Aspergillaceae,
Bionectriaceae, Chaetomiaceae Diatrypaceae, Entolomataceae,
Hypocreaceae, Microascaceae, Mortierellaceae, Nectriaceae,
Sporormiaceae and Trichocomaceae) which accounted for >70% of
the total biodiversity, together with taxa belonging to different
families without taxonomic assignment or identified only at higher
taxonomic level such as Onygenales_fam_Incertae_sedis,
Saccharomycetales_incertae_sedis, and unclassified Agaricomycetes,
Hypocreales and Sordariomycetes (Figure 6B). As observed for the
bacterial community, the fungal taxa were differentially present
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FIGURE 6
Relative abundance of fungal phyla (A) and families (B) in the
rhizosphere of Nicotiana tabacum L. plants treated (WW) and
untreated (C) with HTL-WW. Only families with an abundance > 1%
in at least one sample are shown in the legend. WW_TO, plants
irrigated with HTL-WW at time 0; WW_T7, plants irrigated with HTL-
WW after 7 days; WW_T14, plants irrigated with HTL-WW after 14
days; WW_T21, plants irrigated with HTL-WW after 21 days; C_TO,
plants irrigated with tap water at time 0; C_T7, plants irrigated with
tap water after 7 days; C_T14, plants irrigated with tap water after 14
days; C_T21, plants irrigated with tap water after 21 days.

depending on the time and type of water used for irrigation. In
particular, the family Nectriaceae, belonging to the Ascomycota
phylum, was more abundant in the HTL-WW treated rhizosphere
(WW) and increased over time. In detail, the relative abundance of
Nectriaceae was on average <25% in the control samples (C), while in
the treated rhizosphere there was a constant increase from about 25%
at the beginning of the experiment (WW_TO0) to about 53% after 21
days of irrigation (WW_T21; Figure 6B). On the contrary,
Entolomataceae, belonging to Basidiomycota phylum, was more
abundant in control samples, although in treated rhizo-soils was
present at the beginning of experiment (WW_TO0) and gradually
decreased until it disappeared at day 21 (Figure 6B).

3.4 Functional prediction analysis

Functional profiles were predicted based on the 16S rRNA gene
sequencing data to assess differences between HTL-WW treated
and non-treated tobacco rhizosphere. Although this analysis
allowed us to analyse over 6000 functional genes, predicted
abundances of some interesting enzyme-encoding genes
associated with plant growth-promoting traits and soil fertility
were reported (Figures 7, 8). In detail, analysis focused on
functional genes involved in nitrogen fixation as well as 1-
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aminocyclopropane-1-carboxylic acid (ACC) deaminase,
aminopeptidase, and glucanase activities.

Functional profiles of the bacterial communities were clustered
into two major groups clearly associated to the wastewater
treatment (Figures 7, 8). Cluster 1 included samples treated with
HTL-WW after 7, 14, and 21 days (WW_T7, WW_T14, and
WW_T21, respectively); whereas cluster 2 grouped untreated
samples (C_T0, C_T7, C_T14, and C_T21) as well as treated
samples at the beginning of the experiment (WW_TO0). Several
predicted functions, including endoglucanase (EC:3.2.1.4), leucyl
aminopeptidase (EC:3.4.11.1), aminopeptidase N (EC:3.4.11.2),
Xaa-Pro aminopeptidase (EC:3.4.11.9), methionyl aminopeptidase
(EC:3.4.11.18), D-aminopeptidase (EC:3.4.11.19) (Figure 7), as well
as nitrogen fixation proteins NifB and NifU, the nitrogen fixation
regulation protein CRP/FNR family transcriptional regulator and
ACC-deaminase (EC:3.5.99.7) (Figure 8), seems to play a
discriminating role in the overall system. In particular, from day
7 until the end of the experiment, predicted abundances of genes for
aminopeptidase N (EC:3.4.11.2) and endoglucanase (EC:3.2.1.4)
increased in the samples treated with HTL-WW (Figure 7). In
contrast, untreated samples show higher levels of D-
aminopeptidase (EC:3.4.11.19) and leucyl aminopeptidase
(EC:3.4.11.1) (Figure 7).

WW_T7 R0.001
WW_T14 B 8e-04
WW_T21 | 6e-04
c_17 4e-04
C_T14 2e-04
C_T21 0
c_To0

WW_TO

ha chain [EC:1.18.6.1]

K02587; nitrogenase molybdenum-cofactor synthesis pr

K00531; nitrogenase [EC:1.18.6.1]
K08326; aminopeptidase [EC:3.4.11

K01256; aminopeptidase N
K08776; puromycin-sensitive aminopeptidase [EC:3.4.11.-]

K01258; tripeptide aminopeptidase

K01264; aminopeptidase Y

K01265; methionyl aminopeptidase
K01266; D-aminopeptidase

K01267; aspartyl aminopeptidase

K01255; leucyl aminopeptidase
K01262; Xaa-Pro aminopeptidase
KO07751; PepB aminopeptidase [EC:3.4.

K02595; nitrogenase-stabilizing/protective pr
K01261; glutamyl aminopeptidase
K01263; cytosol alanyl aminopeptidase

K02592; nitrogenase molybdenum-iron protein NifN

K02588; nitrogenase iron protein NifH [EC
K05994; bacterial leucyl aminopeptidase [EC:3.4

K02586; nitrogenase molybdenum-iron prote

FIGURE 7
Predicted abundances of enzyme-encoding aminopeptidase,
nitrogenase and glucanase genes. The colour code refers to gene
abundance, with high predicted abundances (brown) and low
predicted abundances (light yellow). WW_TO, plants irrigated with
HTL-WW at time 0; WW_T7, plants irrigated with HTL-WW after 7
days; WW_T14, plants irrigated with HTL-WW after 14 days;
WW_T21, plants irrigated with HTL-WW after 21 days; C_TO, plants
irrigated with tap water at time 0; C_T7, plants irrigated with tap
water after 7 days; C_T14, plants irrigated with tap water after 14
days; C_T21, plants irrigated with tap water after 21 days.
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K02596; nitrogen fixation protein NifX
K02597; nitrogen fixation protein NifZ
K15790; nitrogen fixation protein NifQ

K02585; nitrogen fixation protein NifB
K02593; nitrogen fixation protein NifT
K04488; nitrogen fixation protein NifU and related proteins .

K01505; 1-aminocyclopropane-1-carboxylate deaminase [EC:3.5.99.7]

K15861; CRP/FNR family transcriptional regulator, nitrogen fixation regulation protein

FIGURE 8
Predicted abundances of enzyme-encoding genes involved in the
nitrogen fixation and ACC deaminase genes. The colour code refers
to gene abundance, with high predicted abundances (brown) and
low predicted abundances (light yellow). WW_TO, plants irrigated
with HTL-WW at time 0; WW_T7, plants irrigated with HTL-WW after
7 days; WW_T14, plants irrigated with HTL-WW after 14 days;
WW_T21, plants irrigated with HTL-WW after 21 days; C_TO, plants
irrigated with tap water at time 0; C_T7, plants irrigated with tap
water after 7 days; C_T14, plants irrigated with tap water after 14
days; C_T21, plants irrigated with tap water after 21 days.

However, predicted abundances of some enzyme-encoding
nitrogenase genes showed that although NifB and the nitrogen-
fixing transcriptional regulator of the CRP/FNR family were present
in all rhizosphere samples, their predicted abundance increased in
untreated samples from 7 to 21 days (C_T7, CT14 and C_T21;
Figure 8). Whereas the nitrogen fixation protein NifU remained
constant in HTL-WW treated rhizosphere (WW_T0, WW_T7,
WW_T14 and WW_T21) and decreased over time in the control
samples (C_T7, CT14 and C_T21; Figure 8). Finally, the predicted
abundance of ACC-deaminase increased in all tobacco rhizosphere
samples, especially in HTL-WW treated samples (WW_T7,
WW_T14 and WW_T21; Figure 8).

4 Discussion

The use of wastewater is gaining increasing interest to meet
agricultural irrigation needs and to face the increase of population
growth and climate change. Although it was reported that
wastewater may deliver nutrients and organic matter to the soil
(Ungureanu et al.,, 2020), its composition could have an impact on
the microbial communities that contribute to the soil biological
fertility, with variable consequences on plant growth and
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development. In this context, the potential use of hydrothermal
liquefaction wastewater (HTL-WW) for irrigation of agricultural
crops was explored.

HTL-WW irrigation improved plant chlorophyll content and
increased the flower biomass in tobacco plants (Figure 2 and
Table 2). These results can be respectively associated with high
levels of nitrogen, phosphorus, and potassium as well as macro-
nutrients such as sulphates, calcium and magnesium contained in
the HTL-WW (Table 1) since it is reported their involvement in
flowering of different plants (Patel et al., 2006; Erel et al., 2008; Ye
et al, 2019) and in chlorophyll content (Wang et al., 2021; Zhang
et al., 2021). The tobacco plants treated with HTL-WW have not
shown symptoms of heavy metals stress confirming that the
concentrations of heavy metals were under harmful levels and
anyhow below the official admitted thresholds. The impact of this
wastewater on autochthonous microbiota of bulk-soil and
rhizosphere was assessed over time using metagenomic approach
and bioinformatic tools.

High-throughput sequencing was used to obtain an assessment
of the effect of the HTL-WW treatment on resident soil microbial
community in the rhizosphere of tobacco. Beta diversity analysis of
rhizosphere-associated microbiota demonstrated a shift in the
microbial structure especially for bacterial community. In fact, the
PCoA exhibited two distinct groups based on water treatments.
This behaviour could be due to the different adaptation mechanisms
used by several microbial groups to survive and grow under these
environmental conditions resulting in a new balance among
microbial populations. However, this effect could be temporary.
As reported by Frenk et al. (2013) initial variations observed in the
soil microbial structure following municipal wastewater irrigation
disappeared after three years of treatment suggesting that
autochthonous microbiota shown a natural resilience to
anthropogenic soil perturbations.

A highly complex bacterial community was also found in the
tobacco rhizosphere treated with HTL-WW, in which among the
most frequently occurring bacteria were those belonging to
Proteobacteria and Actinobacteria. These phyla have been
previously reported as dominant populations in the rhizosphere
of crops grown in hydroponics and natural environments
(Bulgarelli et al., 2013; Sheridan et al., 2017). Several members
belonging to the phylum Proteobacteria possess specific genes
involved in plant growth-promotion activities (PGP) and can
contribute, both by direct and indirect mechanisms, to the
development of plants of agricultural interest (Ventorino et al,
2007; Ventorino et al., 2014; Romano et al., 2020b). Although our
data did not show significant growth improvements, an increased
SPAD levels and flowers number upon treatment with HTL-WW
were consistent with possible beneficial effects of Proteobacteria on
the overall plant performance. While the relative abundance of
Proteobacteria was enough uniform over time in both treated and
untreated rhizosphere, the Actinobacteria showed a different trend.
In details, the abundance of this phylum remained constant in
untreated rhizosphere, whereas it increased over time in HTL-WW
treated plants. Members belonging to phylum Actinobacteria are
able to synthetize specific hydrolytic enzymes for efficiently
decomposition of a wide variety of recalcitrant organic materials
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as well as to assimilate inorganic nitrogen (Ventorino et al,, 2013;
Pennacchio et al., 2018; Ventorino et al., 2019). In addition, this
microbial group included species that can synthesize plant growth
promoting substances and increase nutrient availability and uptake
to/by plants as well as exert suppressive effects vs. plant soil-borne
pathogens (Chouyia et al., 2020; Fagnano et al., 2020; Di Mola et al.,
2021; Chouyia et al,, 2022). Once again, the abundance of these
bacterial populations was consistent with the high biological fertility
potential of treated rhizosphere as demonstrated by a generally
enhanced plant performance. Among Actinobacteria,
Micrococcaceae and Nocardiaceae were the more abundant
bacterial families in the rhizosphere of tobacco HTL-WW treated
plants. Micrococcaceae is a well-known stress-tolerant bacterial
taxon which has a bioremediation potential as production of
bioactive compounds (Caradonia et al., 2019), degradation of
phenanthrene, cellobiose and glucose (Li et al., 2019), tolerance to
drought and salinity stress (Munoz-Ucros et al., 2021) as well as to
heavy metals (Xi et al., 2021). Micrococcaceae is also studied for its
plant growth promoting activities such as synthesis of the 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase, indole-3-
acetic acid (IAA) and siderophores as well as phosphorus
solubilisation even in arid environments (Yang et al., 2019). The
high abundance of this taxon in the treated tobacco rhizosphere
could be due to the excess of different nitrogen compounds
introduced to the soil through HTL-WW or some organic acids
(Xi et al, 2021). The use of N by Micrococcaceae, and most likely
other bacteria and/or fungi, could explain the missing growth effects
on plants treated with HTL-WW, since only a part of its N content
was available for plant growth. Moreover, since many species
belonging to the Micrococcaceae family are halotolerant, their
abundance could have increased because of them ability to
tolerate high level of Na* and CI present in HTL-WW (Mishra
et al,, 2018). An increased population of halotolerant bacteria,
including also Comamonadaceae family belonging to the
Proteobacteria phylum, in the rhizosphere may have had
protective effects on plants, a concentration that would be
harmful for tobacco and other plants, did not show any stress
symptoms. Protective effects of stress tolerant bacteria on plant
growth have been documented in tomato and spinach rhizosphere
(Ibekwe et al., 2017; Van Oosten et al., 2018).

Nocardiaceae, together Bacillaceae and Pseudomonaceae, are the
bacterial taxa present only in the treated rhizosphere. The most
abundant family was Nocardiaceae, which play an important
ecological role in nature in the recycling of organic matter and
recovery oil-contaminated environments as biosurfactant producers.
This taxon has also a great potential for plant growth-promotion
potential and biocontrol of different plant diseases (Yang et al., 2019).
Nocardiaceae are recently detected in the rhizosphere of different crops
as well as in activated sludge, wastewater, digestate and hydrocarbon
polluted soils (Ali et al., 2021).

Bacillaceae and Pseudomonaceae were also present mainly in the
rhizosphere of plants treated with HTL-WW, although their
abundance decreased over time. Members belonging to these
bacterial families include many rhizobacteria which are able to
promote plant growth through various mechanisms, including
phosphate solubilization and synthesis of phytohormones
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(Shrivastava et al, 2018), as well as to exert a biocontrol action
against various soil borne plant pathogens (Beneduzi et al, 2012).
Furthermore, many species belonging to the Bacillaceae family could
degrade cellulose, hemicellulose, pectin, and lignin (Di Pasqua et al,
2014), suggesting their possible involvement in the degradation and
mineralization of organic and humic compounds in the soil.

According to Liineberg et al. (2019) Ascomycota and
Basidiomycota dominated in most agricultural soil. These phyla
constituted the key primary decomposers of soil organic matter, and
they are among drivers in regulating the ecosystem functions. Most
members belonging to these phyla are saprotrophic fungi that
participated in critical processes, such as the decomposition and
mineralization of recalcitrant and labile compounds as well as
xenobiotic substances (Yang et al, 2022). Ascomycota, previously
described as sensitive to high nitrogen, phosphorous and carbon
inputs (Chen et al,, 2017), did not seem to be affected by the higher
nutrient levels of HTL-WW vs. control water. Within this phylum,
Nectriaceae was the most abundant family in treated samples. This
result was consistent with those of Liineberg et al. (2019), who also
reported this fungal taxon as the most abundant in a field irrigated with
untreated wastewater. The Nectriaceae family has also a key role in the
nitrogen bioremediation (Cheng et al., 2020) in N-rich environments,
such as the soil irrigated with HTL-WW. The fungal families selected
only in treated tobacco rhizosphere were Saccharomycetales-incertae-
sedis and Trichocomaceae, belonged to phyla of Ascomycota and
Basidiomycota respectively. Furthermore, Saccharomycetales-incertae-
sedis and Trichocomaceae are both involved in bioremediation of
heavy metals, especially cadmium, lead, chromium, nickel, copper, and
manganese (Malikula et al,, 2022). Thus, as mentioned before, these
fungal families may have protected the plants by degrading the heavy
metals introduced with HTL-WW.

The study of the potential bacterial activities is fundamental to
establish new agricultural practices as the use of HTL-WW for
irrigation purposes. In this context, differences in bacterial
functioning between HTL-WW treated and non-treated tobacco
rhizosphere were investigated based on predicted abundances of
enzyme-encoding genes involved in plant growth promotion, soil
fertility and suppression disease such as nitrogen fixation, ACC
deaminase, aminopeptidase, and glucanase (Hong and Meng, 2003;
Fiorentino et al., 2016; Norman et al., 2020; Orozco-Mosqueda et al.,
2020; Romano et al,, 2020b). The clustering of predicted functions
demonstrated that potential gene abundances were strongly affected
by water treatment since two major clusters were observed clearly
associated to the HTL-WW treatment. Shift in microbial community
structure was also previously observed when different wastewaters, as
household, industrial, or olive mill, were used for plant irrigation
(Zhao et al., 2014; Giagnoni et al., 2016; Krause et al., 2020). Changes
in the rhizosphere microbial community could be due to
modifications of root exudates resulting from the high amount of
nutrients and the different nitrogen forms introduced by wastewater
as well as by the C/N ratio. The shift in microbial community
structure could also be attributed to the high availability and
quality of the carbon sources supplied by wastewater irrigation.
Indeed, following the use of carbon-rich wastewater as HTL-WW,
the presence of easily degradable carbon compounds could stimulate
the growth of copiotrophic as well as of cellulolytic microorganisms
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(Marschner et al, 2003), as also confirmed by the increasing of
predicted abundance of endoglucanases following wastewater
treatment. In addition, bacterial endoglucanases confer a
competitive advantage against soil-borne plant pathogens and
therefore, their presence could be considered as a mechanism to
improve plant resistance to biotic stress (Hong and Meng, 2003).
HTL-WW irrigation increased also the predicted abundance of ACC-
deaminase; an enzyme produced by some plant growth-promoting
microbes to alleviate negative effects due to ethylene production.
Synthesis of ACC deaminase could also improve plant tolerance to
several abiotic or biotic stress, such as drought, salinity, and high
temperature (del Carmen Orozco-Mosqueda et al., 2020; Romano
et al., 2020b).

The predicted abundances of genes encoding aminopeptidase N
and nitrogen fixation protein NifU increased or remained constant
in HTL-WW treated samples. These predicted bacterial functions
could help to increase soil fertility and enhance plant growth, since
aminopeptidases producing bacteria can degrade proteins from soil
organic matter increasing amino acid availability in the near-cell
environment (Norman et al., 2020), as well as nitrogen-fixers can
supply plants with this essential nutrient and improving soil fertility
(Fiorentino et al., 2016).

5 Conclusion

Although the use of industrial wastewater to satisfy crop water
requirements could have several economic and environmental
advantages, the response of the soil microbiota to different
wastewater sources must be ascertain on a case—by-case basis,
since this may critically affect the overall soil biological fertility.
This work improves the knowledge about the responses of
indigenous microbial populations to anthropogenic activities,
particularly related to the potential ecological risks of using
untreated industrial wastewater derived from hydrothermal
liquefaction process (HTL-WW) for irrigation purposes and the
capacity of natural ecosystems to develop an adapted microbiota,
ultimately leading to the establishment of a new microbial
community affecting the soil fertility properties.

Based on the results obtained in this study, the wastewater from
the hydrothermal liquefaction of organic wastes could be an
important source of irrigation water which could contribute to
reduce the increasing pressure on freshwater resources. However,
further specific investigations will be necessary to assess the long-
term impact of this untreated industrial wastewater on soil
biological fertility and possible critical effects on the
biogeochemical cycles of relevant soil nutrients.
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Fritillaria unibracteata (FU) is a renowned herb in China that requires strict growth
conditions in its cultivation process. During this process, the soil microorganisms
and their metabolites may directly affect the growth and development of FU, for
example, the pathogen infection and sipeimine production. However, few
systematic studies have reported the changes in the microbiome and
metabolites during FU cultivation thus far. In this work, we simultaneously used
metagenomics and metabolomics technology to monitor the changes in
microbial communities and metabolites in the rhizosphere of FU during its
cultivation for one, two, and three years. Moreover, the interaction between
microorganisms and metabolites was investigated by co-occurrence network
analysis. The results showed that the microbial composition between the three
cultivation-year groups was significantly different (2020-2022). The dominant
genera changed from Pseudomonas and Botrytis in CC1 to Mycolicibacterium
and Pseudogymnoascus in CC3. The relative abundances of beneficial
microorganisms decreased, while the relative abundances of harmful
microorganisms showed an increasing trend. The metabolomics results
showed that significant changes of the of metabolite composition were
observed in the rhizosphere soil, and the relative abundances of some
beneficial metabolites showed a decreasing trend. In this study, we discussed
the changes in the microbiome and metabolites during the three-year cultivation
of FU and revealed the relationship between microorganisms and metabolites.
This work provides a reference for the efficient and sustainable cultivation of FU.
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1 Introduction

Fritillaria is a famous medicinal genus of Liliaceae, which
includes more than 150 species (Protopopova et al., 2023).
Fritillariae Cirrhosae Bulbus, the dried bulb of some Fritillaria
plants, including Fritillaria unibracteata (FU), has been listed as a
herbal medicine in the Chinese Pharmacopoeia (2020). It shows
satisfactory therapeutic effects for the treatment of cough, bronchitis,
and pneumonia and has a potential role in COVID-19 treatment
(Niu et al,, 2021). As one of the most important medicinal plant
resources of Fritillaria Cirrhosae Bulbus (Chuan Beimu in Chinese),
the quality of FU has received wide attention. The growth of FU
requires multiple environmental factors, including altitude,
temperature, and humidity, which causes its low yield. The harsh
growth environment of FU forces growers to engage in continuous
cropping. However, the pests and diseases have seriously affected the
production and quality of FU (He et al, 2022). After two years of
cultivation, Yan et al. (2022) observed that the production of F.
thunbergii was reduced by more than half. He et al. (2022) also
indicated that the quality of F. taipaiensis after three years of
cultivation was affected by various factors, including the
accumulation of diseases, growth damage, and quality degradation.
Although various scientists have proposed distinct opinions, a
conclusion has been accepted regarding which microorganisms and
metabolites have remarkable effects on the quality of Fritillaria during
its cultivation.

Microorganisms are widely distributed on Earth, and make
great contribution to global biomass (Banerjee and van der Heijden,
2022). As the material support for terrestrial ecosystems, soil
exhibits the most microbial community diversity and complexity
(Dubey et al,, 2019). Rhizosphere serves as the direct interface for
energy and material exchange between plant and soil, and is also the
primary habitat for microorganisms (Bardgett and van der Putten,
2014). Soil microorganisms colonized plant roots through
mutualism or symbiosis to form complex rhizosphere microbial
communities, thus influencing plant nutrient uptake and health
(Philippot et al., 2013). The rhizosphere microbiome, also known as
the “second genome” of plants, has a series of beneficial functions
during plant growth and development, including nutrient
acquisition, pathogen resistance, and stress tolerance (Sharma
et al, 2020). It has been reported that many medicinal plants
could recruit specific microorganisms through root exudates to
resist biotic or abiotic stress as well as assisting the production of
secondary metabolites, such as Salvia milliorrhiza, Cannabis sativa,
Panax notaginseng (Yue et al.,, 2019; Li et al., 2020a; Vujanovic et al.,
2020). These studies demonstrated that rhizosphere microbiomes
made great contributions to medicinal plants. In addition, the
rhizosphere microbiome can also affect the chemical composition
and secretion of roots through systematic signaling mechanisms,
thereby the metabolic composition of the rhizosphere soil of plants
(Korenblum et al., 2020). The soil metabolites were mainly
consisted of plant root secretions and small molecules released by
soil microorganisms, such as sugars, amino acids, organic acids,
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phenolic compounds and other secondary metabolites (Cheng et al.,
2022). For example, continuous cropping, fertilizer, and pesticide
application significantly altered the metabolic composition of plant
rhizosphere soil soils (Ge et al., 2022; He et al., 2022; Xu et al., 2023).
Therefore, it is essential and important to reveal the changes in
rhizosphere soil microorganisms and metabolites during plant
growth and development for guiding plant production.

In this work, we used metagenomics and metabolomics
technology through the Illumina MiSeq platform combined with
the LC-MS/MS detection method to monitor the changes in
microbial community structure and metabolites in the
rhizosphere soil of FU during its three-year cultivation process.
Furthermore, the differences in soil microbial communities and
metabolites between three cultivation-year groups were compared.
The interaction between microorganisms and metabolites was
analyzed. This study revealed the rhizosphere soil microbial
structure and metabolites of FU for the first time, providing a
reference for standard settings in its practical cultivation.

2 Materials and methods

2.1 Location of the experiment
and collection of soil samples from
the rhizosphere

The rhizosphere soil samples of FU were collected from the Lv
Lin Chuan BeiMu cultivation base (28°55’ N, 102°10’ E) in
Mianning County, Sichuan Province, China. The cultivation area
has a subtropical climate with an altitude of up to 2800 meters (m),
an annual rainfall of 1095 millimeters (mm), an annual mean air
temperature of 13.8°C and an annual evaporation of 1857 mm. The
soil in the experimental area is dark brown loam. The 1000-seed
weight of FU was approximately 1.2 grams (g), and the seeds were
sown in March 2020, 2021 and 2022. The land was in a natural
fallow state before sowing, and the FU was not transplanted after
sowing. After mixing 5 g of seeds with 5 kilograms of humus, the
seeds were sown per square meter in the test field and finally
covered with approximately 1.5 centimeters (cm) of humus.
Throughout the entire growth process of FU, no fertilizers or
insecticides were used, and all plots were managed in the same
way. The rhizosphere soil samples of FU for three consecutive years
(years one, two, and three) were sampled on October 18 and 2022
and numbered CC1, CC2 and CC3, respectively (Table 1). Each
treatment consisted of three replicates. Each replicate contained 10
samples and sampling was performed using the “Z” pattern. The
specific sampling method was as follows: approximately 2-3 cm of
surface soil was removed with a sampling shovel to expose the
Fritillaria bulb, and the rhizosphere soil within 0.2 cm of the bulb
was carefully scooped, filtered through a 100-mesh screen, and
placed in a Ziplock bag. The samples were then shipped to the
laboratory in ice boxes, immersed in liquid nitrogen for at least 5
minutes, and stored at -80°C.
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TABLE 1 Detailed information for Fritillaria unibracteata rhizosphere soil sample.

Sampling information

Host Latin name Cultivation Planting Sampling Elevation Sampling SAMN
year date date temperature number

Fritillaria unibracteata one CCla Mar-2020 Oct. 18, 2022 2800 meters 4°C SAMN34413994
Fritillaria unibracteata one CC1 CCl1b Mar-2020 Oct. 18, 2022 2800 meters 4°C SAMN34413995
Fritillaria unibracteata one CClc Mar-2020 Oct. 18, 2022 2800 meters 4°C SAMN34413996
Fritillaria unibracteata two CC2a Mar-2021 Oct. 18, 2022 2800 meters 4°C SAMN34413997
Fritillaria unibracteata two CcC2 CC2b Mar-2021 Oct. 18, 2022 2800 meters 4°C SAMN34413998
Fritillaria unibracteata two CC2c Mar-2021 Oct. 18, 2022 2800 meters 4°C SAMN34413999
Fritillaria unibracteata three CC3a Mar-2022 Oct. 18, 2022 2800 meters 4°C SAMN34414000
Fritillaria unibracteata three CC3 CC3b Mar-2022 Oct. 18, 2022 2800 meters 4°C SAMN34414001
Fritillaria unibracteata three CC3c Mar-2022 Oct. 18, 2022 2800 meters 4°C SAMN34414002

2.2 Determination of the physicochemical
properties of the rhizosphere soil

The measurement of pH, organic matter (OM), dissolved
organic carbon (DOC), cation exchange capacity (CEC), total
nitrogen (TN), nitrate nitrogen (NO3-N), ammonium nitrogen
(NH4-N), total phosphorus (TP), total potassium (TK), available
phosphorus (AP), and available potassium (AK) in rhizosphere soils
was performed as described by (Song et al., 2020).

2.3 Soil metabolome analysis

One gram of soil sample was accurately weighed and placed in a
2 ml centrifuge tube, and then 1 milliliter of aqueous methanol solution
(80%, V/V, Macklin) was accurately pipetted. Then, the centrifuge tube
containing the sample was placed in an ice-water mixture for 10
minutes and vortexed for 5 minutes to completely dissolve the soil
sample. After dissolving, it was placed in a high-speed centrifuge at
12000 rpm, centrifuged at 4°C for 15 minutes. The supernatant was
carefully aspirated and centrifuged again for 30 minutes. The
supernatant was gently aspirated again, freeze dried and stored at
-80°C for subsequent use. Prior to injection, the lyophilized samples
were resuspended in 200 microliters of methanol, and the instruments
used for LC-MS/MS analysis were a Vanquish Neo UHPLC system
(Thermo Scientific) and Q Active HF-X (Thermo Scientific). The
chromatographic column was a Hypseril Gold (100 x 2.1 mm, 1.9 pm,
Thermo Fisher) column, and the chromatographic conditions were as
follows: flow rate of 0.2 ml per minute and linear gradient elution for 12
minutes. The eluent consisted of methanol (B), an aqueous 0.1% formic
acid solution (positive ion mode) and ammonium acetate at pH 9.0.

2.4 DNA extraction, library construction,
and metagenomic sequencing

The extraction of DNA from 0.5 g of soil was performed using
the DP336-02 TIANamp Soil DNA Kit (Omega Biotek, Inc.,
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Norcross, GA, USA) according to the manufacturer’s instructions.
The concentration of soil DNA was determined using a NanoDrop
2000-UV spectrophotometer (Thermo Scientific, Waltham, MA,
USA), and the quality of the DNA was examined using 1% agarose
gels. A library was prepared using the NEB Next® Ultra™ DNA
Library Prep Kit for Illumina (NEB, USA). Qualified DNA samples
were randomly fragmented into 350 bp fragments using a Covaris
(Covaris S2 System, Massachusetts,USA) ultrasonic fragmentation
instrument. A complete library was constructed by terminus repair,
polyA tailing, sequence linking, purification, PCR amplification and
other steps. Finally, the AMPure XP system was used to purify the
PCR products, an Agilent 2100 was used to determine the insert size
of the library, and real-time PCR was used for quantitative analysis
of the library concentration. The indexed coding samples were
clustered on the cBot Cluster Generation System using the Illumina
PE Cluster Kit (Illumina, USA) according to the manufacturer’s
instructions. After clustering, the DNA library was sequenced on
the Illumina NoVaseq 6000 platform, and 150 bp paired-end reads
were generated.

2.5 Statistical analysis

This experiment investigated the metabolome of the sample by
LC-MS/MS. The specific procedure was as follows: (1) The original
data obtained were converted to mzXML format (xcms input file
format) using Proteowizard software (v3.0.8789). (2) The R (v3.1.3)
XCMS package was used to perform peak identification, peak
filtering, and peak alignment. (3) The mass to charge ratio (m/z),
retention time, and intensity data matrix were obtained. Finally, the
precursor molecules were obtained in positive and negative ion
modes, and the data were exported for further analysis.

Macrogenomic analysis was performed based on sequencing
reads. The original sequencing data were preprocessed using
Kneaddata software to ensure data availability. The number of
sequences of the species present in the sample were determined
using Kraken2 and a custom microbial nucleic acid database.
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Bracken was used to predict the actual relative abundance of species
in the sample. The quality control and host-removed sequences
were compared with the DIAMOND-based protein database
UniRef using HUMAnN?2 software. Based on the correspondence
between UniRef ID and various databases, annotation information
and relative abundance tables were obtained for each
functional database.

SPSS 20.0 (IBM) was used for analysis of variance (ANOVA),
and R version 4.2.2 was used for data visualization. Microbial alpha
diversity was achieved using the vegan and picante packages, co-
correlation analysis between microorganisms and metabolites was
performed using the Igraph package and psych package. Procrustes
analysis and principal coordinate analysis (PCoA) analysis were
performed using the vegan package, and cluster heatmap analysis
was performed using the ComplexHeatmap package. Linear
discriminant analysis effect size (LEfSe) analysis was performed at
https://www.bioincloud.tech. Microbial function prediction was
conducted using FAPROTAX 1.2.6 software.

3 Result

3.1 Physicochemical properties of
rhizosphere soil

The physicochemical properties of the rhizosphere soil during
the three-year cultivation period of FU are shown in Supplementary
Table 1. There was no significant difference in the contents of TK,
AK, NH4-N and DOC among the CCI, CC2 and CC3 groups.
During the three years of cultivation, the pH level of the FU
rhizosphere soil increased in CC2 and then decreased in CC3.
Similar change trend was also observed for TN and TP, but the CC3
group was still significantly higher than the CC1 group. Notably, the
AP content showed a significant increasing trend from the CCl1 to
CC3 groups.

3.2 Microbial diversity in various
CC samples

A total of 215,662,114 raw reads were derived from 9 samples
after Illumina sequencing in this study. A total of 199,835,955 clean
reads were obtained after quality control, and there was sufficient
sequencing depth to reflect the microbiome structure in each
sample (Supplementary Table 2). The Shannon index of the
bacterial community did not change significantly between the
CCl1 and CC2 groups but decreased significantly (4.63-4.09) in
the CC3 group. No significant differences were observed in the
Chaol index of the bacterial community among the CC1, CC2 and
CC3 groups (Figures 1A, B; Supplementary Table 3). The Shannon
(2.13-3.14) and Chaol (4313-10607) indices of the fungal
community increased significantly in the CC3 group (Figures 2A,
B; Supplementary Table 4). These results showed that the o-
diversity of the bacterial community decreased significantly
during FU cultivation, and the fungal community diversity and
richness increased significantly.
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3.3 Composition of the bacterial
community in various CC samples

From the phylum to the species level, metagenomic sequencing
identified 40, 63, 143, 318, 977, and 3803 taxa, respectively. A total of
749, 673, and 776 genera were detected in CCl, CC2, and CC3,
respectively (Figure 1C). Proteobacteria had the highest relative
abundance among all phyla, followed by Actinobacteria,
Bacteroidetes, Firmicutes, and Acidobacteria (Figure 3A). During
cultivation, the relative abundance of Actinobacteria increased with
cultivation time, while the relative abundance of Acidobacteria
decreased. Interestingly, the relative abundance of Proteobacteria
and Firmicutes showed a trend of first increasing and then
decreasing during the cultivation process, while the relative
abundance of Bacteroidetes showed an opposite trend (decreasing
first and then increasing). Actinomycetia, Corynebacteriales, and
Mycobacteriaceae were dominant at the class, order, and family
levels. We further analyzed the bacterial community at the
genus level to better understand the changes in bacterial
abundance and composition during cultivation. Mycolicibacterium,
Pseudomonas, Afipia, Bradyrhizobium, and Nocardioides were more
abundant than other genera (Figure 3B). The cluster heatmap
(Supplementary Figure 1) showed that the relative abundances of
some bacterial genera, such as Afipia, Mycolicibacterium,
Deinococcus, Rhodanobacter and Nitrosospira, were higher in the
CC3 group than those in the other groups. The relative abundances of
Micromonospora, Sphingopyxis, Massilia, Nocardioides,
Sphingomonas and Ralstonia were higher in the CC2 group, and
the relative abundances of Methylocaldum, Thermobifida,
Bradyrhizobium Saccharomonospora and Thermomonospora were
higher in the CCl group. The beta diversity of the bacterial
community in the CCl, CC2 and CC3 groups was analyzed by
PCoA (Figure 1D). PC1 explained 60.81% of the variation, while PC2
explained 28.23%. The PCoA results revealed that the three groups
could be distinguished, indicating that cultivation time affected the
structure of the microbial community in the rhizosphere soil of FU.
This result was also supported by Bray—Curtis clustering analysis
(Supplementary Figure 2). Based on LEfSe analysis, the three groups
showed significantly differences in the relative abundances of
bacterial species (Figure 3C; Supplementary Figure 3). Twenty-eight
biomarkers were enriched across the samples with LDA scores >4.
Among these biomarkers, there were seven taxa in CC3, with
Mycolicibacterium gilvum, a rarely reported bacterium in
cultivation soil, being the largest contributor. There were 11 taxa in
CC2, and the major contributors were Propionibacteriales,
Burkholderiales, Nocardioidaceae, Sphingomonadaceae, and
Nocardioides. There were ten taxa in CCl, and the major
contributors were Proteobacteria and Arenimonas daejeonensis.

3.4 Composition of the fungal community
in various CC samples

From the phylum to the species level, metagenomic sequencing
identified 7, 24, 60, 119, 188, and 345 taxa. There were 110, 111 and
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135 genera that were identified in CC1, CC2 and CC3, respectively
(Figure 2C). This result indicated that cultivation increased the
number of fungal genera in the rhizosphere soil of FU. The relative
abundances of Ascomycota (64.02%), Mucoromycota (4.37%), and
Basidiomycota (2.72%) were higher than those of other phyla. The
relative abundance of Ascomycota significantly increased (13.6%-
27.1%) with cultivation time, while the relative abundance of
Mucoromycota decreased (Figure 4A). At the genus level, Botrytis,
Pseudogymnoascus, Cladosporium and Fusarium were abundantly
present in the FU samples (>2%) (Figure 4B; Supplementary Table 5).
The relative abundances of these genera were higher in CC2 or CC3
than in CC1. Furthermore, the relative abundance of Penicillium
increased significantly (2.1% - 9.9%) in CC3. The relative abundances
of Beauveria and Aspergillus were higher in CCI than in the other
groups (Supplementary Figure 4). PCoA was performed based on soil
fungal communities (Figure 2D). PCl explained 45.61% of the
variance, and PC2 explained 37.49% of the variance. Similar to the
results of bacterial PCoA, the three groups were distinct
(Supplementary Figure 2). The LEfSe analysis results showed that
CC1 had the seven out of the 23 biomarkers with LDA>4, with two
ubiquitous fungi, Fusarium culmorum and Aspergillus fumigatus. In
addition, the beneficial fungal genus Scedosporium was also a
biomarker of CCl. In CC2, only Cladosporium cladosporioides
was a biomarker. There were 15 taxa in CC3, and the major
contributors were Ascomycota and Pseudogymnoascu (Figure 4C;
Supplementary Figure 3).
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3.5 Potential functional pathways in FU
rhizospheric soil microbes

As illustrated by the Venn diagram (Supplementary Figure 5), a
total of 355 level 3 pathways were annotated in the KEGG database
for all samples, of which 325, 341, and 325 pathways were detected in
CCl, CC2, and CC3, respectively. Among them, there were 4, 24, and
3 unique pathways, respectively. The annotation results show that the
dominant categories were Ribosome, Valine, leucine and isoleucine
biosynthesis, Synthesis and degradation of ketone bodies, Lipoic acid
metabolism, and Cell cycle - Caulobacter, representing 3.21%, 2.97%,
2.70%, 1.96%, and 1.91% of the total, respectively. Furthermore,
among all categories, the relative abundances of genes related to the
Citrate cycle (TCA cycle), Carbon fixation in photosynthetic
organisms, Valine, leucine and isoleucine degradation increased
during the three cultivation stages. However, the relative
abundances of genes associated with Atrazine degradation, Steroid
hormone biosynthesis, and Polycyclic aromatic hydrocarbon
degradation decreased with the cultivation years (Supplementary
Table 6). In the FAPROTAX database of microbial ecological
function predictions, the annotated OTUs were assigned to 90
predicted functional groups (Supplementary Table 7). Nevertheless,
in the ANOVA test, only 30 groups showed significant differences
between the three compartments (P < 0.05). Therefore, the data were
plotted as a functional heatmap (Figure 5). The results showed that
the CCl soil was enriched with the denitrification of nitrogen,
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methylotrophy, methylotrophy, and hydrocarbon degradation. CC2
was enriched with nitrogen respiration, nitrate respiration,
and aromatic compound degradation. CC3 was enriched
with nitrification, aerobic ammonia oxidation, and aromatic
hydrocarbon degradation.

3.6 Analysis of nontargeted
soil metabolites

In all rhizosphere soil samples, a total of 1087 compounds were
detected. After annotation of br08001 in the KEGG database, 103
compounds with biological functions were obtained, among which
the relative content of carbohydrates was the highest (44.16%),
followed by nucleic acids (19.06%) and lipids (16.19%) (Figure 6A;
Supplementary Table 8). With increasing years of cultivation, the
relative content of carbohydrates in the rhizosphere soil decreased
sharply, but the relative content of lipids, peptides, and steroids
increased. According to the principal component analysis
(Figure 6B), the CCl, CC2 and CC3 groups showed significant
differences in the metabolite composition of the rhizosphere soil.
PC1 accounted for 49.3% of the total variation, while PC2 accounted
for 19.5%. Supplementary Figure 6 and Supplementary Table 9 list
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the top 20 compounds with the highest relative abundance that had
biological functions. Although there was only one type of
carbohydrate (sucrose), its relative abundance was indeed the
highest at 29.59% and it was also one of the compounds with the
most significant differences (Supplementary Table 10). This was
followed by palmitic acid (19.43%), adenosine (9.97%), L-
phenylalanine (8.68%) and prostaglandin J2 (2.09%). The
metabolites with biological functions with the most significant
differences among the three groups were screened to determine the
metabolites that differed significantly among the groups, with VIP > 1
as the criterion. The top 10 metabolites with significant differences
were prostaglandin El, sucrose, cytidine, docosahexaenoic acid,
palmitoleic acid, myristic acid, serotonin, L-hydroxyproline, oleic
acid, and 2-deoxyuridine. The relative contents of sucrose,
palmitoleic acid, myristic acid and oleic acid decreased with
increasing cultivation time. The relative abundances of serotonin,
L-hydroxyproline and 2-deoxyuridine increased with cultivation
time. To elucidate the specific changes in soil metabolic processes,
pathway enrichment analysis was performed. The metabolic pathway
was the most significantly altered pathway in the rhizosphere soil, as
shown in Figure 6C. Pyrimidine metabolism, unsaturated fatty acid
biosynthesis, purine metabolism, fatty acid biosynthesis, and nitrogen
metabolism were also significantly enriched.
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3.7 Correlations between soil bacteria,
fungi, and metabolism

To investigate the relationships among the bacterial groups, the
fungal groups and the soil metabolites, the Bray—Curtis distance was
used to perform the Procrustes analysis. The results showed that the
correlation between bacterial groups and soil metabolites (Figure 7A,
M? = 0.02, P=0.002) was higher than that between fungal groups and
soil metabolites (Figure 7B, M? = 0.05, P=0.002). An interaction
network (Figure 8) was constructed to further elucidate the
relationships between differentially abundant metabolites and
differentially abundant microbes in the rhizosphere. In general, the
networks of metabolites or microorganisms were more positively
correlated than negatively correlated. However, there was a more
negative correlation between differential metabolites and differential
microorganisms. For example, sucrose, palmitoleic acid and oleic acid
have differential microbes. The varying sizes of soil microbial nodes
indicated that these different microorganisms contributed differently
to metabolism. Among the differential metabolites, L-hydroxyproline
was positively correlated with the microbial genera with which it was
significantly associated. The opposite was observed for myristic acid.
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Cytidine and docosahexaenoic acid were significantly correlated with
only differentially abundant bacteria, not with differentially abundant
fungi. Among the differentially abundant microbial genera, the
greatest number of differentially abundant metabolites were
significantly associated with the differentially abundant bacterial
genus Mycolicibacterium, while Saccharopolyspora was not
significantly associated with any differentially abundant metabolite.
The greatest number of differentially abundant metabolites was
significantly associated with the differentially abundant fungal
genus Fusarium, while Pochonia and Botrytis were not significantly
associated with any differential metabolites. Moreover, the correlation
heat map analysis (Supplementary Figure 7) results showed
that Botrytis had significant positive correlations (P<0.05)
with Candidatus_Rhabdochlamydia, Hymenobacter and
Mucilaginibacter, while it showed highly significant negative
correlations (P<0.01) with Arenimonas and Saccharomonospora.
Lederbergia and Mycolicibacterium showed positive correlations
with almost all fungal genera. In contrast, Saccharopolyspora
showed negative correlations with all fungal genera. We conducted
a correlation heat map analysis between the microbial genus and the
top 20 differential metabolites, in order to identify metabolites
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specifically related to microorganisms (Supplementary Figure 8).
Among the 30 bacterial genera with the highest degree of
significant correlation with differential metabolites, all genera
showed significant correlations with Prostaglandin J2, L-Glutamic
acid, and Uridine, with a positive correlation exceeding a negative
correlation. In addition, most bacterial counts are significantly
correlated with 6-Deoxy-D-glucose, Sucrose, Adenine, and
Guanine, with a positive correlation more than a negative
correlation. For fungi, there is more negative correlation between
fungi and metabolites than positive correlation. The metabolites most
significantly associated with fungi are Prostaglandin J2 and 6-Deoxy-
D-glucose, followed by L-Glutamic acid, Sucrose, and Uridine, which
also have a significant correlation with the bacterial genus. From this,
it can be seen that Prostaglandin J2, 6-Deoxy-D-glucose, L-Glutamic
acid, Sucrose, and Uridine are specific metabolites highly associated
with microorganisms during FU cultivation.
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4 Discussion

4.1 Cultivation affects the structure of
microbial communities and increases the
relative abundance of pathogens

With the intensification of agricultural development, it is
becoming increasingly common to grow the same crop
continuously on the same cultivated land. Monocultures are
considered likely to lead to pathogen accumulation and
2018). Monocultures
can also cause continuous cropping disorders, as observed for
Panax quinquefolius, Pinellia ternata, and Lilium lancifolium (Dai
2022; Li et al, 2022; Bi et al., 2023). The soil microbial
communities and metabolites were considered non-ignorable factor
that affected the plant growth and development in single cultivation

deterioration of soil conditions (Liu et al.,

et al.,
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practices based on the previous studies (Lu et al., 2022; Zhang et al.,
2022). On the one hand, rhizosphere microorganisms have the
potential to assist host plants in taking up nutrients and resisting
biotic/abiotic stress (Liu et al., 2020; Choi et al., 2021; Zhang et al.,
2021). On the other hand, some harmful rhizosphere
microorganisms can also cause adverse effects on plants, such as
reduced resistance and reduced yield (Mansfield et al., 2012; Ullrich
et al, 2019). Therefore, rhizosphere microorganisms play an
important role in the growth and development of host plants. In
this study, we applied metagenomics and metabolomics
technologies to evaluate the effect of cultivation time on
rhizosphere microorganisms and soil metabolites. The results
showed that the alpha diversity indices of the bacterial
community decreased significantly after three years of cultivation,
while the alpha diversity indices of the fungal community increased
significantly. This was similar to the study on continuous
cultivation of ginseng conducted by Dong et al. (2018). Changing
the “fungal type” was obvious, which would lead to deteriorating the
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soil microecological environment (Li et al., 2017). Additionally, the
microbial community composition in this work was similar to that
in previous reports. Proteobacteria was the most common phylum
among all bacteria. During the three years of cultivation, the
changes in the relative abundance of Proteobacteria showed a
decreasing trend followed by an increasing trend. It was reported
that these bacteria showed the ability to decompose organic matter
and promote plant growth (Chaudhry et al, 2012). In addition,
Actinomycetes play an important role in agriculture because they
can indirectly assist plants in defending against pathogens and pests
(Borah et al., 2022). Dai et al. (2018) indicated that most
Actinomycetes were saprophytes, and the abundance of
Actinobacteria increased in soils with long periods of intense
production. Therefore, the reason for the increased relative
abundance of Actinomycetes in this study might have occurred
response to the increase in pathogens. To combat the accumulation
of soil-borne pathogens associated with continuous crop
disturbance, studies have shown that more biocontrol bacteria are

frontiersin.org


https://doi.org/10.3389/fpls.2023.1223720
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al. 10.3389/fpls.2023.1223720
A B
ccl
= 2
- o |®C
| X\
Il
’ 3
b
O
&
0 25 50 75 100 ’E)
Sequence  Number  Percent(%) =
- Organic acids Antibiotics - Hormones and transmitters
Vitamins and Cofactors [l Steroids Peptides = o0
. Nucleic  acids Lipids . Carbohydrates
0 20 I %
PC 1 (49.3 %)
c .
KEGG Enrichment ScatterPlot
Arginine and proline metabolism ] p Value
Nitrogen metabolism 4.63e-02
Linoleic acid metabolism .
g Alanine, aspartate and glutamate metabolism 2.32¢-02
; Steroid hormone biosynthesis
Q Aminoacyl-tRNA biosynthesis .
e CyIRRA biosynfhe o 1.14e-08
P Arachidonic acid metabolism o
Fatty acid biosynthesis [ ] Metabolite Number
Purine metabolism [ ] ®
Biosynthesis of unsaturated fatty acids [ ] . 20
Pyrimidine metabolism [ )
Metabolic pathways ‘ ’ 30
00 01 02 03
Rich Factor
FIGURE 6
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needed to ensure plant health (Siegel-Hertz et al., 2018; Tariq et al.,
2020). Pseudomonas species are important biocontrol bacteria of
special interest for their ability to control a wide range of soil-borne
plant diseases (Biessy and Filion, 2021). Interestingly, in our results,
the relative abundance of Pseudomonas showed a decreasing trend
followed by an increasing trend. However, the relative abundance of
another important biotrophic fungal genus, Streptomyces, increased
significantly with increasing years of cultivation. The relative
abundance of the harmful bacterial genus Nocardioides gradually
increased during the cultivation of FU. We speculate that
Streptomyces may have an interactive relationship with
Nocardoides, and Pseudomonas may be involved in the prevention
and control of Nocardoides infection in the later stage. In this work,
we observed that Mycolicibacterium gilvum, a bacterium rarely
reported in cultivation soil, had a relative abundance that
increased dramatically in the continuous cropping process of FU.
This bacterial species might have the potential for application as a
biocontrol agent in FU cultivation in the future. Among fungi, the
relative abundance of Ascomycetes, which are sap-sucking fungi,
increased. They display the ability to decay and decompose litter
and are a major source of toxins that cause plant diseases. Botrytis
species are known to cause disease in more than a thousand species
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of plants (Veloso and van Kan, 2018). The relative abundance of
Botrytis in the rhizosphere soil increased significantly during the
second year of FU cultivation, so the gray mold rot that Botrytis can
induce during the second year of planting (Veloso and van Kan,
2018) should be considered. The relative abundance of other
pathogenic fungal genera, Pseudogymnoascus and Plectosphaerella,
increased significantly in the third year of cultivation. The relative
abundance of Fusarium, a typical pathogenic genus, increased
significantly in medicinal plant soils (Zhang et al, 2020). In
summary, the structure of the microbial community in the
cultivation soil of FU shifted from the bacterial type to the fungal
type, and the relative abundance of the pathogens in the soil
increased. Our research results can provide a reference for the
efficient detection and identification of pathogenic bacteria.

4.2 Cultivation affects the composition of
metabolites in FU rhizosphere soil

It is crucial to clarify how rhizosphere metabolism regulates

soil-microbe-plant interactions, which could provide insight into
the feedback mechanisms of different plants necessary for plant
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health and improved crop yields (Bi et al., 2021; Korenblum et al.,
2022). The results of PCoA showed that the metabolic composition
of the rhizosphere soil changed significantly during the cultivation
of FU. According to the VIP and p values of OPLS-DA, significantly
differently abundant metabolites were screened out. Sucrose was the
most depleted metabolite. The bulbs of FU were mainly composed
of carbohydrates such as starch, and sucrose conversion affects the
storage of starch. This implied that a large amount of sucrose in the
soil was consumed in the third year of FU cultivation to meet the
needs of FU growth. In addition, green manure application
significantly increased the levels of beneficial metabolites (such as
sucrose) in peanut soil (Xu et al, 2023). Therefore, some organic
fertilizers, such as green manure, should be applied in a timely
manner during the cultivation of FU based on our study.
Additionally, the relative abundances of some root secretions
such as sucrose and glucose, which were considered as the
nutrients and energy substances for microorganism, significantly
reduced during FU cultivation (Figure 6; Supplementary Table 8).
Based on the previous studies, the low level of these secretions
might affect the growth and development of microorganisms that
used sugars as a carbon source, such as Thermobifida, Beauveria
and Aspergillus (Chen et al., 2006; Gultom et al.,, 2014; Zhou et al.,
2014). Similarly, our results demonstrated that the relative
abundances of these fungi were related with the sucrose and
glucose level (Supplementary Figures 1, 4). In contrary, the
relative abundances of two other important root secretions,
nucleic and organic acids, increased during FU cultivation
(Figure 6). Similar change trends were observed in the root
secretions of Arabidopsis after pathogen infection (Yuan et al,
2018), suggesting that the risk of pathogen infection should be
monitored during FU cultivation. As a result of the lack of
phosphorus fertilizer, the abundance of organic acid abundance
increased (Khorassani et al., 2011). In this study, the AP content in
the rhizosphere soil continuously increased with FU cultivation,
and correspondingly, the relative abundances of organic acid
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continued to decrease (Supplementary Table 1). The relative
abundances of some microorganisms closely related to root
exudates, such as Arthrobacter, Bacillus, Azospirillum, Serratia,
and Azotobacter, exhibited a decreasing trend during FU
cultivation. Previous studies have shown that they could assist
plants to resist stress such as salt and alkali (Singh and Jha, 2016;
Vives-Peris et al., 2020). This reminds us to provide a stable growth
environment for FU in the later stage of cultivation. In recent years,
much information has emerged about the antimicrobial potential of
palmitoleic acid. Research has shown that palmitoleic acid
derivatives exhibit high inhibitory activity against pathogens such
as Streptococcus mutans, Candida albicans, Fusobacterium
nucleatum, and Porphyromonas gingivis (Huang et al., 2010).
Palmitoleic acid also inhibited spore germination of Erysiphe
polygoni, a pathogen that causes powdery mildew (Wang et al,
2002). (Morgunov et al., 2017) reported that transgenic eggplants
with high palmitoleic acid content also showed increased resistance
to Verticillium wilt. According to our results, the relative abundance
of palmitoleic acid decreased with the time of cultivation, so it is
necessary to be vigilant for the diseases caused by these pathogens
during the cultivation of FU. Furthermore, the relative abundances
of other beneficial metabolites (myristic acid and oleic acid), which
have been reported to have antibacterial and antifungal potential,
also showed a decreasing trend (Liu et al., 2008; Kim et al., 2022).
Serotonin is a potent antioxidant. In plants, phytoserotonin has
been found to have many functions, including the regulation of
plant growth and development, photosynthesis, reproduction, and
responses to biotic and abiotic stresses (Raza et al., 2022). Thus,
serotonin has been considered a biomarker for biotic or abiotic
stress. The relative abundance of serotonin in the rhizosphere soil
increased during FU cultivation, suggesting that FU might be
affected by biotic or abiotic stress. Dar et al. (2016) reported that
L-hydroxyproline plays an important role in regulating cell division,
cell wall self-assembly, and cell elongation. During FU cultivation,
the content of L-hydroxyproline in soil increased, especially in CC2
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and CC3, and the FU bulbs are also in a rapid growth stage in the
second and third years of cultivation. Overall, FU cultivation
significantly affected the composition and structure of soil
metabolites. This result can be applied to the screening of
biomarkers of soil metabolites in rhizosphere soil during
FU cultivation.

4.3 Correlations between soil metabolism
and the microbial community

Effective communication of soil metabolism plays a crucial role
in facilitating microorganism-plant interactions (Wang et al., 2019).
Furthermore, microbial communities are important drivers of soil
metabolism (Li et al., 2020b). Our study found that soil metabolites
were more strongly related to bacterial communities than fungal
communities (Figure 7), although differences in fungal community
structure seemed more pronounced during cultivation (Figures 1,
2). We proposed that the metabolites of FU soil had a greater impact
on the structure of the fungal community than on that of the
bacterial community, while the bacteria played a more significant
role in altering the rhizosphere metabolites. Co-occurrence network
analysis showed a strong correlations among differentially abundant
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microorganisms and differentially abundant metabolites, suggesting
that microorganisms may interact with metabolites or that
metabolites may alter the relative abundance of microorganisms
for stress adaptation. Half of the top 10 metabolites with the most
significant differences were lipids. They are key compounds of the
plasma membrane that promote plant adaptation to abiotic stresses
(Wang et al., 2022). Our results demonstrated that these lipids had
more negative correlations with differentially abundant microbes
(Figure 8). Fatty acid biosynthesis and unsaturated fatty acid
biosynthesis were significantly enriched among the KEGG
pathway. These results implied that lipids affected the
composition of microbes during the cultivation of FU. Sucrose
was negatively correlated with all the related differentially abundant
microorganisms except for Actinomadura. Most of these
differentially abundant microbial genera were detrimental to plant
growth. This implied that a low abundance of sucrose may favor the
growth of these pathogenic microorganisms. In addition, the
relative abundance of sucrose was positively correlated with that
of the beneficial bacterial genus Actinomadura, and a low
abundance of sucrose was not conducive to the growth of the
beneficial bacterial genus Actinomadura. Although we have
speculated on the relationship between some metabolites and
microorganisms, the interactions between microorganisms have
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not been thoroughly investigated, and more importantly, FU plants
were not included in our analysis. In the future, we will combine
these results with FU plants to provide better references for
improving soil quality and for high-quality cultivation of FU.

5 Conclusion

In this study, metagenomics and metabolomics were integrated
to reveal FU rhizosphere soil microorganisms and metabolites. The
community structure of rhizosphere soil microorganisms was
significantly altered during the three-year cultivation of FU, with
a decreasing trend in bacterial community diversity and an
increasing trend in fungal community diversity. Moreover, the
relative abundances of beneficial microorganisms decreased, while
the relative abundances of pathogenic microorganisms increased.
Soil metabolome expression and metabolic processes were also
significantly altered, with the most significant changes in some
lipids and sucrose. Microbial community structure was also closely
related to the distribution of metabolites in the soil. This study
enhances our understanding of the ecological role of metabolites
and microbes in FU cultivation.
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The important role of microbial associations in mediating plant protection and
responses to abiotic stresses has been widely recognized. However, there have
been limited studies on the functional profile of the phyllosphere microbiota
from tobacco (Nicotiana tabacum), hindering our understanding of the
mechanisms underlying stress resilience in this representative and easy-to-
cultivate model species from the solanaceous family. To address this
knowledge gap, our study employed shotgun metagenomic sequencing for
the first time to analyze the genetic catalog and identify putative plant growth
promoting bacteria (PGPB) candidates that confer abiotic stress resilience
throughout the growth period of cigar tobacco in the phyllosphere. We
identified abundant genes from specific bacterial lineages, particularly
Pseudomonas, within the cigar tobacco phyllospheric microbiome. These
genes were found to confer resilience against a wide range of stressors,
including osmotic and drought stress, heavy metal toxicity, temperature
perturbation, organic pollutants, oxidative stress, and UV light damage. In
addition, we conducted a virome mining analysis on the metagenome to
explore the potential roles of viruses in driving microbial adaptation to
environmental stresses. Our results identified a total of 3,320 scaffolds
predicted to be viral from the cigar tobacco phyllosphere metagenome, with
various phages infecting Pseudomonas, Burkholderia, Enterobacteria, Ralstonia,
and related viruses. Within the virome, we also annotated genes associated with
abiotic stress resilience, such as alkaline phosphatase D (phoD) for nutrient
solubilization and glutamate-5-semialdehyde dehydrogenase (proA) for
osmolyte synthesis. These findings shed light on the unexplored roles of
viruses in facilitating and transferring abiotic stress resilience in the
phyllospheric microbiome through beneficial interactions with their hosts. The
findings from this study have important implications for agricultural practices, as
they offer potential strategies for harnessing the capabilities of the phyllosphere
microbiome to enhance stress tolerance in crop plants.

KEYWORDS

phyllosphere, abiotic stress resistance, metagenome, virus, auxiliary metabolic gene
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Introduction

The phyllosphere, also known as the phylloplane, refers to the
aerial foliage surface where microbes thrive. It serves as a protective
barrier against various biotic and abiotic stresses, including
temperature changes, ultraviolet (UV) radiation, drying out, and
nutrient deficiency (Zhang et al., 2022). Traditionally, the
phyllosphere was thought to be inhospitable to microbes, but
subsequent research has shown that it harbors a diverse array of
microbial taxa that have adapted to these challenging conditions
(Vorholt, 2012). Microbial communities in the phyllosphere rely on
specific resilience mechanisms to withstand external stresses. These
mechanisms incorporate various strategies, such as pigment
production to protect against intense UV radiation, the secretion
of extracellular polysaccharides (EPS) or biosurfactants to facilitate
surface attachment and prevent desiccation, and the production of
chemical compounds to compete for resources (Heredia-Ponce
et al, 2021; Bashir et al, 2022). The assembly of phyllosphere
microbiota is influenced by a combination of intrinsic factors, like
plant genotype, age, and species, as well as biotic and abiotic
environmental factors, including climate, geographical location,
and properties (Shakir et al., 2021). Among the phyllosphere-
associated ecosystem, bacterial species are the most abundant
members, with an estimated density of 10° to 10 bacterial cells
per square centimeter. These bacteria can play beneficial,
pathogenic, or antagonistic roles in the phyllosphere (Lindow and
Brandl, 2003).

The phyllospheric microbiota engages in complex, dynamic,
and multipartite interactions that significantly contribute to plant
health and productivity (Lindow and Brandl, 2003). These
interactions between plants and associated microbial communities
are important drivers of terrestrial ecosystems (van der Putten et al.,
2013). Moreover, the phyllosphere microbiota exhibits diverse
functional roles, including one-carbon conversion (Knief et al,
2012), fixation of nitrogen, nitrification (Fiirnkranz et al., 2008),
modulation of plant metal transporters (Zhou et al., 2020) and
bioremediation of aerial hydrocarbon pollutant (Ali et al., 2012;
Franzetti et al., 2020).

Microbial colonization on plant surfaces has also been shown to
promote plant growth through various mechanisms. These include
increased antioxidant defense enzyme activity (Mastouri et al,
2012), production of volatile organic compounds (VOCs)/
phytohormones to regulate plant communication and
development (Taghavi et al., 2009; Liu and Zhang, 2015),
protection against foliar pathogens (Innerebner et al, 2011),
decomposition of toxic substances (Vorholt, 2012) and
enhancement of stress tolerance (Marquez et al., 2007; Patel et al,,
2017). For instance, rice seedlings inoculated with specific
phyllosphere bacterial strains have demonstrated improved
survival under drought stress, along with enhanced nutrient
availability, exopolysaccharide levels, phytohormones, soluble
sugars, chlorophyll, and total protein (Arun et al., 2020).
Similarly, inoculation with the rice phyllosphere bacteria Bacillus
megaterium strain PB50 has been found to enhance the drought
tolerance of Oryza sativa (rice) pots (Devarajan et al., 2021). These
beneficial effects on plant growth have been reported in various
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other studies as well (Enya et al., 2007; Batool et al, 2016; Fu
et al., 2016).

While the beneficial properties of phyllosphere microbes are
known, much remains to be explored regarding their genetic
repertoire (Meyer and Leveau, 2012). Additionally, the
mutualistic aspects of plant-microbe interactions, such as stress
tolerance and plant defense, in the phyllosphere require further in-
depth study.

In addition to bacteria, abundant viruses, including
bacteriophages (phages), have been discovered on the
phyllosphere. These viruses can infect and replicate within bacteria
that reside on the phyllosphere, impacting the composition and
diversity of the associated bacterial communities. Phages can also
exert selective pressure on bacterial populations, leading to the
elimination or reduction of specific bacterial populations (Forero-
Junco et al., 2022). Furthermore, the prevalence of certain phages can
vary across environments and plant species, influencing the
composition of associated bacterial communities. Interestingly,
beneficial effects of viral infections in host plants have been
documented, as certain plant virus strains enhance the abiotic
stress resistance of their hosts. For example, cucumber mosaic
virus (CMV) strain Fny, bromo mosaic virus (BMV) strain
Russian, tobacco mosaic virus (TMV) Ul strain, and tobacco rattle
virus (TRV) have been found to enhance the heat, cold, or drought
resistance of their plant hosts (Xu P. et al.,, 2008; Roossinck, 2013;
Westwood et al,, 2013). Thus, the role of viruses in the phyllosphere
and their impact on plant-microbe interactions warrant
further investigation.

Tobacco (Nicotiana tabacum) is a leafy, annually-grown
solanaceous crop of significant economic importance, cultivated
worldwide for thousands of years. China is one of the major tobacco
producers, accounting for 39.06% of global tobacco production
(http://www.fao.org/faostat/en/#data/QC). This highlights the
agricultural significance of tobacco and its role in the global
market. Moreover, tobacco with broad environmental adaptability
serves as a valuable model plant for studying various physiological
processes and plant-pathogen interactions. Researchers often turn
to tobacco as a model due to its well-established experimental
systems and the ease of manipulation in laboratory settings (Dai
et al,, 2022). Tobacco is typically grown during the summer and
harvested at the end of August. Being exposed to excessive solar/
ultraviolet radiation, diurnal temperature fluctuations, and
occasional heavy rainfall during growth, tobacco leaves offer a
unique opportunity to investigate microbial communities under
strong abiotic stresses. Consequently, the phyllosphere of
solanaceous crops, such as tobacco, serves as a suitable model
system for investigating the dynamics of microbial populations
and their interactions in the face of environmental challenges. This
is due to the significant environmental heterogeneity and intricate
ecological interactions that occur on the surfaces of leaves (Meyer
and Leveau, 2012; Xing et al., 2022).

Methods for studying the structure and biodiversity of the plant
phyllospheric microbiome have evolved significantly in recent
years. These methods enable researchers to gain insights into the
complex microbial communities that inhabit the phyllosphere of
solanaceous crops like tobacco. Early studies were limited to
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culture-dependent methods, but the introduction of denaturing
gradient gel electrophoresis (DGGE) by Yang et al. revolutionized
the field (Yang et al., 2001). However, traditional culture methods
are time-consuming and have low throughput, often leading to an
underestimation of microbial population sizes and biodiversity (Dai
et al, 2022). Recent advancements in low-cost high-throughput
(Knight et al., 2018) and next-generation sequencing technologies
(Soucy et al, 2015) have overcome these limitations, enabling
researchers to explore microbial communities in greater detail
and with higher resolution.

High-throughput sequencing methods, such as targeted
sequencing of phylogenetic markers like 16S rRNA for bacteria
and ITS for fungi, have been successfully applied in the study of the
tobacco foliage microbiome (Chen et al., 2020; Huang et al., 2021;
Zheng et al., 2022). While in-silico predictions based on
phylogenetic marker genes like the 16S rRNA gene can provide
valuable insights into microbial diversity and community
composition, there are several limitations such as the lack of
functional information, limited resolution and bias towards
abundant taxa (Pan et al., 2023).

More advanced metagenomic and metaproteomic shotgun
sequencing approaches have allowed for faster and more accurate
characterization of taxonomic and functional profiles of
microbiomes at the species level, encompassing multiple domains
such as bacteria and fungi. These approaches have been applied to
various plant phyllospheric microbiomes, including those of
sugarcane (Khoiri et al,, 2021), brick tea (Wang et al., 2021) and
neotropical forest (Lajoie et al., 2020).

However, metagenomic studies of the tobacco phyllospheric
microbiome are limited, and functional characterization is
primarily based on in-silico predictions using marker genes like
the 16S rRNA gene. This limitation hinders our understanding of
microbial functions and their adaptation to the tobacco
phyllosphere, as well as the factors influencing microbiome
dynamics over time and space. Thus, for enhancing plant health
and growth and manage disease outbreaks, there is a need for
further research to gain a more accurate and in-depth
understanding of the tobacco microbial community and its
functional repertoire, particularly in relation to abiotic
stress responses.

In this study, we conducted pan-metagenomic investigations of
the phyllosphere (leaf-epiphytic) microbiome of cigar tobacco from
Hunan province, China. This region has a long history of tobacco
production and is also affected by bacterial wildfire disease. To
capture temporal dynamics, our investigations were performed
throughout the tobacco growth season. Using genome assembly
and annotation, we characterized the taxonomic and functional
profiles of the cigar tobacco phyllospheric microbiome. Specifically,
we focused on the “resistome,” which encompasses the complete set
of genes or genetic elements involved in conferring resistance to
various abiotic stresses, such as temperature, drought, salinity, and
chemical pollutants. This pan-metagenomic approach allowed us to
comprehensively analyze the cigar tobacco phyllospheric
microbiome and gain valuable insights into its functional

potential in relation to stress resistance.
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Furthermore, our study also identified viral sequences within
the metagenome scaffolds. This finding highlights the role of viruses
as horizontal gene transfer (HGT) agents in facilitating the transfer
of metabolic and stress resistance genes among the phyllospheric
microbiota. HGT refers to the transfer of genes between organisms
that do not have a direct parent-offspring relationship, contrasting
with vertical gene transfer that occurs through reproduction. In the
context of microbial communities, HGT enables the exchange of
genetic material, including genes or DNA fragments, between
different microorganisms (Huang, 2013; Daubin and
Szol10si, 2016).

Results and discussion

Pan-metagenome analyses and
taxonomic composition

A total of 444,193 protein-coding genes were annotated from all
three groups of metagenomes representing phyllosphere (leaf-
epiphytic) microbiota from cigar tobacco. This diversity greatly
exceeds the previously reported 4,587 metagenomic orthologous
genes from tropical tree phyllosphere communities (Lajoie et al.,
2020), emphasizing the exceptional richness and genetic potential of
the cigar tobacco phyllospheric microbiota. It suggests that the
phyllospheric microbiota associated with cigar tobacco harbors a
vast repertoire of genetic elements, which likely contributes to its
ability to adapt, interact with the host plant, and engage in various
functional processes. This extensive genetic diversity in the
metagenomes is indicative of the vast microbial species richness
and functional capacity present in the phyllosphere of cigar tobacco.

Among these genes, 47,189 gene families were found to be
shared by all groups of metagenome samples in this study. These
gene families are significantly enriched in gene ontology (GO) terms
such as aromatic compound catabolic process (GO:0019439),
conjugation (GO:0000746), viral genome integration into host
DNA (GO0:0044826), and antibiotic biosynthetic process
(GO:0017000) (Figure 1A). The number of unique gene families
shows an increasing trend from group I (samples collected in June;
458), to group II (samples collected in July; 1,002), and group III
(samples collected in August; 1,814), indicating an increasing
diversity of metagenomic genes over time.

In our study, the core gene set primarily consists of gene
families that are annotated as clusters of orthologous groups
(COG) categories, including post-translational modification [O],
translation, ribosomal structure, and biogenesis [J], energy
production and conversion [C], carbohydrate transport and
metabolism [G], amino acid transport and metabolism [E], and
nucleotide transport and metabolism [F] (Figure 1B).

The enrichment of these COG categories suggests important
functional roles within the core gene set. Post-translational
modification [O] may be involved in protein folding, stability,
and enzymatic activity regulation, which could impact the
adaptation and survival of the phyllospheric microbiota on plant
surfaces. Translation, ribosomal structure, and biogenesis [J] are
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GOID Namespace Name p-value
GO:0003746  molecular function translation elongation factor activity 9.22E-06
G0:0006520 biological process cellular amino acid metabolic process  0.000150597
"""""" GO ID Namespace Name p-value
T2 GO:0009098  biological process  leucine biosynthetic process 0.000155642
G0:0044208 biological process de novo' AMP biosynthetic process 0.000324337
=GOID N p Name p-value
GO:0030288  cellular component outer membrane-bounded periplasmic space 2.90E-41
GO:0019439  biological process  aromatic compound calabolic process 1.33E-13
GO:0000746  biological_process  conjugalion 3.99E-07
GO:0005886  ccllular component plasma membrane 7.26E-05
""""" GO ID Namespace Name p-value
GO0030288  cellular_component outer membrane-bounded periplasmic space  1.02487E-30
GO:0019439  biological_process  aromatic compound catabolic process 1.370311:-09
GO0005886  cellular_component  plasma membrane 6.21169E-07
GO:0000746  biological_process conjugation 8.823511-06
GO0044826  biological_process  viral genome integration into host DNA 2.1279E-05
GO:0017000  biological process antibiotic biosynthetic process 0.000132805
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FIGURE 1

parts of the pan-metagenome (i.e., core, accessory, unique).

Clustering and comparative metagenomic analyses of three group of samples: (A) Venn diagram showing the number of genes shared by all strains
(i.e., the core genome), the number of genes shared by partial strains (i.e., the accessory genome), and the number of strain-specific genes (i.e., the
unique gene) in the tested strains. The gene ontology (GO) categories were determined using OrthoVenn, and the hypergeometric test with a

p-value < 0.05 was applied to find enriched GO in the clusters; (B) Bar chart showing functional proportions (based on COG categories) of different
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essential for protein synthesis, suggesting that the core gene set is
enriched in genes involved in protein production and regulation.

Energy production and conversion [C] indicate the presence of
genes related to energy metabolism, suggesting that the core gene
set includes functional traits associated with energy utilization and
adaptation in the phyllosphere. Carbohydrate transport and
metabolism [G] and amino acid transport and metabolism [E]
categories imply that the core gene set contributes to the utilization
of carbon and nitrogen sources available on plant surfaces.
Additionally, nucleotide transport and metabolism [F] imply that
the core gene set may possess genetic capabilities related to DNA
and RNA metabolism.

Overall, the enrichment of these specific COG categories in the
core gene set suggests that the phyllospheric microbiota has
developed functional capabilities to interact with the plant
environment, including protein regulation, energy metabolism,
resource utilization, and genetic processes. These functional
implications are crucial for microbial adaptation and survival on
leaf surfaces.

The Kyoto Encyclopedia of Genes and Genomes (KEGG)
annotation further reveals enrichment of categories related to the
metabolism of cofactors and vitamins in the core gene set (see
Figure S1 at https://doi.org/10.6084/m9.figshare.21257361.v1). On
the other hand, enriched GO terms in the unique gene families of
group I include translation elongation factor activity (GO:0003746),
and correspondingly, in group II include leucine biosynthetic
process (GO:0009098), de novo’ AMP biosynthetic process
(GO:0044208); while in the shared gene families of group I and
group II, aromatic compound catabolic process (GO:0019439),
conjugation (GO:0000746), are again significantly enriched.

Model extrapolation revealed an “open” pan-metagenome fitted
into a power-law regression function [Ps (n) = 57974.6n%*1%°] with
a calculated exponent 7 falling in the range between 0 and 1, while
the core metagenome was fitted into an exponential regression [Fc
(n) = 86462.6e *41*371"] This indicates that our sampling of
microbial taxa from cigar tobacco phyllosphere is still unsaturated.

In the cigar tobacco phyllosphere, bacteria were found to be the
most abundant microbial colonizers, comprising approximately
99.9% of the total community, followed by viral communities at
around 0.04%. Among the bacterial taxa, the phylum Proteobacteria
dominated, accounting for about 98.1% of the community, with the
phylum Firmicutes representing a minor proportion of
around 0.05%.

Within Proteobacteria, the class Gammaproteobacteria was the
most abundant, representing approximately 91% of the community,
followed by the class Alphaproteobacteria at around 8%. Among the
orders of Gammaproteobacteria, Enterobacterales and
Pseudomonadales were the dominant groups, making up around
58% and 41% of the Gammaproteobacteria community, respectively.

Interestingly, the study revealed variations in the abundance of
Enterobacterales and the wildfire disease pathogen Pseudomonas
syringae among different sampling time points (T1, T2, and T3).
The T3 group, corresponding to late August, exhibited a higher
abundance of Enterobacterales (~76%) and Pseudomonas syringae
(~2%) compared to the T1 group (~53% and ~0.07%) and T2 group
(~54% and ~0.10%) (see Figure S2 at https://doi.org/10.6084/
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m9.figshare.21257361.v1 and Supplemented data at https://
doi.org/10.6084/m9.figshare.21257256.v1).

The taxonomic analysis of the cigar tobacco phyllospheric
microbiome revealed a dominance of bacteria, particularly those
belonging to the Proteobacteria phylum. Among these, the bacterial
wildfire disease pathogen P. syringae were found to be highly
abundant, especially during late August (T3 group). This
observation aligns with previous studies based on 16S rRNA
amplicon analysis, which indicated a correlation between the
abundance of these bacteria and the development of bacterial
wildfire disease in tobacco (Wang et al., 2022).

These findings shed light on the potential dynamics and
composition of the microbial community in the phyllosphere and their
potential roles in cigar tobacco health and disease development. They
further support the study’s goal of understanding microbial interactions
and their ecological significance in the phyllosphere environment.

Furthermore, the differential abundance of specific bacterial
groups and pathogens at different sampling time points may
provide valuable insights into the identification of microbial
signatures associated with disease progression. This information
can aid in the development of effective management strategies to
improve cigar tobacco health and mitigate the impact of diseases.

Abiotic stress resistome in cigar
tobacco phyllosphere

Osmotic and drought stress resilience

Osmotic and drought stress impose significant pressure on the
nutrient uptake and cellular physiology of both plant-associated
microbes and their hosts (Bashir et al.,, 2014; Hanin et al., 2016). To
combat osmotic stress, microbes and plants employ three major
mechanisms: maintaining cellular ion homeostasis, enhancing cell
barriers, and utilizing compatible solute protectants such as trehalose,
proline, betaine, and sarcosine (Behr et al, 2015). Plant-microbial
interactions play a crucial role in osmotic adjustment, as they facilitate
the secretion of metabolites that help maintain osmotic balance
(Shaffique et al, 2022). Exopolysaccharides (EPSs) are hydrophilic
macromolecules composed of long-chain polymers with repeating
sugar units (Ilyas et al., 2020; Nadeem et al, 2021), and they form
protective biofilms that enhance water retention in the microbe-sheath
and regulate the distribution of carbon sources to mitigate the effects of
aridity and dehydration caused by abiotic stress (Xu J. et al, 2008;
Naseem et al., 2018).

In our analysis, we identified gene orthogroups related to
osmotic stress resistance in the metagenome of the tested tobacco
phyllosphere. Details of these gene orthogroups can be found in
Table S1 at https://doi.org/10.6084/m9.figshare.21257352.v1 and
are illustrated in Figure 2A. These genes play crucial roles in
various mechanisms that contribute to osmotic stress resistance:

a. Universal stress regulators, such as osmotically inducible
lipoprotein (osmBE), universal stress protein (uspABCEG),
biofilm regulator (bssRS), biofilm protein (tabA), help
microorganisms adapt to osmotic stress by coordinating
cellular responses.
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A Osmotic and drought stress resilience

Taxonomy

Gene

FIGURE 2

Sankey diagram showing the taxonomic and functional profiles of genes conferring abiotic stress resilience in the cigar tobacco phyllospheric
microbiome: (A) Osmotic and drought stress resilience; (B) Heavy metal resistance. Details for gene abbreviations can be found in Table S1 at

https://doi.org/10.6084/m?9.figshare.21257352.v1.

b. Ton transporters, including voltage-gated potassium
channel (trkA), potassium-dependent mechanosensitive
channel (kefABCFG), potassium-transporting ATPase
(kdpABCDE), multicomponent K":H" antiporter
(phaACDEFG), multicomponent Na™:H" antiporter
(nhaAB, mnhABCDEG), sodium channel (VGSC),
sodium/proline symporter (putP), sodium/bile acid
symporter (SLC10A7, TC.BASS), solute:Na* symporter
(TC.SSS) and chloride channel (yfbK, TC.CIC), play a
vital role in maintaining cellular homeostasis under
osmotic stress.

c. Biosynthesis/export proteins involved in enhancing the cell
barrier, including the production of lipopolysaccharide
(LPS) precursor rhamnose (dTDP-l-rhamnose synthase:
rfbABCD (Parakkottil et al., 2010), L-rhamnose
mutarotase and transporter (rhaMPQST), cellulose
synthase (bcsBC), and capsular polysaccharide or
lipopolysaccharide biosynthesis/export protein (kpsTS,
etc.);

d. Biosynthesis and transport proteins involved in the
synthesis of protectant sugars, such as ectoine (ectABCD),
succinoglycan (exoFHIQXY), glycine betaine (betABCLT,
BHMT, CMO), amylovoran (amsFL), alginate (algEFIJKX),
trehalose (treASXYZ, otsAB), glucans (mdoCG), sarcosine
(soxABDG) as well as osmoprotectant transport system
(opuABDC), and glycine proline/betaine transporter
(proPVWX). These sugars act as osmoprotectants, helping
to maintain cellular integrity and functionality.
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These osmotic stress resistance genes are primarily encoded by
specific bacterial groups in the metagenome. Gammaproteobacteria,
such as Enterobacter (6.5%), Pseudomonas (13.3%), Pantoea (23.4%),
and Alphaproteobacteria including Rhizobiaceae (5.3%),
Methylobacteriaceae (6.2%), and Sphingomonadales (7.2%), play a
significant role in encoding these proteins. Specially,
Sphingomonadales (16.0%) and Pantoea (20.5%) are the primary
contributors to the encoding of lipopolysaccharide biosynthesis/
export proteins. Methylobacteriaceae (11.8%) and Pantoea (18.5%)
are predominantly involved in encoding ion transporters. Besides,
Pseudomonas (14.3%), Pantoea (18.2%) and Sphingomonadales
(9.3%) are the major contributors to the synthesis of compatible
solutes. Among these taxa, Enterobacter may contribute to nutrient
cycling by participating in the breakdown of organic matter and
nutrient solubilization, indirectly benefiting the plants. Most
Pseudomonas species produce plant growth-promoting substances,
including IAA, siderophores, and volatile organic compounds, which
can enhance plant growth and trigger defense mechanisms against
pathogens. Pantoea spp. have been reported as nitrogen-fixing bacteria,
having the ability to convert atmospheric nitrogen into plant-usable
forms (Singh et al., 2020).

Microorganisms indirectly mitigate osmotic pressure in plant
cells by accelerating trehalose biosynthesis, maintaining osmolyte
concentrations, and stabilizing turgor pressure (Kahraman et al,
2019; Shaffique et al., 2022). The application of osmotic-stress-
resilient microbiota to plants can induce the secretion of organic
acids and mineral solubilization, thereby increasing nutrient
availability, metabolic rate, and sustaining osmoregulation in
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plant cells (Chen and Jiang, 2010; Shaffique et al., 2022). Plant-
growth-promoting bacteria (PGPB) contribute to osmotic
adjustment by generating a low water potential gradient in the
cytosol, maintaining turgor pressure, osmotic adjustment, and
improving stress tolerance in plant cells (Shaffique et al., 2022).

Furthermore, compatible solutes produced by the microbiome
protect both the microbiome itself and the plant host against drought,
heat, or cold stress (Bashir et al., 2014; Hanin et al,, 2016). The
biosynthesis of osmoprotectants and the production of EPS enriched
in the tested metagenome may reflect adaptations of microbial
inhabitants by enhancing attachment to surfaces and offering
resistance to environmental pressures and plant defenses (Rastogi
etal, 2013). In a recent study by de Sousa et al. (de Sousa et al., 2022), it
was demonstrated that Pseudomonas spp. rely on increased synthesis
of exopolysaccharides (EPSs) to cope with osmotic stress and protect
cells from desiccation in the phyllosphere. This finding supports our
previous study, where we identified an enrichment of Pseudomonas
spp. (LDA = 5.29) during the T3 period, which coincided with the
predicted enrichment of genes associated with osmoprotectant
biosynthesis (Wang et al., 2022). This suggests a correlation between
the abundance of Pseudomonas spp. and the presence of
osmoprotectant biosynthesis genes, particularly during periods of
intense sun exposure and drought stress such as the T3 period.

Similarly, the increased production of EPSs under osmotic
stress was reported in rhizobacteria Pseudomonas aeruginosa and
Bacillus endophyticus (Ghosh et al., 2019). Finally, the accumulation
of compatible solutes (glycine-betaine and ectoine) in the
biocontrol agent Pantoea spp. serves as an osmotic stress
adaptation (Teixido et al., 2005).

10.3389/fpls.2023.1248476

These findings have practical implications and can contribute to
various applications. For example, the knowledge gained from
studying these osmotic stress-related proteins could lead to the
development of microbial-based strategies for enhancing crop
resilience. Understanding the mechanisms underlying osmotic
stress resistance may also help improve plant adaptation to
challenging environments. Ultimately, these advancements could
reduce the reliance on traditional chemical stressors in agriculture
and promote more sustainable practices.

Heavy metal resistance

Heavy metal contamination can have detrimental effects on
plant health and the microbial communities associated with both
the rhizosphere and phyllosphere. However, it is worth noting that
the phyllospheric surface can act as an important reservoir for toxic
element pollutants, providing significant insight into the complex
interactions between plants and heavy metals (Sanchez-Lopez et al.,
2018). Furthermore, the presence of metal-resistant plant growth-
promoting bacteria (PGPB) in plant spheres has been shown to
enhance plant tolerance against heavy metal stress (Mishra et al.,
2017; Zhou et al., 2020).

In our analysis of the metagenome from the cigar tobacco
phyllosphere, a diverse range of 948 gene families were predicted to
confer resistance against various heavy metals (Figure 2B and see
Table S1 at https://doi.org/10.6084/m9.figshare.21257352.v1). These
gene families mainly consist of metal ion transport proteins that
facilitate the efflux of cytosolic toxic metal ions and metal reductases
that convert metal ions to less toxic forms. Examples of these genes
include those associated with arsenate/arsenite, chromate, copper,

A Phosphorus metabolism

Gene

Taxonomy

FIGURE 3

B Heat and cold stress response

Gene

Taxonomy

Sankey diagram showing the taxonomic and functional profiles of genes conferring abiotic stress resilience in the cigar tobacco phyllospheric
microbiome: (A) Phosphorus metabolism; (B) Heat and cold stress response. Details for gene abbreviations can be found in Table S1 at https://

doi.org/10.6084/m?9.figshare.21257352.v1.
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fluoride, nickel/cobalt, mercuric, manganese, tungstate, zinc/
manganese, and tellurite resistance. Notably, the metal resistance
gene orthogroups in our metagenome were predominantly encoded
by Pantoea (~23.3%), Pseudomonas (~13.1%), Sphingomonadales
(~10.3%), and Methylobacteriaceae (~6.5%) (Table S1). For instance,
Methylobacteriaceae exclusively encoded the HME family heavy-
metal exporter (TC.HME), while Pseudomonas predominantly
encoded thioredoxin arsenate reductase (arsC2), ZIP family zinc
transporter (TC.ZIP), zinc transport system (znuABC), and
periplasmic copper chaperone A (pccA) genes. Moreover,
Sphingomonadales and Methylobacteriaceae, along with Pantoea,
played a significant role in encoding the resistance nodulation cell
division (RND)-type cobalt-zinc-cadmium efflux pump
(czcABCD) genes.

Consistent with previous studies, Pantoea spp. and
Pseudomonas spp. have demonstrated potential for the
bioremediation of metal-contaminated soils (Patel et al., 2016;
Audu et al, 2020), while Sphingomonadales have been found
inhabiting areas contaminated with high levels of metals and
organic pollutants (Girardot et al., 2020). Additionally, it has been
shown that the endophytic Sphingomonas sp. LK11 exhibits
phytotoxic mitigation of Cr(VI) in soybean plants (Bilal
et al., 2018).

In addition to metal resistance genes, we also detected
phosphatase and phosphorus uptake-related genes (313 gene
orthogroups) in the metagenome (Figure 3A and see Table S1 at
https://doi.org/10.6084/m9.figshare.21257352.v1). These genes may
facilitate the solubilization of phosphorus, increasing its availability
in the extracellular space, which is an essential nutrient for the plant
host (Thapa et al.,, 2017). Consequently, this process might also
contribute to the immobilization of toxic metal ions (Bechtaoui
et al, 2021). In the other hand, a range of genes involved in
biosynthesis of siderophore, which are high-affinity systems for
the uptake of iron from the environment, were annotated in the
metagenome. These siderophores contribute to plant nutrition and
protection against phytopathogens (Scavino and Pedraza, 2013)
(see Figure S3 at https://doi.org/10.6084/m9.figshare.21257361.v1
and Table S1 at https://doi.org/10.6084/m9.figshare.21257352.v1).

Overall, our findings provide comprehensive insights into the
diverse repertoire of heavy metal resistance genes and their
potential bacterial sources within the tobacco phyllosphere. These
findings not only enhance our understanding of metal-microbe-
plant interactions but also have implications for the development of
strategies for phytoremediation and improving plant resilience to
heavy metal stress.

Heat and cold stress response

Large fluctuations in environmental temperature, resulting from
solar radiation overexposure and changing global climate patterns, can
impose significant abiotic stress on the phyllosphere of plants, leading
to heat and cold stresses. To cope with these challenges, gene
expansions have been observed in heat/cold shock factor gene
families during adaptive evolution (Wang et al,, 2018; Li et al,, 2021).
In our study, we identified a specific set of gene orthogroups (171 gene
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entries) associated with the heat/cold shock response in the
metagenome of the tobacco phyllosphere (Figure 3B and see Table
S1 at https://doi.org/10.6084/m9.figshare.21257352.v1).

Among these gene orthogroups, 71 encode cold shock proteins
(cspA), primarily originating from bacterial taxa such as Pantoea,
Pseudomonas, and Rhizobiaceae. Additionally, 99 gene orthogroups
encode heat shock proteins, predominantly found in taxa like
Enterobacter, Sphingomonadales, and Pseudomonas. These
proteins function as transcription factors and molecular
chaperones, working collaboratively to maintain cellular protein
homeostasis (Andrasi et al.,, 2021). For example, the heat shock
protein DnaJ has been reported to protect Rubisco activity during
heat stress (Wang et al., 2015). Similarly, the cold shock protein
CspA promotes the proper folding of RNA molecules (Rennella
et al., 2017). Furthermore, we detected 34 gene entries encoding
chitinases, mainly derived from Pseudomonas, which have been
shown to participate in cold and osmotic stress responses (Cao
et al,, 2019), and accordingly, we have detected 34 gene entries
encoding chitinases, mainly from Pseudomonas (23.7%) (see Table
S1 at https://doi.org/10.6084/m9.figshare.21257352.v1).

These findings demonstrate the presence of a diverse repertoire
of heat and cold stress response genes in the tobacco phyllosphere
metagenome, originating from various bacterial taxa. It highlights
the importance of these genes in enabling plants to withstand and
adapt to fluctuating temperature conditions.

Organic pollutant resistance

Organic pollution resulting from human activities, such as the
excessive use of herbicides and improper management of chemical
waste, poses a significant threat to plant life. Among the various
impacts of organic pollutants, phyllosphere microbes are
particularly vulnerable to particulate matter, pesticides, and
herbicides, which are commonly found in heavily polluted areas.
For instance, a study by Chen et al. (Chen et al., 2021) investigated
the effects of a broad-spectrum fungicide on bacterial communities
in tobacco phyllosphere, revealing substantial differences in both
core and rare taxa. Furthermore, the introduction of organic
pollutant-degrading microbes to plants has been shown to
mitigate the detrimental effects of organic pollutants on plants
and facilitate the removal of air pollutants (Sun et al, 2015;
Rajtor and Piotrowska-Seget, 2016; Franzetti et al., 2020).

In our study, we identified a total of 1,309 gene families
associated with xenobiotic biodegradation and metabolism
(Figure 4A and see Table S1 at https://doi.org/10.6084/
m9.figshare.21257352.v1). These gene families encompass
antimicrobial resistance genes, multidrug efflux systems, beta-
lactam resistance genes, as well as genes involved in the
degradation of benzoate, aminobenzoate, caprolactam,
chloroalkanes, chloroalkenes, dioxins, fluorobenzoate, furfural,
and nitrotoluene. Additionally, four orthogroups were annotated
as cytochrome P450, which is a broad-substrate-specificity
oxygenase capable of catalyzing various detoxification reactions
such as hydroxylation, dealkylation, sulfurization, epoxidation,
and reduction (Lin et al., 2022).
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FIGURE 4

Sankey diagram depicting the taxonomic and functional profiles of genes conferring abiotic stress resilience in the metagenome of cigar tobacco
phyllospheric microbiome: (A) Organic pollutant resistance; (B) Quorum sensing. Details for gene abbreviations can be found in Table S1 at https://

doi.org/10.6084/m?9.figshare.21257352.v1.

The majority of genes associated with xenobiotic
biodegradation and metabolism pathways in our metagenome
were found to be encoded by Pantoea, Sphingomonadales,
Pseudomonas, and Methylobacteriaceae. Consistent with previous
findings (Chen et al., 2021), taxa such as Pantoea, Sphingomonas,
and Pseudomonas were dominant in the tobacco phyllosphere
samples exposed to a 50% pesticide concentration. Moreover,
studies have demonstrated the abilities of Sphingomonas species
to degrade various organic pollutants, including phenol (Gong et al.,
2016), bisphenol (Fujiwara et al., 2016), phenanthrene (Liu et al.,
2016), nicotine, astaxanthin and chlorogenic acid (Ma et al., 2016),
triclocarban (Mulla et al., 2016), y-hexachlorocyclohexane (Tabata
et al, 2013), nonylphenol polyethoxylates (Bai et al., 2016),
hexachlorocyclohexane isomers (Kumari et al., 2002), plasticizers
(Kera et al., 2016), and dioxin (Miller et al., 2010).

These findings highlight the potential of phyllosphere microbes,
particularly those belonging to taxa such as Pantoea and Sphingomonas,
to play a crucial role in the degradation of organic pollutants and the
maintenance of plant health in polluted environments.

Quorum sensing

Quorum sensing (QS) is a crucial mechanism of microbial
communication in the phyllosphere, allowing for coordinated
phenotypic and behavioral responses through diffusible signal
molecules, including biofilm formation, virulence, and

Frontiers in Plant Science

pathogenicity (Lv et al, 2012). In our metagenome analysis, we
identified a significant number of genes (381 gene orthogroups)
associated with quorum sensing (Figure 4B and see Table S1 at
https://doi.org/10.6084/m9.figshare.21257352.v1). These genes
include N-acyl homoserine lactone hydrolase, acyl-homoserine
lactone synthase, acyl-homoserine-lactone acylase, diguanylate
cyclase, LsrR operon transcriptional repressor, and LuxR family
transcriptional regulator that bind to homoserine lactones and
activate respective operon genes. These genes are predominantly
found in Gammaproteobacteria such as Enterobacter, Escherichia,
as well as Alphaproteobacteria including Rhizobiaceae,
Methylobacteriaceae, and Sphingomonadales. Specifically, acyl-
homoserine lactone synthases are mainly encoded by
Methylobacteriaceae and Pantoea, while diguanylate cyclases are
primarily encoded by Enterobacter and Pantoea. Diguanylate
cyclases are responsible for catalyzing the synthesis of cyclic di-
GMP, a critical signaling molecule in quorum sensing, which is
known to regulate biofilm formation and decrease motility
(Antoniani et al., 2010). The predominant presence of diguanylate
cyclase genes in Enterobacter and Pantoea aligns with previous
studies highlighting their involvement in these processes (Bible
et al,, 2021; Wang et al., 2021).

The identification of genes related to quorum sensing in the
tobacco phyllosphere microbiome suggests its potential importance
in regulating various microbial behaviors and phenotypes. These
findings provide valuable insights into the communication and
coordination among phyllosphere microorganisms.
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FIGURE 5

Sankey diagram depicting the taxonomic and functional profiles of genes conferring abiotic stress resilience in the metagenome of cigar tobacco
phyllospheric microbiome: (A) Oxidative stress resistance; (B) Sulfur metabolism. Details for gene abbreviations can be found in Table S1 at https://

doi.org/10.6084/m9.figshare.21257352.v1.
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Oxidative stress resistance and
sulfur metabolism

Oxidative stress occurs as a result of the excessive production of
reactive oxygen species (ROS), which can cause damage to various
cellular biomolecules and disrupt redox regulation. Various abiotic
stresses such as drought (Niu et al., 2021), osmotic pressure (Cai-
Hong et al., 2005), toxic metal stress (Schiitzendiibel and Polle,
2002) contribute to the development of oxidative stress. However,
the introduction of microbes to plants, whether naturally present or
through exogenous inoculation, can enhance tolerance to oxidative
stress by inducing the synthesis and secretion of antioxidants (Ilyas
et al., 2021). Plant growth-promoting bacteria (PGPB) are
particularly important in mitigating oxidative stress through the
utilization of microbial antioxidant enzymes, which effectively
scavenge ROS and maintain a balance between ROS production
and removal mechanisms through plant-microbial interactions
(Shaffique et al., 2022).

As illustrated in our findings, the phyllosphere microorganisms in
tobacco harbor a substantial number of genes related to the canonical
antioxidant systems (Gill and Tuteja, 2010; Hasanuzzaman et al,
2019) (see Figure 5A and Table SI at https://doi.org/10.6084/
m9.figshare.21257352.v1). These genes encode proteins involved in
thiol:disulfide interchange, antioxidant enzymes, amino acid
transporters, glutathione biosynthesis, glutaredoxins, ion
transporters, and other components of the antioxidant defense
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system. Gammaproteobacteria, including Enterobacter, Escherichia,
Pseudomonas, and Alphaproteobacteria, including Rhizobiaceae,
Methylobacteriaceae, and Sphingomonadales, are the major
contributors of these genes. Notably, Pseudomonas encodes a
significant proportion of heme oxygenase and Fe-Mn superoxide
dismutase (SOD), which are crucial components of the antioxidant
defense system. We also detected genes encoding components of the
oxidative electron transfer chain, such as cytochrome oxidase, that are
likely involved in oxidative stress and acid stress tolerance (de la
Garza-Garcia et al,, 2021). Additionally, we found genes encoding
isocitrate dehydrogenase, which may contribute to a supply of
reductant NADPH for defending against oxidative stress (Komatsu
et al,, 2014).

Sulfur metabolism (Figure 5B and see Table SI at https://
doi.org/10.6084/m9.figshare.21257352.v1) is closely related to the
biosynthesis of antioxidant molecules, such as cystathionine. Genes
involved in the inorganic sulfur metabolism pathway, including the
cysACDEHIJKNPQUW operon and the bifunctional enzyme cysNC,
are mainly encoded by Enterobacter in the metagenome. Other
sulfur metabolism genes encode enzymes and transporters related
to sulfur oxidation, cystathionine synthesis, taurine metabolism,
sulfide oxidation, thiosulfate metabolism, and organic sulfur
metabolism. Many of these genes are predominantly encoded by
Sphingomonadales, Pseudomonas, and Rhizobiaceae, with specific
functions such as the metabolism of sulfoquinovose and
sulfoquinovosidase (Sharma et al, 2021). The sulfur metabolism
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FIGURE 6

Sankey diagram that illustrates the taxonomic and functional profiles of genes conferring abiotic stress resilience in the cigar tobacco phyllospheric
microbiome: (A) Acid resistance; (B) Nitrogen metabolism. Details for gene abbreviations can be found in Table S1 at https://doi.org/10.6084/

m?9.figshare.21257352.v1.

B Nitrogen metabolism

Gene

pathways in the metagenome are mainly encoded by Pantoea,
Pseudomonas, and Methylobacteriaceae.

Overall, our findings suggest that the phyllosphere microbiome
in tobacco possesses a diverse array of genes involved in antioxidant
systems and sulfur metabolism, which contribute to oxidative stress
protection and the modulation of redox regulation. These microbial
functions are likely to play a crucial role in enhancing the plant’s
ability to cope with oxidative stress.

Acid tolerance and nitrogen metabolism

Environmental pH perturbation is a significant factor affecting both
plants and their associated microbiota, as it can disrupt cellular
homeostasis and physiology (Zhou et al, 2022). The southwestern
regions of China have experienced high levels of acid rain, which may
have had an impact on foliar ecology (Zhang et al., 2021). In our study,
we identified 1,373 gene entries related to acid stress resistance in the
tested metagenomes (see Table S1 at https://doi.org/10.6084/
m9.figshare.21257352.v1). These genes are mainly encoded by
Pantoea (22.0%), Pseudomonas (12.6%), Sphingomonadales (6.9%)
and Methylobacteriaceae (6.0%) (Figure 6A). These genes encode
proteins involved in acid stress chaperoning, transport systems for
basic amino acids, spermidine, putrescine, urea, ammonium, and
protons, as well as enzymes for arginine metabolism and urease
production. These proteins play roles in pH regulation by
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neutralizing protons with basic products like arginine and polyamines
(Stincone et al,, 2011). Additionally, the ion/proton transporters related
to osmotic pressure tolerance mentioned earlier could also contribute to
adaptive responses to pH perturbation (Liang et al., 2020).

Furthermore, we identified 622 gene orthogroups involved in
nitrogen metabolism (Figure 6B and see Table S1 at https://doi.org/
10.6084/m9.figshare.21257352.v1). These gene orthogroups include
genes encoding transporters (ABC.SN/NitT), enzymes
(formamidase, nitrilase etc.), and other nitrogen metabolism-
related proteins. These genes might also play a role in modulating
pH homeostasis through the production of basic substrates, such as
ammonium, and promoting nitrogen source utilization in the
phyllosphere microbiome and the plant host. Nitrogen
metabolism pathways in the metagenomes are primarily encoded
by Pantoea (19.3%), Pseudomonas (9.0%) and Methylobacteriaceae
(12.8%). Specially, glutamate dehydrogenase (GDH2) is mainly
encoded by Sphingomonadales (26.0%), and Pseudomonas
(26.0%), whereas nitronate monooxygenase (ncd2) is mainly
encoded by Sphingomonadales (20.0%) and ferredoxin-nitrite
reductase (nirA) is mainly encoded by Methylobacteriaceae (75.0%).

These findings suggest that the phyllosphere microbiome possesses
genetic resources for adapting to acid stress and modulating pH
homeostasis through mechanisms such as proton neutralization and
nitrogen metabolism. However, further investigations are needed to
understand the specific roles of these genes and their interactions in the
context of environmental pH perturbation.

frontiersin.org


https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.3389/fpls.2023.1248476
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

10.3389/fpls.2023.1248476

e

Taxonomy unclassified Enterobacteriaceae Gene

FIGURE 7

Sankey diagram that illustrates the taxonomic and functional profiles of genes conferring abiotic stress resilience in the cigar tobacco phyllospheric
microbiome: (A) Ultraviolet light damage resistance; (B) Pigment biosynthesis. Details for gene abbreviations can be found in Table S1 at https://

doi.org/10.6084/m9.figshare.21257352.v1.
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Ultraviolet light damage resistance

DNA can undergo damage from various abiotic factors, such as
ultraviolet (UV) light radiation resulting from prolonged sun
exposure. This exposure can induce oxidative damage and cross-
links between DNA and proteins or DNA strands. The
accumulation of such damages can ultimately lead to genomic
instability and cell death (Tuteja et al., 2009).

In our analysis of the functional profile of the tobacco
microbiome, we observed a complete set of DNA repair
machinery, consisting of 1,210 gene orthogroups (Figure 7A and
see Table S1 at https://doi.org/10.6084/m9.figshare.21257352.v1).
These genes are essential for protecting DNA from disruption
caused by harmful radiation. They encode proteins involved in
nucleotide excision repair (mfd, uvrABCD), base excision repair
(ada-alkA, alkA, xthA etc.), DNA repair and recombination
(addAB, alkB, casl, etc.), and finally, mismatch repair (dam, exoX,
mutH, etc.). Overall, the DNA repair metabolism pathways in our
metagenome are mainly encoded by Pantoea (22.0%), Pseudomonas
(12.6%), Sphingomonadales (6.9%) and Methylobacteriaceae (6.0%).
This supports the notion that these microorganisms play a crucial
role in protecting DNA from damage caused by harmful radiation.
These findings are consistent with our previous study, which
showed the enrichment of Pseudomonas (LDA = 5.29) and
Sphingomonas (LDA = 4.19) during T3, a time period
characterized by severe sun exposure (Wang et al., 2022).
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Furthermore, we identified 132 gene orthogroups related with the
production of pigments that absorb radiation (Figure 7B and see Table
S1 at https://doi.org/10.6084/m9.figshare.21257352.v1), such as
carotenoid biosynthesis (AL1, crtBCDFIWXZ, crtISO, etc.) and
betalain biosynthesis (DOPA). Carotenoid biosynthesis is also linked
to the production of phytohormones, such as gibberellins and abscisic
acid, which help plants cope with abiotic stresses (Qin et al., 2007;
Alagoz et al., 2018). Additionally, we annotated the microbial enzyme
aminocyclopropane-1-carboxylic acid (ACC) deaminase, which reduces
ethylene levels in host plants and contributes to plant tolerance against
abiotic stresses (Ali et al., 2014; Glick and Nascimento, 2021).

Moreover, we found 33 gene orthogroups encoding sporulation
proteins (spoVR, spoVFA, spoIlVCA) and spore photoproduct lyase
(spmBE), which are involved in abiotic stress tolerance and repair of
UV-induced DNA damage in germinating bacterial spores (Table
S1 at https://doi.org/10.6084/m9.figshare.21257352.v1) (Nicholson
et al,, 1997). Methylobacteriaceae, a family of Alpharoteobacteria,
predominantly encoded these proteins, potentially explaining their
abundance on the plant’s phyllosphere and their tolerance to
harmful UV irradiation (Yoshida et al., 2017).

In conclusion, the presence of DNA repair machinery, pigment-
producing pathways, and stress-tolerance proteins in the tobacco
phyllosphere microbiome suggests a microbial contribution to the
plants’ defense against abiotic stresses, including UV radiation.
However, further research is needed to establish the specific
mechanisms and interactions underlying these processes.

frontiersin.org


https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.6084/m9.figshare.21257352.v1
https://doi.org/10.3389/fpls.2023.1248476
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Viral sequence mining from metagenome

Viruses have been found to play a role in shaping bacterial
communities. However, limited research has been conducted on the
diversity and abundance of phyllosphere viral communities and
their interactions with other microorganisms (Morella et al., 2018).
Recently, there has been a growing focus on mining virome
information using culture-independent metagenome or
metatranscriptome technologies (Forero-Junco et al., 2022; Lauber
and Seitz, 2022; Lee and Jeong, 2022). Understanding the virome in
plant-associated environments can provide valuable insights into
their potential influence on microbial adaptation to various stresses
(Xu P. et al.,, 2008).

In this study, the researchers examined a total of 3,320 putative
viral scaffolds from the metagenome of the cigar tobacco
phyllosphere, divided into T1 (1,141), T2 (1,418), and T3 (761)
groups, indicating that the viromes are diverse and dynamic. Out of
these examined scaffolds, 2,616 were predicted to be confidential
viral genomes (Table S2A at https://doi.org/10.6084/
m9.figshare.21257382.v1). The average length of the predicted
viral genomes was 2.45 kbp, with the longest being 76,944 bp and
the smallest being 1,000 bp. The viral scaffolds contained an average
of 4.18 + 3.40 genes. The quality of the viral genomes varied, with
only 0.2% classified as “complete,” 0.3% as “high quality,” 0.5% as
“medium quality,” 43.7% as “low quality,” and 55.0% as “not
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determined” according to CheckV (Nayfach et al, 2021). Out of
the predicted viral genomes, 36 were found to be lysogenic based on
the presence of proviral sequences. However, it is important to note
that bioinformatics prediction often underestimates the number of
lysogenic viruses and fails to distinguish between pseudolysogens
and lytic viruses (Roux et al,, 2015). The tobacco phyllosphere viral
genomes were clustered using vConTACT2 (Bin Jang et al., 2019)
along with 2,616 known prokaryotic viruses (Figure 3A). The
tobacco phyllosphere viral genomes were found to be closely
related to phages that infect Pseudomonas (15.0%), Burkholderia
(6.4%), Enterobacteria (8.4%), Salmonella (15.9%), Escherichia
(14.8%), Klebsiella (9.9%), and Ralstonia (3.1%) at a taxonomic
level higher than genus. It is worth noting that many of these taxa
were found to be dominant lineages inhabiting the tobacco
phyllosphere such as Pseudomonas, as mentioned earlier, and
Ralstonia spp. is known as a significant tobacco pathogen causing
severe bacterial wilt disease (Tao et al., 2022). Furthermore, the
sampling site of this study is consistently affected by wildfire disease.
It is known that viruses infecting the same type of host often
exchange genes or DNA fragments, leading to the formation of
strong genotypic clusters (Szymczak et al, 2019). Among the
remaining viral populations, 1,400 nodes were classified as
unclassified viruses that shared minimal genes with both the
database and each other. This highlights the unexplored diversity
of the tobacco phyllosphere virome (Figure 8A).
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Upon closer examination of the genes present in the tobacco
phyllosphere virome, a fascinating virus-host interaction is
revealed. This interaction seems to maintain a delicate balance
between viral predation and host stress resilience, which contributes
to the sustainability of the phyllosphere ecosystem. The virome in
the tobacco phyllosphere contains a diverse range of genes that
potentially confer metabolic functions and resistance to abiotic
stresses in the environment.

Through the analysis of the 3,320 viral scaffolds, a total of
15,908 proteins were identified and annotated, as shown in Table
S2B at https://doi.org/10.6084/m9.figshare.21257382.v1.

10.3389/fpls.2023.1248476

Approximately 53% of these proteins were assigned to sequences
in the queried databases (KEGG/VOG/Pfam), while around 46.4%
were categorized as “uncharacterized” or “hypothetical” proteins.
Among the identified proteins, the most prevalent categories were
cofactor and vitamin metabolism, amino acid metabolism, energy
metabolism, and the sulfur relay system (Figure 8B). Notably, many
genes within the viral populations appear to be involved in abiotic
stress resistance (Table 1).

For example, the virome assembled from the metagenome of
the T3 sample contained an alkaline phosphatase D (phoD), which
may contribute to the solubilization of inorganic insoluble

TABLE 1 Auxiliary metabolic genes (AMGs) identified and annotated in viral scaffolds.

'égt?]t AMG KO name KEGG category
Tl
K01186 1 NEUI, sialidase-1 [EC:3.2.1.18] 00600 Sphingolipid metabolism
K01737 . Zlie?; g]tps, PTS; 6-pyruvoyltetrahydropterin/6-carboxytetrahydropterin synthase [EC:4.2.3.12 00790 Folate biosynthesis
K00558 15 DNMT]1, dem; DNA (cytosine-5)-methyltransferase 1 [EC:2.1.1.37] ?r?:;g:l:izi;eme and methionine
K01179 1 E3.2.1.4; endoglucanase [EC:3.2.1.4] 00500 Starch and sucrose metabolism
K00390 6 cysH; phosphoadenosine phosphosulfate reductase [EC:1.8.4.8 1.8.4.10] 00920 Sulfur metabolism
K00147 1 proA; glutamate-5-semialdehyde dehydrogenase [EC:1.2.1.41] 00330 Arginine and proline metabolism
K01784 1 galE, GALE; UDP-glucose 4-epimerase [EC:5.1.3.2] 00052 Galactose metabolism
K10026 1 queE; 7-carboxy-7-deazaguanine synthase [EC:4.3.99.3] 00790 Folate biosynthesis
K21140 9 meg; [CysO sulfur-carrier protein]-S-L-cysteine hydrolase [EC:3.13.1.6] 04122 Sulfur relay system
K00121 1 f;nclel, lzikll.)zlgi,icll.hli;]S-(hydroxymethyl)glutathione dehydrogenase/alcohol dehydrogenase 00010 Glycolysis/Gluconeogenesis
K01495 1 GCHLI, folE; GTP cyclohydrolase IA [EC:3.5.4.16] 00790 Folate biosynthesis
K01939 1 purA, ADSS; adenylosuccinate synthase [EC:6.3.4.4] 00230 Purine metabolism
K01607 1 pcaC; 4-carboxymuconolactone decarboxylase [EC:4.1.1.44] 00362 Benzoate degradation
K16066 1 ydfG; 3-hydroxy acid dehydrogenase/malonic semialdehyde reductase [EC:1.1.1.381 1.1.1.-] 00240 Pyrimidine metabolism
K06920 2 queC; 7-cyano-7-deazaguanine synthase [EC:6.3.4.20] 00790 Folate biosynthesis
T2
K00558 | 17 DNMT1, dem; DNA (cytosine-5)-methyltransferase 1 [EC:2.1.137] ?r?:tgo(z :leine and methionine
K00147 1 proA; glutamate-5-semialdehyde dehydrogenase [EC:1.2.1.41] 00330 Arginine and proline metabolism
K00390 7 cysH; phosphoadenosine phosphosulfate reductase [EC:1.8.4.8 1.8.4.10] 00920 Sulfur metabolism
K01179 1 E3.2.1.4; endoglucanase [EC:3.2.1.4] 00500 Starch and sucrose metabolism
K00287 1 DHER, folA; dihydrofolate reductase [EC:1.5.1.3] 00790 Folate biosynthesis
K01737 1 jule];; g]tpS, PTS; 6-pyruvoyltetrahydropterin/6-carboxytetrahydropterin synthase [EC:4.2.3.12 00790 Folate biosynthesis
K16066 1 ydfG; 3-hydroxy acid dehydrogenase/malonic semialdehyde reductase [EC:1.1.1.381 1.1.1.-] 00240 Pyrimidine metabolism
K21140 11 meg; [CysO sulfur-carrier protein]-S-L-cysteine hydrolase [EC:3.13.1.6] 04122 Sulfur relay system
K01607 1 pcaC; 4-carboxymuconolactone decarboxylase [EC:4.1.1.44] 00362 Benzoate degradation
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TABLE 1 Continued
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AMG KO name KEGG category
K15634 2 gpmB; probable phosphoglycerate mutase [EC:5.4.2.12] 00010 Glycolysis/Gluconeogenesis
K06920 1 queC; 7-cyano-7-deazaguanine synthase [EC:6.3.4.20] 00790 Folate biosynthesis
K10026 1 queE; 7-carboxy-7-deazaguanine synthase [EC:4.3.99.3] 00790 Folate biosynthesis
K01495 1 GCHL, folE; GTP cyclohydrolase IA [EC:3.5.4.16] 00790 Folate biosynthesis
T3
K21140 7 mec; [CysO sulfur-carrier protein]-S-L-cysteine hydrolase [EC:3.13.1.6] 04122 Sulfur relay system
K00558 8 DNMT]1, dem; DNA (cytosine-5)-methyltransferase 1 [EC:2.1.1.37] ?::tzob(flli):;eine and methionine
K01626 1 E2.5.1.54, aroF, aroG, aroH; 3-deoxy-7-phosphoheptulonate synthase [EC:2.5.1.54] ?rz;(igpi};:lﬁf:;;gzszmSine and
K00059 1 fabG, OARI; 3-oxoacyl-[acyl-carrier protein] reductase [EC:1.1.1.100] 00061 Fatty acid biosynthesis
K00737 1 MGATS3; beta-1,4-mannosyl-glycoprotein beta-1,4-N-acetylglucosaminyltransferase [EC:2.4.1.144] 00510 N-Glycan biosynthesis
K08289 1 purT; phosphoribosylglycinamide formyltransferase 2 [EC:2.1.2.2] 00230 Purine metabolism
K13315 1 ;r}/;elrll,t (t))slf_li;;ylzal_,rzluscltz,s :t[r;l(S:{IZI;lT\IT?]P-hexose C3-ketoreductase/dTDP-4-oxo-2-deoxy-alpha- 00523 Polyketide sugar unit biosynthesis
K01737 1 ZUIeZD,S (I)J]tpS, PTS; 6-pyruvoyltetrahydropterin/6-carboxytetrahydropterin synthase [EC:4.2.3.12 00790 Folate biosynthesis
Ko6211 1 nadR; HTH-type transcriptional regulator, transcriptional repressor of NAD biosynthesis genes 00760 Nicotinate and nicotinamide
[EC:2.7.7.1 2.7.1.22] metabolism
Ko01113 1 phoD; alkaline phosphatase D [EC:3.1.3.1] 00790 Folate biosynthesis
K10026 1 queE; 7-carboxy-7-deazaguanine synthase [EC:4.3.99.3] 00790 Folate biosynthesis
K00390 7 cysH; phosphoadenosine phosphosulfate reductase [EC:1.8.4.8 1.8.4.10] 00920 Sulfur metabolism
K00287 1 DHER, folA; dihydrofolate reductase [EC:1.5.1.3] 00790 Folate biosynthesis
K06920 1 queC; 7-cyano-7-deazaguanine synthase [EC:6.3.4.20] 00790 Folate biosynthesis
K01625 . T;:i?:;::.—lc.lz.};);d‘rfl—;—j;?xyphosphogluconate aldolase/(4S)-4-hydroxy-2-oxoglutarate aldolase 00030 Pentose phosphate pathway
K01495 1 GCHLI, folE; GTP cyclohydrolase IA [EC:3.5.4.16] 00790 Folate biosynthesis

phosphorus, thereby enhancing environmental phosphorus
availability (Thapa et al, 2017). Additionally, a glutamate-5-
semialdehyde dehydrogenase (proA) was identified, which is
involved in the synthesis of the osmolyte proline. Furthermore,
numerous viruses carry genes related to cysteine and methionine
metabolism, which are closely linked to oxidative stress resistance.
These include genes such as phosphoadenosine phosphosulfate
reductase (cysH, 20 entries), DNA (cytosine-5)-methyltransferase
(dcm, 40 entries). It is noteworthy that these relatively abundant
genes may confer benefits to viral populations, considering their
detection in multiple samples, despite the presumably high
maintenance cost associated with the presence of such genes in
viral genomes. Moreover, the viral sequences also contain genes
associated with the metabolism of protectant sugars, such as
endoglucanase, NDP-hexose ketoreductase (eryBII), UDP-glucose
4-epimerase (galE), beta-1,4-N-acetylglucosaminyltransferase
(MGATS3), which may contribute to the breakdown of complex
polysaccharides abundant on plant surfaces (Xu et al., 2008).
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Additionally, genes involved in the degradation of organic
pollutants, such as 4-carboxymuconolactone decarboxylase
(pcaC), were also found.

Genes related to stress resilience and auxiliary metabolic
functions were identified across all samples, with the highest
abundance observed in the T2 group and the highest diversity in
the T3 group (Figure 8A). It is proposed that these viruses may serve
as vectors for horizontal gene transfer (HGT) and deliver stress
resilience genes to their host counterparts. The emergence and
mechanism of HGT events (“Why does lateral transfer occur in so
many species and how?”) is recommended as a still-pending and
significant scientific question by the editorial of the journal Science
in the article “So much more to know” (American Association for
the Advancement of Science, 2005), and viruses could be
instrumental in this process. Notably, (pseudo)lysogenic viruses
carrying tolerance genes may enhance microbial survival on the
plant phyllosphere by taking refuge in the host cytoplasm or
genome. This mutualistic interaction aligns with similar proposals
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in previous studies, such as marine cyanophages carrying
photosystem genes (Sullivan et al., 2006) and mangrove soil
viruses carrying carbohydrate-active enzymes (Jin et al, 2019).
Viruses may also facilitate the formation and dispersal of
microbial biofilms, providing them shelter in harsh environments
(Rice et al., 2009; McDougald et al., 2011; Secor et al., 2015).
Biofilms have even been observed in hot desert soil, where
temperate viruses are suggested to be positively selected (Zablocki
et al., 2016; Lebre et al., 2017).

The phyllosphere microbiota faces hostile abiotic conditions,
such as high UV radiation, which can pose challenges for viruses
(Iriarte et al., 2007). These conditions may have led to the selection of
phages that are adapted to such pressures. Similarly, in the tobacco
phyllosphere, viruses carrying stress resilience genes may improve
their survival and reproduction by integrating their DNA into a
bacterial host genome and aiding the host in thriving under abiotic
stresses. However, it is worth noting that most of the identified
viruses in the tobacco phyllosphere were predicted to be lytic,
meaning they undergo a lytic cycle when environmental conditions
are more favorable, such as during rainfall. The high ratio of lytic to
lysogenic phages may be a result of the low microbial densities on the
plant phyllosphere, which is consistent with the “kill-the-winner”
dynamics, leading to a higher prevalence of lytic phages (Knowles
et al,, 2016). This finding is consistent with a previous report on the
wheat phyllosphere (Forero-Junco et al., 2022). Nonetheless,
experimental validation of a host-virus model specific to the
tobacco phyllosphere is essential to confirm these hypotheses and
determine the extent to which virus-mediated resilience genes
contribute to enhancing microbial fitness under abiotic stresses.

Conclusions

In conclusion, our study utilized shotgun metagenomic
sequencing to investigate the functional profile of the
phyllosphere microbiota in tobacco plants and identify potential
plant growth promoting bacteria (PGPB) that confer abiotic stress
resilience. Our findings reveal the importance of microbial
associations in mediating plant protection and responses to
various stressors.

We observed that abundant genes from bacterial lineages,
particularly Pseudomonas, within the cigar tobacco phyllospheric
microbiome contribute to resilience against osmotic and drought
stress, heavy metal toxicity, temperature perturbation, organic
pollutants, oxidative stress resistance, and UV light damage. This
highlights the crucial role of bacteria in enhancing stress tolerance
in the phyllosphere.

Furthermore, our virome mining analysis unveiled the presence
of viruses within the phyllosphere microbiome, including phages
infecting Pseudomonas, Burkholderia, Enterobacteria, Ralstonia,
and other related viruses. We identified genes associated with
abiotic stress resilience in the virome, such as alkaline
phosphatase D (phoD) and glutamate-5-semialdehyde
dehydrogenase (proA), which contribute to nutrient solubilization
and osmolyte synthesis, respectively.
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These novel findings underscore the unexplored roles of viruses
in facilitating and transferring abiotic stress resilience in the
phyllospheric microbiome through beneficial virus-host
interactions. By expanding our understanding of the taxonomic
and functional profiles of abiotic stress resilience in the
phyllosphere, this study provides valuable insights for the
selection of PGPB candidates from the tobacco phyllosphere to
enhance stress tolerance in plants.

Opverall, our research enhances our knowledge on the intricate
relationships between microorganisms and plants, advancing our
understanding of the mechanisms underlying abiotic stress
resilience. These findings have important implications for
agricultural practices, as they can contribute to the development
of strategies to enhance stress tolerance in crop plants by harnessing
the potential of the phyllosphere microbiome.

Materials and methods
Sample collection

Samples of cigar tobacco (Nicotiana tabacum L.) leaves were
collected from Yongding County, Zhangjiajie City, Hunan Province,
China (29.13° N, 110.48° E) in June (T1), July (T2), and August (T3)
of 2021. This sampling region is continuingly affected by bacterial
wildfire disease. For each replicate, 5-7 middle leaves from a 90 m?
plot area were randomly selected. This area was affected by bacterial
wildfire disease. The leaf samples were stored in sterile plastic bags,
transported to the laboratory, and stored at 4°C for subsequent foliar
microbial DNA extractions. A total of over 120 leaves from thirty
cigar tobacco plants were used in this study, representing the three
time points (T1, T2, and T3) in three biological duplicates.

DNA extraction and shotgun
metagenomic sequencing

In the DNA extraction and shotgun metagenomic sequencing
procedures, leaf samples were collected from various parts of the
leaf surface (excluding the main and branch veins) using a sterile
puncher. A total of 15 grams of leaf samples were collected. The
collected leaf samples were transferred into a 250-mL conical flask
containing 200 mL of 0.1% Tween-80 bacterial phosphate buffer at
pH 7.0. The flask was shaken for 30 minutes at 170 rpm and 25°C.
This shaking step was performed to remove the epiphytic microbes
from the leaf surface. After shaking, the bacterial suspension was
collected by centrifugation at 10,000 rpm for 15 minutes at 4°C. The
sediment obtained from the centrifugation was washed three times
with sterile water. Finally, the sediment was resuspended with 1 mL
of sterile water for DNA extraction purposes. Genomic DNA
extraction was performed using the Plant Genomic DNA Kit
following the manufacturer’s protocol. The extracted DNA’s
quality was checked using a 1.0% agarose gel, and the DNA
concentrations were measured using a NanoDrop 1000
spectrophotometer. To ensure replicability and reliability, three
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types of samples were prepared corresponding to the three time
points (T1, T2, and T3), and each time point had three replicates.

For shotgun metagenomic sequencing, the extracted DNA
samples were fragmented using ultrasound into approximately
350 bp fragments. These fragments were used to construct
sequencing libraries using the NEBNext® Ultra'" DNA Library
Prep Kit for Illumina. The libraries were sequenced using the
Ilumina NovaSeq 6000 Sequencer. The combined datasets of the
three groups of leaf samples contained a total of 54.8 Gbp of
raw reads.

Shotgun metagenomic assembly
and annotation

For the shotgun metagenomic data, the raw reads were trimmed
with the sliding window approach to generate the QC (Quality
Control) reads with Trimmomatic (Bolger et al.,, 2014).
Contamination of reads originating from the host plant was
aligned to the nuclear genome of Nicotiana tabacum TN90
(GCA_000715135.1) using Bowtie 2 (Langmead and Salzberg,
2012). After that, the concordantly mapped reads were removed
to preserve the clean reads. To obtain the microbial reads and their
taxonomic annotations, the clean reads were aligned using Kraken 2
(Wood et al, 2019), and the reads that could not be aligned to
bacteria, fungi, archaea or virus were filtered out. The microbial
reads from all the samples were pooled together for de novo
assembly with MEGAHIT (Li et al, 2015) (-k-min 21, -k-max
191, -min-contig-len 500). For the assembled contigs, ORF (Open
Reading Frame) were predicted with Prodigal (Hyatt et al., 2010) in
metagenomics mode (-meta). This was followed by protein
sequence clustering and analysis and through software BPGA
v.1.0 by default procedures. The size of the pan-metagenome was
extrapolated by implementing an power law regression function, P
= kn”, using a built-in program of the BPGA pipeline (Chaudhari
et al, 2016), in which Py represents the total number of non-
orthologous gene families within its pan-metagenome, n represents
the number of tested metagenomes, and both k and y are free
parameters. An exponent Y of <0 suggests the pan-metagenome is
“closed,” where the size of the pan-metagenome reaches a constant
value as extra metagenomes are added. Conversely, the species is
predicted to harbor an open pan-metagenome for y values between
0 and 1. In addition, the size of the core genome was extrapolated by
fitting into an exponential decay function, F. = K.exp(-n/1.), with a
built-in program of the BPGA pipeline (Chaudhari et al., 2016),
where F. is the number of core gene families, K., and 1. are
free parameters.

For gene annotation, was used to annotate with eggNOG-
mapper v.2.0 (Huerta-Cepas et al., 2019) searching with Diamond
method (Buchfink et al,, 2015) against multiple databases, including
COG database (https://www.ncbi.nlm.nih.gov/research/cog/) and
KEGG database (Aramaki et al., 2020) (-evalue 0.001 —score 60 —
pident 40 —query_cover 20 -subject_cover 20). The orthogroup
clustering and gene ontology (GO) categories were performed using
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OrthoVenn v.2.0 (Xu et al,, 2019), and the hypergeometric test with
a p-value < 0.05 was applied to find enriched GO in the clusters.

Prediction and analysis of viral scaffolds
from metagenome

VIBRANT v1.2.1 (Kieft et al., 2020) with default settings was
used for viral signal prediction across the assembled metagenomes
and scaffolds length of 21,000 bp. CheckV v0.6.0 (Nayfach et al.,
2021) was used for completeness and quality estimation. A viral
contig was determined as lytic or lysogenic by VIBRANT v1.2.1
(Kieft et al., 2020) (-virome mode -1 5000). VIBRANT uses HMM
profiles from three different databases: Kyoto Encyclopedia of
Genes and Genomes (KEGG) KoFam (March 2019 release)
(Aramaki et al,, 2020), Pfam (v32) (El-Gebali et al., 2019), and
Virus Orthologous Groups (VOG) (release 94, http://vogdb.org/).
VIBRANT-predicted viral scaffolds with qualities of medium, high,
and complete were annotated with KEGG, Pfam, and VOG HMMs
(hmmsearch (v3.1), e-value < le-5) (Eddy, 1998). To identify viral
contigs that were grouped with viral RefSeq genomes across the
samples, output from vConTACT2 (v.0.9.8) (Bin Jang et al., 2019)
for each sample was merged together to create a condensed
network, visualized in Cytoscape v3.8.0 (https://cytoscape.org).
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Study on the effect of compound
cultivation on the growth feature
and active ingredients content of
Salvia miltiorrhiza

Luyi Zhang'*, Shan Tao™", Yifan Zhang?, Yanmei Yang?,
Fang Peng’, Hailang Liao*, Changqing Mao®, Xiufu Wan?,
Yu Wu?, Zhengjun Xu® and Chao Zhang™

tIndustial Crop Research Institute, Sichuan Academy of Agricultural Sciences, Chengdu,
Sichuan, China, 2?Crop Ecophysiology and Cultivation Key Laboratory of Sichuan Province, Sichuan
Agricultural University, Chengdu, Sichuan, China, 3State Key Laboratory of Dao-di Herbs, China

Academy of Chinese Medical Sciences, Beijing, China

We investigated the effects of the complex cultivation of Salvia miltiorrhiza on
microbial communities, secretions, yield, and active ingredients, and the mechanism
of action between microbial communities, secretions, and S. miltiorrhiza growth and
development. Neither maize nor soybean was suitable to grow with S. miltiorrhiza, but
sesame significantly increased salvinone content, the active ingredient of S.
miltiorrhiza, and Tanshinone lIA, Tanshinone |, and Cryptotanshinone increased by
27.06%, 22.76%, and 26.41%, respectively, which increased the abundance and
number of microbial communities in S. miltiorrhiza roots. 16S rRNA results showed
that the most abundant bacterial phyla were Proteobacteria and Acidobacteriota, and
their number increased with compound planting of sesame and S. miltiorrhiza. Salvia
inter-root secretions affected the microbial community and Salvia growth and
development, and lipids and lipid-like molecules significantly reduced Salvia yield
and active ingredients. Overall, different plant secretions can lead to differences in the
natural environment and Salvia root growth and development, and the composite
planting of sesame with Salvia can improve inter-root microbial communities,
enhance Salvia quality, and make fuller use of land resources.

KEYWORDS

Salvia miltiorrhiza, 16S rRNA, complex cultivation, inter-root secretions, microbial
community

1 Introduction

Salvia miltiorrhiza Bge. is a perennial herb in the family Labiatae, whose roots and
rhizomes contain active ingredients (tanshinones and tannins) with therapeutic effects on
diseases such as cardiovascular diseases, diabetes, and liver diseases (Liu et al., 2020¢; Jiang
et al,, 2022a). S. miltiorrhiza is a medicinal herb widely grown in bulk in Henan, Sichuan,
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Shandong, and Shaanxi (Wang et al., 2019). However, as adoption
of highly efficient monocultures can lead to a decrease in quality
and yield, measures such as composite cultivation are needed to
promote sustainable development (Liu et al., 2020a).

High-efficiency monocultures usually lead to disturbances in
soil physicochemical properties, reduced microbial community
diversity, and toxin accumulation (Xin-hui et al., 2015). Recently,
compound cropping has become an important research direction to
solve continuous crop challenges. Compound cropping can increase
plant species diversity, improve soil physicochemical properties,
and enhance microbial community abundance by growing two or
more crops simultaneously (Tang et al., 2014; Maitra, 2019;
Domeignoz-Horta et al., 2020; Tang et al,, 2021). Compound
cropping can, therefore, increase agroecosystem diversity and
promote sustainable agriculture (Stomph et al., 2020). Studies
have shown that complex planting can modify plant root natural
environments (Wang et al., 2019), and stimulate the production of
unique inter-root secretions (Casper and Castelli, 2007), which
regulate plant growth and promote nutrient uptake, attract
specific probiotic bacteria to form plant-soil feedbacks (PSF)
(Neumann and Rombheld, 2003; Bais et al., 2006), and influence
microbial community formation (Sasse et al., 2018).

The beneficial effects of intercropping in complex cropping
systems, such as those involving cereals and legumes, have been
extensively researched (Hsiao et al., 2019). Scholars have found that
maize inter-root secretions contribute to enhanced reciprocity with
legumes and promote nitrogen fixation by legumes (Jiang et al,
2022b). Hu demonstrated that maize inter-root secretions promote
flavonoids synthesis in faba beans (Hu et al., 2021). However, not all
plant species are conducive to a good inter-root microecological
environment. For example, the combination of maize and S.
miltiorrhiza was detrimental to growth and yield of the latter
(Deng et al., 2017). Therefore, it is crucial to investigate suitable
plants for successful Salvia complex cultivation.

Lei et al. (2018) found that different plants have a significant effect
on S. miltiorrhiza growth and development, with pepper showing the
greatest improvement in yield and quality. S. miltiorrhiza dry weight
increased by 12.52%, salvianolic acid B increased by 10.25%, and
tanshinone compound content significantly increased by 58.91%.
Similarly, Liu et al. (2018) investigated the intercropping effects of
mint, perilla, and alfalfa with S. miltiorrhiza. They found that they
produced the highest weight gain and increased content of S.
miltiorrhiza active ingredients. Moreover, the content of lipid-soluble
components cryptotanshinone, tanshinone I, and tanshinone IIA in S.
miltiorrhiza significantly increased after intercropping treatment, with
the highest tanshinone content of 1.08% in S. miltiorrhiza roots after S.
miltiorrhiza-mint intercropping, which was 163.41% higher than after
monocropping. However, there has been no suitable grain and oil crop
identified for intercropping with S. miltiorrhiza, and little research has
been conducted on the effects of different plants on S. miltiorrhiza
inter-root microbial community structure and abundance. Further
research is needed to explore suitable crops and the underlying
mechanisms of action.

To address these shortcomings, we investigated the effects of three
crop plants on S. miltiorrhiza inter-root microecology and growth and
development. The study designed pot experiments using
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macrogenomics and metabolomics to analyze S. miltiorrhiza inter-
root microecology and investigate its responses to different plant
secretions, including changes in soil physicochemical properties,
bacterial abundance, inter-root soil community composition, and
metabolite production. To confirm our results, we conducted field
plot experiments. We hypothesized that various plants would lead to
different Salvia inter-root microbial populations and community
structures, affect its root morphology, and alter its inter-root secretions.

2 Materials and methods
2.1 Experimental site

The experiments were conducted at the Industrial Crop
Research Institute, Sichuan Academy of Agricultural Sciences,
Qingbaijiang District, Chengdu City, Sichuan Province, China
(30°42'N, 104°19'E), where average annual temperature was 18°C,
and average annual precipitation was 558.1 mm (local weather
bureau data). Salvia seedlings and maize, sesame, and soybean
varieties were provided by the Institute of Economic Crop Breeding
and Cultivation, Sichuan Academy of Agricultural Sciences. Basic
Soil Properties: Potted Plants, pondus hydrogenii = 6.7, organic
matter = 21.90 g/kg, available P = 43.76 mg/kg, available K = 115.50
mg/kg, total nitrogen = 1.48 g/kg; Field, potential of hydrogen = 6.0,
organic matter = 19.78 g/kg, available P = 26.75 mg/kg, available
K = 188.27 mg/kg, total nitrogen = 1.48 g/kg.

2.2 Pot experiments and field experiments

Pot experiments were set up in six planting combinations: maize
+ Salvia completely isolated (Salvia|Maize), maize + Salvia without
isolation (SalviaMaize), soybean + Salvia completely isolated (Salvia|
Soybean), soybean + Salvia without isolation (SalviaSoybean), sesame
+ Salvia completely isolated (Salvia|Sesame), and sesame + Salvia
without isolation (SalviaSesame). S. miltiorrhiza was propagated
from fresh root segments (1.3-1.8 cm in diameter) selected from
seedlings dug in January 2022, and transplanted to pots and the field
after seedlings were raised in the greenhouse. The pot experiment
used 0.4-m-high, 0.6-m-diameter breeding bags, including two
isolation treatments and was conducted in a randomized design
(Figure 1): ® plastic film isolation where the two crops were
completely separated, with no inter-root intercropping; and @
without any isolation, where the two crops can communicate
openly between the roots, with inter-root secretions interacting
with each other, and where inter-root intercropping is obvious.
Five replicates of each treatment were made.

The field experiments were conducted in a randomized design
(Figure 2), including soybean monoculture (soybeanm, 0.25 m
spacing), maize monoculture (maizem, 0.4 m spacing), sesame
monoculture (sesamem, 0.25 m spacing), Salvia monoculture
(salviam, 0.25 m spacing), Salvia-maize intercrop (Salvia +
maize), Salvia-soybean intercrop (Salvia + soybean), and Salvia-
sesame intercrop (Salvia + sesame). The size of each experimental
area was 3.6 x 5 m, and each treatment was replicated three times.
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FIGURE 1

Pot experiment (n = 5). (A) Complete isolation of Salvia and other crops with plastic film, and (B) no isolation of Salvia and other crops.

2.3 Inter-root soil and general
soil sampling

Soil samples were randomly taken from the field and pots at the
time of sowing in March, and later mixed into composite samples
that were naturally air-dried and stored in an oven for testing.
Sampling was carried out in December 2022 on normal soil and
inter-rhizosphere soil (soil close to plant roots and usually containing
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higher microbial populations than the surrounding normal soil)
(Fierer, 2017). Inter-root soil (still attached to the roots) was
shaken off gently and stored at —80°C for microbial community
and inter-root metabolite analysis (Zhao et al., 2021). Simultaneously,
soil around S. miltiorrhiza plants was collected, plant roots and stones
were removed, and the soil was put into a self-sealing bag, and then it
was dried and ground naturally, passed through a 60-mesh sieve and
set aside for soil physical and chemical property testing.

maize monoculture

lo4am] 08m |
| 0.9m |0A3m|
| ridge |ditch]

soybean monoculture
¥4 RN
Y

A A8 A
3}*(‘ 3;‘ :ig‘ 5 ¥ W

lo4m | 08m |

sesame monoculture

2a - e I~ e .
TN “("‘ W N

Lol [ f
l04m | 08m

Salvia monoculture

[0o4m] 08m |

frontiersin.org


https://doi.org/10.3389/fpls.2023.1238896
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

2.4 Determination of soil physical and
chemical properties

Soil potential of hydrogen (pH) was determined by the point
method (HJ 962-2018), where soil/water is mixed at 1/2.5 (w/v),
stirred vigorously for 2 min, and left for 30 min, and then pH was
measured with a pH meter (PHS-SE) (Pang et al., 2021). Soil organic
matter (SOM) was determined using the Walkley-Black method,
which oxidizes SOM by H,SO, and K,Cr,0O;, followed by titration
using FeSO, (Fu et al,, 2015). Soil active phosphorus (available P) was
measured by a spectrophotometer at 700 nm (NY/T 1121.7-2014)
(Liu et al, 2018). Soil available potassium (available K) was
determined by a flame photometer after extraction by 1 mol/L
ammonium acetate (Saber et al, 1973). Soil total nitrogen was
determined by the Kelvin digestion-constant distillation-titration
method, followed by digestion using an automatic Kjeldahl
nitrogen tester (Hennen K1100) (Wang et al., 2018).

2.5 Microbial community structure and
diversity analysis

A Soil DNA Kit was used to isolate soil microbial DNA from 5-g
soil samples. The V4 hypervariable region of the bacterial gene was
amplified with PCR using primers F (ACTCCTACGGGAG
GCAGCA) and R (GGACTACHVGGGTWTCTAAT). After PCR
processing, sequencing was conducted using an Illumina NovaSeq
6000. The raw image data files were converted to raw Sequenced
Reads by Base Calling analysis. Sequenced data were filtered for
connectors and low-quality using FASTP and Trimmomatic for
Raw Reads to obtain high-quality valid sequences (Berg et al., 2015).
Finally, the sequences were clustered with USEARCH (Edgar, 2013)
(version 10.0) at the 97% similarity level, and OTUs were filtered
using 0.005% of the total number of sequences sequenced as a
threshold (Bokulich et al., 2013).

2.6 Salvia inter-root metabolites

To analyze metabolites in inter-rhizosphere soil, a 50-mg
sample was weighed and mixed with 1,000 puL of extraction
solution containing internal standard. The mixture was then
ground with steel beads and sonicated for 10 min in an ice water
bath, followed by centrifugation, and the supernatant was carefully
collected for testing. Metabolomics analysis was conducted using a
liquid mass spectrometry system composed of a Waters Acquity I-
Class PLUS UPLC tandem and a Waters Xevo G2-XS QTof high-
resolution mass spectrometer (Acquity UPLC HSS T3, 1.8 um
2.1*100 mm). Positive ionization mode: mobile phase A: 0.1%
formic acid aqueous solution; mobile phase B: 0.1% formic acid
acetonitrile; negative ionization mode: mobile phase A: 0.1% formic
acid aqueous solution; mobile phase B: 0.1% formic acid
acetonitrile. The Waters Xevo G2-XS QTof high-resolution mass
spectrometer is capable of primary and secondary mass
spectrometry data acquisition in MSe mode under acquisition
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software (MassLynx V4.2, Waters) control. In each data
acquisition cycle, dual-channel data acquisition is possible for
both low and high collision energies. Low collision energy was 2
V, the high collision energy range was 10-40 V, and scan frequency
was 0.2 s for one mass spectral map. ESI ion source parameters were
as follows: capillary voltage: 2,000 V (positive ion mode) or —1,500
V (negative ion mode); cone hole voltage: 30 V; ijon source
temperature: 150°C; desolvent gas temperature: 500°C; backblast
gas flow rate: 50 L/h; desolvent gas flow rate: 800 L/h. Raw data
collected by MassLynx V4.2 were processed by Progenesis QI
software for peak extraction, alignment, and other data
processing operations.

2.7 Salvia root morphology and active
ingredients (tanshinones and tannins)

S. miltiorrhiza was harvested in December, its inter-root
morphology was investigated, and its yield was measured. The
number of branches, fresh weight, and dry weight of individual
roots were also measured at harvest, along with root length
(measured from the base of the stem) and diameter (the largest S.
miltiorrhiza diameter) (Lei et al., 2018). After harvesting, the rhizome
was dried, powdered, sieved (60 mesh), and stored to determine
active ingredients. Intercrops were harvested in June and July.

S. miltiorrhiza active ingredients (tanshinones and tannins)
were determined using high-performance liquid chromatography.
Total tanshinones and tannic acid B were determined according to
the Chinese Pharmacopoeia 2015 edition, wherein tanshinones
(Tanshinone IIA, Cryptotanshinone, and Tanshinone I) shall not
be<0.25% in total and tanshinolic acid B shall not be<3.0%.
Chromatographic analysis was performed with high-performance
liquid chromatography equipment (Agilent 1260 series, USA) on a
ZORBAXSB-C18 (4:6 mm x 250 mm, 5 um) column at a
temperature of 20°C. For salvianolic acid B determination, the
mobile phase consisted of acetonitrile (A) and 0.1% phosphoric
acid aqueous solution (B) in gradient elution mode for 20 min at
90% A with a flow rate of 1.0 mL min~" and an injection volume of
10 pL at a detection wavelength of 286 nm. The mobile phase was
composed of acetonitrile (A) and 0.02% phosphoric acid aqueous
solution (B): 0-6 min, 0%-61% A; 6-20 min, 61%-90% A; 20-20.5
min, 90%-61% A; 20.5-25 min, 61% A, with a flow rate of 0.8 mL
min ', a sample volume of 10 pL, and a detection wavelength of 270
nm (Liu et al., 2020a).

2.8 Determination of field yield and land
equivalent ratio

To measure land area efficiency when intercropping, Willey and
Osiru (1972) introduced the land equivalent ratio (LER) concept,
which reflects the yield of two crops as intercrops and as a
monocrop, which can be used to evaluate the suitability of two
crops for intercrop cultivation. It is:
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n o n

LER = pLER, + pLER, = — + —2

M, M,
where pLER is a partial land equivalent ratio, Y; and Y, are the
yields of seed 1 and seed 2 in interplanting, M; and M, are the yields

of seed 1 and seed 2 in single crop, respectively.

2.9 Data analysis

All statistical analyses were performed using various packages
in R version 3.3.0 (Vermeulen et al., 2013), including ANOVA tests
for multiple comparisons of soil microbial diversity, soil properties,
active ingredient content, and plant biomass. Root secretion aroma
diversity and evenness indices were compared among the groups by
unpaired f-tests. When p< 0.05, the means of the groups were
considered significantly different using the least significant
difference (LSD). Principal component analysis (PCA),
redundancy analysis (RDA), and heatmaps were generated using
the “ggplot2” package in the R platform. PCA regroups all the
metabolites originally identified linearly to form a new set of
variables to determine differences between the groups of samples.
To determine the proportion of variation in community structure
explained by environmental factors, microbial community
compositional components were determined by RDA, followed by
variance decomposition analysis (VPA). Heatmaps were used to
compare correlations between species abundance (OTUs) and
various indicators, including environmental factors, plant growth
parameters, and root base secretions.

3 Results

3.1 Effect of different planting methods on
S. miltiorrhiza growth and development

In commercial trade, S. miltiorrhiza yield, quality, and appearance
are very important for Salvia growers to achieve profitability. The S.
miltiorrhiza fresh weight index can represent its yield, while
hydrophilic and lipophilic components as well as root length and
diameter indicate its quality and appearance (Liu et al., 2020a). Inter-
root secretions between different plants had a significant effect on Salvia

10.3389/fpls.2023.1238896

morphology (Table 1), and Salvia dry weight in the SalviaSesame
treatment increased by 3.21% compared to that in Salvia|Sesame when
the plants were compared with and without the isolated treatment. S.
miltiorrhiza fresh weight, dry weight, and root diameter were
significantly decreased by inter-root secretions from maize, and all
Salvia growth indices were decreased in SalviaSoybean and
SalviaMaize compared to SalviaSesame. Overall, inter-root secretions
from sesame had the least effect on S. miltiorrhiza root development.
The combinations SalviaMaize and SalviaMaize significantly inhibited
growth, as Salvia fresh weight, dry weight, and root diameter decreased
by 46.29%, 46.77%, and 27.88%, respectively.

Active ingredient contents were compared under the six
cultivation combinations (Figure 3). There were no significant
differences in tanshinolic acid B. After SalviaSesame treatment, S.
miltiorrhiza tanshinones significantly increased, with the highest
levels of Tanshinone ITA, Tanshinone I, and Cryptotanshinone,
showing increases of 27.06%, 22.76%, and 26.41%, respectively,
compared to Salvia|Sesame. Sesame and Salvia cultivation
effectively increases accumulation of Tanshinone active ingredients.

3.2 Effect of different planting methods on
soil properties

In the potted soil after each treatment group (Salvia|Soybean,
SalviaSoybean, Salvia|Maize, SalviaMaize, Salvia|Sesame, and
SalviaSesame), there were no significant difterences in acidity
(Figure 4A), available P (Figure 4C), organic matter (Figure 4D),
and total nitrogen (Figure 4E). The highest available K (Figure 4B)
was found in SalviaSoybean (152.13 + 13.69), which was
significantly higher than available K in SalviaSesame (122.94 +
15.96), while there were no significant differences between plants
with and without compartment treatments.

3.3 Effect of different planting methods on
the S. miltiorrhiza inter-root
bacterial community

Mumina detected a total of 1,121,526 clean reads generated
from the 16S RNA gene in 18 samples, and a total of 8,654 OTUs

TABLE 1 Single plant yield and agronomic traits of Salvia Tanshinone under different cropping patterns (mean + S.E., n =5).

Treatments

Fresh weight (g)

Dry weight (g)

SalviaMaize
Salvia|Maize
SalviaSoybean
Salvia|Soybean
SalviaSesame

Salvia|Sesame

105.00 + 25.16d

195.50 + 5.26¢

227.50 + 9.57bc

255.00 + 62.45ab

288.50 + 53.75a

297.50 + 37.75a

38.93 + 9.51c

73.14 + 8.92b

79.19 + 2.88b

92.55 + 23.84ab

107.55 + 16.19a

104.20 + 20.04a

obet:’g:lk::ehres Root length (cm) Root width (mm)
12.60 + 3.21 2450 + 5.32a 9.70 + 2.16¢
13.60 + 5.08 32.25 +3.5% 1345 + 1.48b
16.20 + 4.66 30.95 + 4.73a 1201 + 1.65b
14.00 + 8.60 37.37 + 14.67a 13.55 + 1.24ab
1820 + 7.11a 30.50 + 5.26a 13.70 + 1.63a
13.80 + 3.27a 37.75 + 15.28a 13.97 + 0.95a

maize + Salvia completely isolated (Salvia|Maize), maize + Salvia without isolation (SalviaMaize), soybean + Salvia completely isolated (Salvia|Soybean), soybean + Salvia without isolation
(SalviaSoybean), sesame + Salvia completely isolated (Salvia|Sesame), and sesame + Salvia without isolation (SalviaSesame). Standard errors (S.E.). Boxes with various lowercase letters indicate
significant differences between various regimes based on the least significant difference (LSD) test (p< 0.05).
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Histogram of active ingredient content of Salvia miltiorrhiza (n = 5). (A) Salvianolic acid B, (B) Tanshinone IIA, (C) Tanshinone |, and
(D) Cryptotanshinone. Boxes with different lowercase letters indicate significant differences between various regimes based on the least significant

difference (LSD) test (p< 0.05).
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were identified in all samples. The Chaol index (a measure of a-
diversity) was significantly lower for SalviaSoybean and
SalviaMaize than for SalviaSesame, with SalviaSoybean having
the lowest (275.67 + 83.28¢c) number of species (Table 2). The
Shannon and Simpson indices indicated that bacterial diversity and
homogeneity were typically better for all treatments, with greater
variation for SalviaSoybean.

Additionally, there were differences in bacterial community
structure after the treatment in each group. The highest abundance
at bacterial phylum level was found in Proteobacteria (26.41%-
44.04%), Acidobacteriota (8.37%-26.88%), Gemmatimonadota
(4.62%-17.40%), Actinobacteriota (3.78%-9.13%), and
unclassified_Bacteria (2.28%-11.44%) (Figure 5A). Cyanobacteria
and Fusobacteriota significantly increased in the SalviaSoybean
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FIGURE 4
Inter-root soil factors under different cropping practices of Salvia and other crops (n = 3). (A) acidity, (B) available K, (C) available P, (D) organic matter,
(E) total nitrogen. Boxes with different lowercase letters indicate significant differences between various regimes based on the LSD test (p< 0.05).
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TABLE 2 Diversity indices of the inter-root microbial communities of Salvia miltiorrhiza under different cropping patterns (mean + S.E., n = 3).

Treatments ACE Chaol Simpson Shannon
SalviaMaize 398.67 + 28.57b 398.67 + 28.57b 0.9930 + 0.0010a 7.92 + 0.22a
Salvia|Maize 532.71 £ 15.01a 532.67 + 15.04a 0.9936 + 0.0016a 8.21 £ 0.21a

SalviaSoybean 275.67 + 83.28¢ 275.67 + 83.28¢ 0.9420 + 0.0317b 5.85 + 1.01b
Salvia|Soybean 524.72 + 39.22a 524.67 + 39.31a 0.9925 + 0.0012a 8.14 £ 0.07a
SalviaSesame 580.67 + 41.06a 580.67 + 41.06a 0.9947 + 0.0011a 8.46 + 0.15a
Salvia|Sesame 571.38 + 58.93a 571.33 + 58.96a 0.9937 + 0.0008a 8.36 + 0.17a

This shows the richness (ACE, Chaol) and diversity (Simpson, Shannon) of the bacterial community. Standard errors (S.E.). Boxes with various lowercase letters indicate significant differences

between various regimes based on the least significant difference (LSD) test (p< 0.05).

treatment, accounting for 29.11% and 4.34% of total community
abundance, respectively, while both did not exceed 0.1% in any other
treatment. SalviaMaize and SalviaSoybean bacterial community
abundance and number showed a significant decrease compared to
Salvia|Maize and Salvia|Soybean, while SalviaSesame and Salvial
Sesame bacterial community structure did not. There was no
significant difference in the structure of SalviaSesame and Salvial
Sesame bacterial communities. An RDA was performed to accurately
assess the relative effects of soil physicochemical properties (potential
of hydrogen, organic matter, total nitrogen, available P, and available
K) on the abundance and diversity of S. miltiorrhiza inter-rhizosphere

bacterial communities. The first two RDA components explained
51.48% and 19.94% of the overall variation, respectively. Furthermore,
potential of hydrogen, available P, available nitrogen, total nitrogen,
and organic matter appeared to play a crucial role in building bacterial
communities (Figure 5B). There was a negative correlation between
organic matter and RDA1 (70.64%), a direct correlation between
available P and RDA1 (59.13%), and a maximum contribution of
50.81% from total nitrogen to RDA2. This indicates that organic
matter, available P, and total nitrogen remain the key environmental
factors affecting Salvia inter-root microorganism abundance. The soil
environmental factor and microbial communities correlation analysis

A 100 51193 47069 49482 32089 41999 33319

Phylum

Others.

25

o

Salvia[Maize SalvialSe SalviaMaize SalviaS

FIGURE 5

Distribution and composition of bacterial communities at the gate level under different cropping patterns (n = 3). (A) Relative abundance of staple
microbial taxa on phylum level across all samples detected by 16S rRNA gene sequencing. The numbers above the bars indicate the number of
microorganisms classified at the phylum level according to the sequence composition of feature. (B) Redundancy analysis of soil microbial
communities and environmental parameters (RDA); arrows present the magnitude and direction of environmental factors associated with bacterial
community structure. (C) Heatmap of soil environmental factors and phylum level bacterial correlations. Negative correlations and positive
correlations are represented in blue and red. * indicates 0.01< p < 0.05, ** indicates 0.001< p < 0.01, *** indicates p < 0.001.
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revealed that the potential of hydrogen and Gemmatimonadota were
significantly negatively correlated (1* = 0.74; p< 0.001), and available K
and Patescibacteria were significantly negatively correlated (+* = 0.74;
p< 0.001) (Figure 5C).

3.4 Effect of different planting methods on
S. miltiorrhiza inter-root secretions

After analyzing the inter-root microbial community and
agronomic trait indicators of Salvia divinorum, we found that
sesame was the most promising plant to grow with it. The
relationship between sesame and S. miltiorrhiza inter-root
secretions was further analyzed by PCA, and there were similar
metabolites between SalviaSesame and Salvia|Sesame (Figure 6A).
The Salvia divinorum inter-root microbial community was
analyzed when the three crops were not isolated, and the lowest
microbial community o-diversity was under SalviaSoybean
treatment, while the highest microorganism abundance and
number were found under SalviaSesame treatment. This may be
due to different crops resulting in different inter-root S. miltiorrhiza
feedbacks. Analysis of SalviaSoybean and SalviaSesame inter-root
secretions revealed that 30 were significantly reduced in the
SalviaSoybean treatment (p< 0.05 and VIP > 1.5) (Figure 6B), of

10.3389/fpls.2023.1238896

which 18 belonged to the Human Metabolome Database (HMDB),
with lipids and lipid-like compounds, nucleosides and analogs,
organic acids and derivatives, organic oxides, and heterocyclic
compounds accounting for 4.05%, 26.56%, 2.84%, 15.20%, and
8.27%, respectively. The two lowest p-value secretions screened,
D-Sedoheptulose 7-phosphate and Nicotinamide-beta-riboside,
both belong to the organic oxide class, and comparing the
amounts of these two metabolites in SalviaSoybean and
SalviaSesame, the difference multiplicity (fold change) was
-1.63746 and -2.02996 (Figure 6C), respectively. The correlation
heatmap between S. miltiorrhiza yield, quality, and active
ingredients showed that lipids were significantly and negatively
correlated with yield (fresh weight and dry weight) and quality
(Tanshinone IIA, Tanshinone I, and Cryptotanshinone) (Figure 7).

3.5 Relationships between microbial
communities and Salvia root secretions,
growth, and development

To accurately assess the effects of microbial communities on
root secretions and S. miltiorrhiza growth and development, we
investigated the relationships between the main secretions
(lipids, nucleosides and analogs, organic acids and derivatives,
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FIGURE 6
Analysis of inter-root secretion differences in Salvia (n = 3). (A) Principal component analysis (PCA) of inter-root secretion between Salvia|Sesame, and
SalviaSesame. (B) Volcano plot depicting inter-root secretions between SalviaSesame and SalviaSoybean. (C) Fold change in the expression of inter-root
metabolites of Salvia miltiorrhiza between SalviaSesame and SalviaSoybean. (B) Each point in the graph represents a metabolite; the horizontal coordinate
represents the log2 value of the fold difference of a metabolite between the two samples; the vertical coordinate represents the logl0 value of the p-value.
Red points represent upregulated differentially expressed metabolites, blue points represent downregulated differentially expressed metabolites, and gray
points represent metabolites that were detected but did not meet the filtering parameters. (C) FC (fold change).
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Correlation heatmap depicting the relationship between the six major root secretions and Salvia miltiorrhiza growth and development (n = 3).
Negative correlations and positive correlations are represented in blue and red, respectively. * indicates 0.01< p < 0.05, ** indicates 0.001< p < 0.01,

*** indicates p < 0.001.

organic oxygen compounds, organoheterocyclic compounds,
phenylpropanoids, and polyketides), Salvia basic growth and
developmental indicators (fresh weight, dry weight, and number
of nucleosides), Salvia active constituents (Salvianolic acid B,
Tanshinone ITA, Tanshinone I, and Cryptotanshinone), and the
main microbial communities. Lipids and lipid-like molecules and
Bacteroidota, Chloroflexi, Nitrospirota, Planctomycetota, and
Proteobacteria were significantly negatively correlated (p< 0.05)
(Figure 8). Organic nitrogen compounds, root width, dry weight,
and Patescibacteria all showed significant positive correlations
(p< 0.05). Fresh weight, dry weight and Bacteroidota,
Planctomycetota were significantly positively correlated with each
other (p< 0.05). Interestingly, Bacteroidota, Planctomycetota, and
Patescibacteria were all significantly positively correlated with each
other (p< 0.05).

3.6 Field experiment yield and land
equivalent ratio

Compound planting of different plants and Salvia led to
differences in harvest yield and LERs. Averaging the data from
three replications, S. miltiorrhiza yield after intercropping maize,
soybean, and sesame was 9,817.20 £322.20, 14,817.451,950.15, and
15,739.65 +3,061.20 kg/hmz, respectively, while monocropping
maize, soybean, sesame, and Salvia yields were 17,385.001,967.7,
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3,432.45 £488.85, 1,800.15361.20, and 16,470.00 +3,616.80 kg/hrnz,
respectively. The lowest Salvia yield was after intercropping with
maize, where it was reduced by 40.44%. Salvia yield was reduced by
10.11% and 4.52% when intercropped with soybean and sesame,
respectively. The highest LER (1.82) was achieved with sesame and
Salvia intercropping, with pLER; and pLER,of 0.96 and 0.86,
respectively, and the lowest LER of 1.36 for soybean and Salvia
intercropping. Field experiments verified that sesame and Salvia are
a good intercropping combination.

4 Discussion

Compound planting patterns can effectively improve yield and
quality of many medicinal plants, such as Salvia and Angelica,
which are affected by successive crop barriers (Zhang et al., 2013;
Liu et al., 2020a; Maitra et al., 2021). Compared to monocropping,
Liu et al. (2018) showed that intercropping cultivation significantly
enhanced Salvia root fresh weight, dry weight, and lipid-soluble
component content. We showed that the combined planting of
maize and Salvia reduced Salvia yield, a result consistent with
previous studies (Lei et al., 2018); however, sesame and Salvia
intercropping significantly increased the tanninone content of
Salvia roots, while individual plant fresh and dry weight, root
diameter, and branch number all increased, as did the LER (1.82)
in field experiments. Many studies have demonstrated that soil
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Correlation heatmap analysis of the association between the relative abundance of bacterial phyla and major inter-root secretions, and Salvia
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correlations are represented by blue color and red color, respectively. Horizontal ordinate represents bacterial community abundance information,
and vertical ordinate represents inter-root secretion and Salvia miltiorrhiza growth and development indicators. * indicates 0.01< p < 0.05,

** indicates 0.001< p < 0.01, *** indicates p < 0.001.

factors are influenced by intercropping systems (Tang et al., 2020),
e.g., hydrogen potential and available P significantly increased in
both inter- and non-inter-rooted soils in the sugarcane-peanut
intercropping system study group (Pang et al.,, 2021). In this study,
there were no significant changes in potential of hydrogen, organic
matter, available P, and total nitrogen, which may be due to the soil
buffering effect, and/or the effects of plants on altering soil structure,
which often takes several years to complete (Fierer, 2017).
Intercropping systems similarly cause changes in inter-root
microbial community composition, which are mainly due to
fertilization (Guo et al,, 2020), crop type (Prommer et al., 2020),
and changes associated with crop diversity, such as root secretions
(Mommer et al., 2016) and soil environmental factors (Stefan et al.,
2021). High-throughput sequencing of 16S rRNA is now an
established approach (Bhakta et al., 2017) for deep exploration of
soil microbial community composition and abundance. Li et al.
(2022) found that Acidobacteriota and Proteobacteria were the
dominant phyla in the maize intercropping system, and
Proteobacteria relative abundance in the intercropped maize root
soil increased significantly, primarily due to interspecific root
interactions resulting in differences in bacterial community
structure during intercropping. Meanwhile, Wang et al. (2019)
showed that crop rotation and crop set could improve soil quality
and inter-root bacterial diversity to some extent, and Symbiodinium
relative abundance was higher in crop rotation and crop set than in
continuous crop. In our experiment, Proteobacteria (26.41%-
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44.04%) and Acidobacteriota (8.37%-26.88%) were the dominant
phyla, and interestingly, they (along with Salvia ketone content)
were significantly and positively correlated with the fresh and dry
weights of Salvia roots that were likewise positively correlated.
Meanwhile, alpha diversity of the S. miltiorrhiza inter-root
microbial community was highest in bacterial number and
abundance when sesame and S. miltiorrhiza were grown in
combination, while it was lowest when soybean and sesame were
grown in combination. Thus, microbial community structure
remains an important driver of S. miltiorrhiza root yield
and quality.

The soil environment is the primary influencing factor in
determining microbial community structure (Fierer, 2017). We
found through RDA that soil environmental factors explained
51.48% and 19.94%, respectively, of the first two RDA
components, which again confirmed previous studies. Available P,
organic matter, and total nitrogen made the highest contribution,
available P was the key factor affecting S. miltiorrhiza quality, and
root Tanshinone ITA concentration was significantly and negatively
correlated with soil effective phosphorus (Liang et al., 2021). Soil
phosphorus content is also an important factor in soil bacterial
2020b). Additionally, total
nitrogen is also considered the dominant factor in building

community formation (Liu et al,
microbial communities because it has key functions in cellular

metabolic processes, such as energy metabolism, protein synthesis,
and cell division (Rajan et al., 1991). Simultaneous analysis of soil
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environmental factors and microbial communities found that
potential of hydrogen was negatively correlated with
Gemmatimonadota, which is consistent with the findings of
Guo et al. (2017).

In addition to inter-root secretions being a key factor affecting
inter-root microorganisms (Wang et al,, 2022), root secretion-
induced autotoxin accumulation is also widely recognized as an
important contributor to crop succession disorders (Xu et al., 2015).
The study revealed correlations between inter-root secretion and
Salvia microbial communities as well as the Salvia growth and
development index. It was observed that lipids and lipid-like
molecules had a significant and negative correlation with Salvia
yield (fresh weight and dry weight) and quality (Tanshinone IIA,
Tanshinone I, and Cryptotanshinone). Additionally, lipids and
lipid-like molecules and Bacteroidota, Chloroflexi, Nitrospirota,
Planctomycetota, and Proteobacteria were also significantly
negatively correlated. In previous studies, different inter-root
secretions had different effects on shaping microbial community
structure (Li and Wu, 2018; Zhao et al., 2021). Therefore,
controlling lipids and lipid-like molecule contents in soil may be
an important way to improve Salvia root yield and quality and play
an active role in shaping Salvia inter-root microbial structure.

5 Conclusions

The present study demonstrates that the complex cultivation of
sesame and Salvia is not only a viable agricultural practice but also
an effective method for optimizing land resource utilization. When
sesame and Salvia are planted together, they can significantly
increase Salvia tanshinone content. Furthermore, the results of
our 16S rRNA sequencing analysis indicate that the number and
abundance of inter-root microbial communities in Salvia are
significantly higher when sesame and Salvia are planted together,
compared to when Salvia is planted with either soybean or maize.
Soil factors and inter-root secretions play important roles in
shaping the Salvia inter-root microbial community. In particular,
inter-root secretions had a significant influence on Salvia
miltiorrhiza yield and quality.
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