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Abstract
A growing problem in intensive agricultural systems is replanting disease. Application of bio-fertilizer
containing bene�cial microbes contributes to disease suppression and is a promising strategy to control
replanting disease. However, the effect of both replanting disease and bio-fertilizer amendment on the
assembly of crop microbiota in leaves and roots and their relationships to crop yield and quality remains
elusive. In these experiments, roots and leaves of Radix pseudostellariae were collected from different
consecutive monoculture and bio-fertilizer amended �elds and characterized the associated microbiota
by bacterial 16S rRNA gene sequencing and qRT-PCR. Consecutive monoculture altered the bacterial
community structure and composition and signi�cantly increased the abundance of pathogenic
Ralstonia and Fusarium oxysporum in leaves and roots. Furthermore, bio-fertilizer application alleviated
replanting disease by decreasing the pathogen load, increasing the bene�cial genera Pseudomonas,
Streptomyces, Paenibacillus, and Bradyrhizobium, and enhancing positive connections of the bacterial
community across the two compartments. Bio-fertilizer had a positive and indirect effect as indicated by
a structural equation models on both yield and quality by shaping the leaf microbiota rather than the root
microbiota. Our �ndings highlight the role of leaf and root microbiota on replanting disease, showing that
bio-fertilizer contributes to alleviating replanting disease by improving the plant-microbe interactions.

Introduction
80% of the 1.5 billion hectares of global agricultural cultivation can be attributed to monoculture of crops
cultivated on a large scale [1]. This has resulted in replanting disease arising as a problematic challenge
[2]. Replanting disease is considered to be a type of biological pollution that causes an increase in soil-
borne pathogens at the expense of plant-bene�cial microbes in the rhizosphere soil [3, 4]. Introduction of
bio-fertilizer containing bene�cial microbes is the principal strategy for the alleviation of replanting
disease [5, 6]. Previous studies have indicated the bio-fertilizer treatment increased the populations of
bene�cial Lysobacter and indigenous Pseudomonas in the rhizosphere soil to enhance plant pathogens
suppression [2, 6–8]. The research conducted to better understand the mechanisms underlying disease
suppression has mainly focused on the rhizosphere soil microbiota, including its composition and
diversity and its impact on the growth processes of crops [2, 6–8]. The soil microbiota has been proved to
be transported from the rhizosphere soil to the plant root and phyllosphere through xylem vessels and
aerosols [9, 10]. To date, less research has been focused on analyzing and characterizing the microbiota
of the leaves and roots, especially their responses to agricultural replanting disease and bio-fertilizer
remediation.

Recent studies have indicated that leaf and root microbial communities promote plant growth in above-
ground tissues by enhancing the disease resistance to pathogens, increasing the adaptation to abiotic
stresses, and improving nutrient acquisition and plant metabolic functions [11–14]. Long-term
application of organic and inorganic fertilization signi�cantly altered the phyllosphere microbial
community composition and diversity [15, 16]. Understanding the effect of agricultural management
practices on the distribution of leaf and root microbiome may clarify the potentiality of crop microbiota
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for agricultural sustainability and productivity. However, the community-level effect of phyllosphere
microbiota on plant health under different agricultural conditions remain elusive [11–14]. The emerging
progress on leaf and root microbiome will open a new avenue to regulate plant microbiota community
assembly and functions. With the growing interests to utilize the potential of plant microbiome for
sustainable agriculture production, an insight understanding of the effect of soil amendment on the plant
microbiome is highly desirable.

The focus of this study was Radix pseudostellariae, a highly-prized Chinese medicinal plant mainly
produced in Fujian, Guizhou, and Anhui Provinces of China. This species often suffers from serious
replanting disease [2, 3, 17]. Our aims were: (1) to assess the effect of consecutive monoculture on the
bacterial community structure and composition in leaves and roots; and (2) to evaluate the underlying
mechanism of the bio-fertilizer application in remediating replanting disease through the contribution of
microbial taxa in different compartments and via biological predictors of crop yield and quality.

Materials And Methods
The �eld experiments and plant sampling

Zherong City, Fujian Province, China (119°55 E, 27°17 N) was the site of the �eld experiment. We utilized
the R. pseudostellariae variety Zheshen 2. The experimental �eld was divided into four treatments, with
each treatment being conducted in �ve replicate plots. The four treatments were designed as follows: R.
pseudostellariae planted in never-planted soil, planted in one-year monoculture soil, planted in two-year
monoculture soil, and planted in two-year monoculture soil with bio-fertilizer treatment (Table S1).

The bio-fertilizer used in this study was a mixture of Bacillus spp. and Pseudomonas spp. that were
previously isolated from the soil of healthy R. pseudostellariae. These bene�cial bacteria exhibited high
antagonistic activity towards pathogens and a strong plant growth promoting capacity [18–20]. Based
on the solid fermentation method, the bio-fertilizer was prepared by incubating a mixture of these
bene�cial microbes in an organic mixture of soybean meal and �sh meal (2:1, w/w) [5, 21]. The bio-
fertilizer (500kg/666.7m2) was applied in the two-year monoculture R. pseudostellariae plots on
November 20, 2019. Planting took place on December 28, 2019 �nishing all of the R. pseudostellariae
plots and sampled on May 14, 2020. Local planting practices were used in R. pseudostellariae planting
and �eld management. In brief, the contents of fertilizers applied during the cultivation period were as
follows: urea, 668–1002 kg/hm2; fused calcium-magnesium phosphate (fertilizer), 1167–2333 kg/hm2;
potassium sulphate, 360 kg/hm2.

We collected the leaves and roots of R. pseudostellariae planted in �rst cropping year soil (FY), second
cropping year soil (SY), third cropping year soil (TY), and third cropping year soil with bio-fertilizer
treatment (BIO) on May 14, 2020 (Table S1). Each treatment consisted of �ve replicates. Leaves and
roots of R. pseudostellariae were cleaned using sterile water to aid removing loosely attached soil
particles and then further cleaned in sterile phosphate buffered saline for three times using continuous
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shaking at a speed of 180 rpm/min. After completing the washing procedure, leaves and roots were
further dried on sterile �lter paper and subsequently stored at − 80°C. The R. pseudostellariae yield in
2020 was obtained for each plot as the R. pseudostellariae productivity, and the contents of heterophyllin
B, total polysaccharide, and total saponin of roots were determined as the R. pseudostellariae quality.

The measurement of R. pseudostellariae quality

Content of heterophyllin B: The extraction of heterophyllin B followed a previously described method [22].
In addition, HPLC-MS (model: Thermo LTQ XL) was used to detect the contents of heterophyllin B in
different samples. The parameters of HPLC-MS were as follows. Ion Source: APCI; Scan Mode: negative
ion mode; Vaporizer Temp: 400°C; Sheath Gas Flow Rate: 50arb; Aux Gas Flow Rate: 20 arb; Sweep Gas
Flow Rate: 0 arb; Capillary Temp: 350°C; Capillary Voltage: -3 V. The mobile phase consisted of water (A)
and acetonitrile (B). The analysis was carried out with an elution gradient as follows: 0–2 min, 5–30% B;
2–12 min, 30–40% B; 12–15 min, 40–45% B; 15–16 min, 45–50% B; 16–20 min, 50–60% B; 20–22 min,
60–70% B; 22–22.1 min, 70–5% B; 22.1–26 min, 5% B.

Content of total polysaccharides: The total polysaccharide content was determined by water extraction
and alcohol analysis [23]. In brief, a glucose standard solution was prepared, and the standard curve was
drawn by the phenol-sulfuric acid method. The total polysaccharide was extracted by the above described
experimental method; the absorbance was determined by phenol-sulfuric acid color reaction, and the total
polysaccharide content was calculated according to the regression equation.

Content of total saponin: The extraction of saponin was performed using distilled water ultrasonic
extraction [24]. In brief, we used 70% ethanol as the extractant. The extract was �ltered after overnight
and then volatilized until completely dry. Thereafter, distilled water was added to the dried material, and
the solution was extracted with saturated n-butanol. The resultant extracts were pooled and evaporated
until completely dry at 4°C. Ginsenoside Rb1 was used as the standard solution. The resultant extracts
and standard solution were analyzed using a UV spectrophotometer at an absorbance of 560 nm. The
total saponin content was calculated according to the regression equation.

Genomic DNA extraction, PCR and sequencing
For genomic DNA preparation, frozen leaf and root samples were twice homogenized in a homogenizer,
and the genomic DNA was extracted using the FastDNA SPIN Kit (MP Biomedicals) based on the
manufacturer’s instructions. DNA concentrations were determined using Nanodrop (Thermo Scienti�c).
To characterize the bacterial community of leaves and root, we ampli�ed variable regions 5–7 (V5–V7)
using the speci�c primers 799F and 1193R [11]. The library was then sequenced on an Illumina Miseq
PE250 platform. The high-quality sequences were analyzed using the standard operating procedure in
QIIME2 (https://qiime2.org/). The bacterial species annotations were determined via the Silva database
[25].

Quantitative PCR analysis of Fusarium oxysporum
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The DNA from leaves and roots was extracted using the FastDNA SPIN Kit (MP Biomedicals). Five
replicates of each treatment were extracted. The abundance of pathogenic Fusarium oxysporum
(ITS1F/AFP308R) [26] was determined by using a CFX96 Real-Time system (Bio-RDA, US). The PCR
ampli�cation conditions were as described here: 3 min for denaturation at 95°C, 35 cycles of 50 s at 95°C,
45 s for annealing at 60.4°C, 60 s for elongation at 72°C, and 10 min for a �nal extension at 72°C.
Quantitative PCR was performed as previously described [18]. Five independent assays were performed
for each treatment.

Statistical analyses

The R software package was used to calculate all of the statistical analyses unless otherwise indicated.
Alpha diversity indices (Observed_species, Shannon, and Faith_PD) were calculated at the OTU level by
using the QIIME2 platform based on cumulative sum scaling normalization and sub-sampling. Principal
component analysis (PCA) was used to analyze the discrepancies among samples at the level of OTUs.
The differential abundances of microbial taxa were screened out by using analysis of variance (ANOVA)
and the least signi�cant difference (LSD) test (signi�cance level of P value < 0.05). Signi�cant differences
in the relative abundance of microbial taxa among all of the treatments were identi�ed using linear
discriminant analysis (LDA). Random Forest analysis was carried out with the “randomForest” package
to identify the main bacterial predictors of R. pseudostellariae yield and quality.

The co-occurrence networks were generated using the “igraph” package [27] in R 4.0.2. The networks
focused on the correlations with absolute values of Spearman’s coe�cient > 0.6 and p < 0.01. Networks
were visualized by the “Gephi” interactive platform (Ver 0.9.2, https://gephi.org). The correlations between
R. pseudostellariae yield and quality measures and microbial abundance were then evaluated using
Spearman’s rank correlation tests and visualizing by the TBtools platform [28].

Results And Discussion
Bio-fertilizer amendment shaping the R. pseudostellariae-associated bacterial community structure

Replanting disease is a typically negative feedback of plant-soil, and causes a signi�cant wreck in
mediating crop performance. In the current study, we found that bio-fertilizer application signi�cantly
increased the yield and quality (i.e., contents of heterophyllin B, total polysaccharide, and saponin) of R.
pseudostellariae compared to second- and third-year monocultures (Fig. 1). Then, we collected the
microbiota that were tightly attached to the surface and endogeny of leaves and roots. High-throughput
sequencing showed that the roots contained a signi�cantly higher alpha diversity of bacteria than the
leaves (Figure S1 and S2A). PCA revealed signi�cant differences in community composition between leaf
and root microbiota (Figure S2B). The bio-fertilizer treatment signi�cantly decreased the bacterial alpha
diversity in both leaves and roots compared to the third-year monoculture treatment (Fig. 2). The results
were in line with a previous study suggesting that the application of fertilizer would lead to lower bacterial
diversity in leaves [29]. Meanwhile, the PCA analysis showed that the bacterial community composition
was generally separated when comparing bio-fertilizer and different years of consecutive monoculture
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treatments in each of two compartments (Fig. 2C). This implied that the application of bio-fertilizer
altered the bacterial community structure in leaves and roots under agricultural �eld conditions.

Continuous monoculture and bio-fertilizer altered the R. pseudostellariae-associated bacterial community
composition

Continuous monoculture signi�cantly increased the dominant abundance of Proteobacteria and
Firmicutes and decreased the Actinobacterial phyla in leaves. Meanwhile, bio-fertilizer treatment
signi�cantly enhanced the abundance of Proteobacteria, Firmicutes, and the ratio of
Firmicutes/Proteobacteria and decreased Actinobacteria in leaves compared to the consecutive
monoculture treatments. In addition, the bio-fertilizer treatment signi�cantly lowered the abundance of
Proteobacteria and Bacteroidetes, and the bio-fertilizer treatment increased the abundance of
Acidobacteria in roots under the third-year monoculture treatment (Fig. 3). Although the key community
members of microbiotas were overlap in the leaves and roots, the overall bacterial community structure
and composition were different. In line with previous observations, the abundance of Firmicutes was
markedly reduced and Proteobacteria were enriched; this contributed to shaping the bacterial community
in leaves and subsequently causing leaf disease [13]. This result indicated that the bio-fertilizer might
in�uence the leaf and root microbial community, possibly through plant microbe–microbe interactions.

Ralstonia, Pseudomonas, and Paenibacillus were signi�cantly more abundant in leaves than in roots
(Figure S3 and S4). Continuous monoculture signi�cantly increased the abundance of pathogenic
Ralstonia and Fusarium oxysporum in the two compartments. However, the bio-fertilizer treatment
signi�cantly decreased the abundance of Ralstonia and F. oxysporum and increased Bradyrhizobium in
the leaves and roots under the third-year monoculture treatment. Previous studies have reported that
Ralstonia [30] and F. oxysporum [17] were among the most important plant pathogens. Pseudomonas [3],
Paenibacillus [31], Bradyrhizobium [32], and Streptomyces [33] have been recognized as microbial
antagonists and biological control agents in agricultural production. Furthermore, bio-fertilizer has been
shown to have a positive effect on the abundances of Pseudomonas and Streptomyces in roots and on
Paenibacillus in leaves compared to consecutive monoculture treatments, suggesting that newly
available habitat niches resulting from a relative decrease of pathogens can be �lled by functionally
different bacteria. The potential mechanisms and soil ecological processes that are responsible for these
�ndings might be the bio-fertilizer improving the rhizosphere micro-environment by increasing the
abundance of indigenous bene�cial microbes [7]. This could then alter the bacterial communities in roots
and leaves. The soil microbiome was previously shown to be the major source of the leaf bacterial
microbiota [10, 34–36]. Previous studies suggested that the microbes were able to be transported from
the rhizosphere soil to the plant phyllosphere through xylem vessels and aerosols [9, 10]. Therefore, we
assumed that the root microbiome might also serve as an important reservoir of bene�cial microbes for
leaves under bio-fertilizer treatment. Interestingly, the abundances of bene�cial Pseudomonas and
Paenibacillus were signi�cantly increased in the leaves under continuous monoculture treatment. This
might be due to the leaves harboring certain suppressive bacteria that can restrict pathogens and
increase resistance [14].
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Relationships between microbial communities and the yield and quality of R. pseudostellariae

Linear discriminant analysis (LDA) indicated that continuous monoculture tended to decrease the
indicator taxa in both compartments (Figure S5 and S6). Random forest regression modelling showed
that the genera belonging to Proteobacteria, Actinobacteria, and Firmicutes were incorporated as the
main biological predictors for yield and quality in the two compartments (Fig. 1E and 4). The genera
Pseudomonas, Ralstonia, Acidovorax, Conexibacter, and Streptomyces were the dominant predictors of
yield and quality. These bene�cial and deleterious biomarkers that have been shown to have a signi�cant
impact on microbial communities when comparing consecutive monoculture and bio-fertilizer treatments
and should be taken into consideration for new strategies to improve plant health and agricultural
productivity through suppressing the activity of pathogens and promoting bene�cial microbes. Our
results showed that the majority of the co-occurrence network connections were linked to phyla of
Proteobacteria, Actinobacteria, Bacteroidetes, Firmicutes, and Acidobacteria (Fig. 5). In addition, the
modularity values of networks decreased as the number of consecutive monoculture years increased
(Table S2). Previous studies have suggested modules as niches [37, 38], and the lower modularity values
may therefore be linked to stronger niche overlap and interspeci�c competition of leaf and root
microbiota under consecutive monoculture regimes. Moreover, the positive correlations of microbiota
under bio-fertilizer treatment were highest among all of the treatments (Table S2), suggesting that bio-
fertilizer treatment enhanced the ecological commensalism or mutualism of microorganisms.

Structural equation models (SEMs) indicated that consecutive monoculture treatment had a negative and
indirect effect on the yield and quality by in�uencing leaf and root microbiota (Fig. 6A). The bacterial
diversity and richness of roots had a signi�cant negative effect on the bacterial diversity and richness of
leaves under consecutive monoculture regimes, while the opposite pattern was observed under bio-
fertilizer application. This may be due to replanting disease decreasing cell density in leaves and roots
and causing malformed organs of R. pseudostellariae [24]. Furthermore, the addition of bio-fertilizer had
a more direct in�uence on leaf microbiota than on root microbiota, indicating that leaf microbiota was
more sensitive to bio-fertilizer than microbiota of the roots. This might be due to the root endophytes
being more in�uenced by host genetic control [39] or phyllosphere microbes being more vulnerable to
anthropogenic disturbance than soil microbes [34]. Spearman correlation analysis indicated that yield
and quality were negatively correlated with the abundance of potentially pathogenic Ralstonia in the two
compartments and positively correlated with bene�cial Pseudomonas, Streptomyces, and
Bradyrhizobium in roots (Fig. 6B). Moreover, the abundance of Ralstonia was signi�cantly negatively
correlated to bene�cial bacteria. The bene�cial microbiota also negatively affected the abundance of
pathogenic F. oxysporum (Fig. 7). This indicated that plant-microbe–microbe interactions in turn not only
impacted microbial abundance, but it also impacted plant disease by antagonizing plant pathogens.

Conclusions
Understanding the responses of leaf and root microbiomes under abiotic and biotic stimuli has recently
gained increased attention [14, 16, 34]. We provide novel evidence that consecutive monoculture and bio-
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fertilizer treatments signi�cantly in�uenced the microbial community structure and composition of R.
pseudostellariae across the two compartments. We thus highlight the �nding that application of bio-
fertilizer was able to promote the abundance of speci�c bene�cial microbes and provide protection
against the pathogens in leaves and roots, thereby improving the interaction of plant-microbes–microbes
and additionally alleviating serious replanting disease. Our results support the conclusion that the
management strategy led to changes in crop-associated microbiomes that may reduce crop disease and
promote crop productivity.
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Figure 1

Photographs, fresh yields and the contents of heterophyllin B, total polysaccharide, total saponin of R.
pseudostellariae under different treatments. FY: First cropping year of R. pseudostellariae; SY: Second
cropping year of R. pseudostellariae; TY: Third cropping year of R. pseudostellariae; BIO: Third cropping
year of R. pseudostellariae with bio-fertilizer treatment.
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Figure 2

Relative abundance of the differentially microbial phyla among all samples. The different letters in each
column indicate the signi�cant differences (LSD-test, p < 0.05, n = 5).
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Figure 3

Random Forest regression model shows the top 20 most important taxa of bacteria at the genus level in
leaves and roots samples as key drivers of heterophyllin B (A and B), total polysaccharide (C and D) and
total saponin (E and F), respectively.
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Figure 4

Alpha diversity of leaf (A) and root (B) bacteria under different treatments. Principal component analysis
of leaf and root bacteria (C). Distribution of bacterial phyla across all leaf and root samples (D). Random
Forest regression model showing the top 20 most important taxa of microbiota at the genus level in leaf
and root samples as key drivers of fresh yields (E). FYL, SYL, and TYL represent the leaves in the �rst,
second, and third cropping years of R. pseudostellariae, respectively; BIOL represents the leaves in the
third cropping year of R. pseudostellariae with bio-fertilizer treatment. FYR, SYR, and TYR represent the
roots in the �rst, second, and third cropping years of R. pseudostellariae, respectively; BIOR represents the
roots in the third cropping year of R. pseudostellariae with bio-fertilizer treatment.
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Figure 5

Network of co-occurring bacterial genera under altering treatments based on correlation analysis. FY:
First cropping year of R. pseudostellariae; SY: Second cropping year of R. pseudostellariae; TY: Third
cropping year of R. pseudostellariae; BIO: Third cropping year of R. pseudostellariae with bio-fertilizer
treatment.



Page 17/19

Figure 6

Correlation between the relative abundances of microbial genera and abundance of Fusarium
oxysporum.
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Figure 7

Structural equation models (SEM) evaluating the effects of consecutive monoculture and bio-fertilizer
treatments on plant microbiota and properties, respectively (A). Correlations between plant properties and
speci�c bacterial taxa based on Spearman correlation coe�cients (B). * p < 0.05, ** p < 0.01, *** p < 0.05.
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