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characteristics of strawberry root
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Quanhong Xue, Hangxian Lai and Qiao Guo*

College of Natural Resources and Environment, Northwest AGF University, Yangling, China

Introduction: Strawberry (Fragaria X ananassa Duch.) holds a preeminent
position among small fruits globally due to its delectable fruits and significant
economic value. However, strawberry cultivation is hampered by various plant
diseases, hindering the sustainable development of the strawberry industry.
The occurrence of plant diseases is closely linked to imbalance in rhizosphere
microbial community structure.

Methods: In the present study, a systematic analysis of the differences and
correlations among non-culturable microorganisms, cultivable microbial
communities, and soil nutrients in rhizosphere soil, root surface soil, and non-
rhizosphere soil of healthy and diseased strawberry plants affected by root rot
was conducted. The goal was to explore the relationship between strawberry root
rot occurrence and rhizosphere microbial community structure.

Results: According to the results, strawberry root rot altered microbial community
diversity, influenced fungal community composition in strawberry roots,
reduced microbial interaction network stability, and enriched more endophytic-
phytopathogenic bacteria and saprophytic bacteria. In addition, the number of
bacteria isolated from the root surface soil of diseased plants was significantly
higher than that of healthy plants.

Discussion: In summary, the diseased strawberry plants changed microbial
community diversity, fungal species composition, and enriched functional
microorganisms significantly, in addition to reshaping the microbial co-
occurrence network. The results provide a theoretical basis for revealing the
microecological mechanism of strawberry root rot and the ecological prevention
and control of strawberry root rot from a microbial ecology perspective.

KEYWORDS

Fragaria x ananassa Duch., root rot, culturable microorganisms, high-throughput
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1. Introduction

Strawberry (Fragaria x ananassa Duch.), a herbaceous plant belonging to the family
Rosaceae and the genus Fragaria, has gained prominence globally as a cultivated fruit due to its
short growth cycle, delightful taste, substantial consumer demand, and high economic returns.
In fact, strawberries are one of the most extensively cultivated fruit crops globally (Whitaker
et al., 2020). As the strawberry industry advances, the cultivation area of strawberry has
expanded, accompanied by prolonged planting durations. Consequently, challenges associated
with strawberry crop rotation have intensified, leading to the prevalence of various diseases.

Strawberry root rot is one of the major diseases encountered in strawberry production.
Strawberry root rot is caused by Phytophthora fragariae and various soil-borne pathogens,
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including Fusarium oxysporum and Rhizoctonia solani (Fang et al.,
2013; Juber et al., 2014; Chen et al., 2017b). When the disease is severe,
the entire strawberry garden is infected and the harvest is destroyed.
Strawberry root rot disease occurs rapidly, and the symptoms of the
diseased plants are not obvious in the early stages. In the middle and
late stages of the disease, the plants wither and wilt quickly, especially
after rain (Sanchez et al.,, 2013; Dinler et al., 2016). Preventative
measures constitute the primary approach of managing strawberry
root rot. The etiology behind the malady is multifaceted, encompassing
factors such as inadequate seedbed drainage, soil compaction and
salinization resulting from excessive fertilization, the accumulation of
harmful substances due to successive planting, and disruption of soil
microbial communities. Such factors collectively decrease plant
resilience, in turn triggering root rot occurrence (Osman and Osman,
2013; Shankar et al., 2014; Abbas et al., 2022).

Soil has an intimately intertwined relationship with plant health,
with its physical, chemical, and biological properties directly
influencing plant growth and development (Timmis and Ramos, 2021).
Within such a context, soil microorganisms have a pivotal role as
decomposers within the soil ecosystem. Soil microbes play vital roles
in plant growth, development, and stress resistance (Sun et al., 2017).
Philippot et al. (2013) defined the rhizosphere as an ecological system
comprised of the interactions among plant roots, rhizosphere soil, and
rhizosphere microbes. This triad forms a dynamically balanced
ecosystem that influences plant growth and health profoundly.
Monocropping disrupts the equilibrium through plant-soil negative
feedback, altering the soil environment and fostering plant disease (van
der Putten et al,, 2013). Imbalance and reduced adaptability within the
plant-root-microbiota-soil system underlies the continuous cropping
obstacle phenomenon (Cook and Baker, 1983; Weller et al., 2002).
Consequently, soil microbial community structure represents a key
indicator of soil health (Nannipieri et al., 2003).

Beneficial rhizosphere microbes establish symbiotic relationships
with plants in the roots. They participate in functions such as nutrient
absorption, immune defense, disease resistance, and growth regulation
in plants (Bulgarelli et al., 2013). Harmful microorganisms, conversely,
such as soil-borne plant pathogens, can adversely affect crops (Pieterse
etal,, 2014), by causing root infections and subsequently diminishing
crop yield and quality. Hence, understanding the microbial ecological
mechanisms underlying their occurrence is essential for effective
biological control of strawberry root diseases. Current research on
plant disease management mainly focuses on the suppressive effects
of chemical and biological control methods on pathogens
(Anandhakumar and Zeller, 2008; Parikka et al., 2017); however,
investigations on the mechanistic aspects of strawberry disease from
healthy and diseased root ecosystem perspectives are scarce. Therefore,
studying root ecosystem dynamics in the context of strawberry
continuous cropping and soil-borne disease carries significant
implications for biocontrol strategies.

The present study investigated differences in soil nutrients and
non-culturable and culturable microbial communities in rhizosphere
soil and root surface soil between healthy and diseased strawberries.
The aim was to shed light on the microbial ecological mechanisms
behind strawberry root rot occurrence and provide insights that could
facilitate their biocontrol. Furthermore, the bacteria isolated and
identified from the root surface and rhizosphere soil could provide
valuable resources for biocontrol and pave the way for further research
and development.
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2. Materials and methods
2.1. Soil sample collection and preparation

The soil samples from both diseased and healthy strawberry plants
were collected at the Strawberry Experimental Base in Huyi District,
Xi’an City, Shaanxi Province, China (latitude 34°6’5” N, longitude
108°31749” E, elevation 430 m, and an average annual temperature of
14.3°C). The strawberry variety used in the present study was
“Hongyan.” The progression of strawberry disease is illustrated in
Supplementary Figure 1. Field observations indicated that the roots of
diseased plants turned black, with reduced lateral root numbers. Upon
dissection, the central column of the infected plants exhibited a
distinct reddish-brown color, whereas in healthy plants, the central
column appeared yellowish-white (Supplementary Figure 2). Diseased
plants were selected based on clear strawberry root rot symptoms,
including wilting of the aboveground parts and reddening of the core
in the underground roots. Healthy plants were selected around the
diseased ones (within <1 m) and were characterized by robust growth.
There were six replicates for the diseased and healthy plants.

The strawberry root system was shaken to shake off the soil not
closely attached to the root system, and the rhizosphere soil closely
attached to the root system was collected as the rhizosphere soil. As
for the root surface soil, visible soil was removed, and the roots were
suspended in sterile distilled water. The mixture was subjected to
ultrasonic cleaning for 10 min (160 W, 30/30s). The resulting soil
solution was centrifuged at 12,000g for 10 min to remove the
supernatant, leaving behind the tightly adhered root surface soil
(Edwards et al., 2015; Khan et al., 2019). Non-rhizosphere soil was
collected randomly from six points within the 5-20 cm plow layer
that was not influenced by root presence. Rhizosphere, root surface,
and non-rhizosphere soil samples were stored at 4°C and —80°C for
subsequent soil microbial analyses. Additionally, some soil samples
were air-dried, ground, and sieved for use in soil nutrient and
enzyme activity analyses. Hereafter, the rhizosphere soil of healthy
plants is referred to as “HR,” the root surface soil of healthy plants
as “HS,” the rhizosphere soil of diseased plants as “DR;” the root
surface soil of diseased plants as “DS,” and the non-rhizosphere soil
as “NR”

2.2. Soil physicochemical property analysis

Following the collection described in section 2.1, the HR, DR and
NR soil sample were air-dried and ground, sieved through a 2-mm
and 0.25-mm sieve. The meticulously prepared soil samples were then
used for the determination of soil physicochemical indicators. Organic
matter content was determined using the potassium dichromate
volumetric method (Inclan et al., 2007). Total nitrogen content was
determined using the Kjeldahl method. Similarly, total phosphorus
content was assessed using the HClO,-H,SO, digestion method
followed by molybdenum antimony colorimetry. Total potassium
content was determined using the NaOH fusion-flame atomic
absorption spectrometry technique. Alkali hydrolyzable nitrogen was
quantified using the diffusion method (Restrepo et al., 2016). The
evaluation of rapidly available phosphorus was accomplished using
the sulfuric acid-molybdenum antimony colorimetric procedure.
Available potassium content was assessed using flame photometry.
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Finally, the pH of the soil samples was measured using the
potentiometric method (Read et al., 2003; Shrestha and Lal, 2011).

2.3. Determination of culturable soil
microbial abundance

The quantification of cultivable bacterial populations in the soil
was achieved using the plate dilution spread method. Bacteria were
cultivated on LB agar medium at 30°C for 72 h. Subsequently, bacterial
colony-forming units (CFUs) that developed on the counting plates
were converted into CFUs per gram of dry soil (CFU/g) to represent
microbial abundance. After enumeration, individual bacterial colonies
were carefully selected from the bacterial plates cultured from the
rhizosphere, root surface soil, and non-rhizosphere soil samples of
both diseased and healthy plants. The selected colonies were subjected
to purification and isolation, followed by thorough identification.

Bacterial Molecular Identification: Bacteria were inoculated into
liquid LB medium and placed in a constant temperature oscillating
incubator (30°C, 150 rpm) for 48 h until the culture medium became
turbid. DNA was extracted using the freeze-thaw method to obtain
DNA templates (Cullen and Hirsch, 1998). After extracting bacterial
DNA and conducting quality assessment using NanoDrop 2000
(Thermo Fisher Scientific, Wilmington, DE, USA), the extracted
bacterial genomes were used as templates for PCR amplification using
specific primers 27F/1492R targeting the bacterial 16S rDNA gene
(Lane, 1991). Amplification reactions (25-pL volume) consisted of
2xT5 Super PCR Mix (Basic) 12.5pL, forward primer (10uM) 1 pL,
reverse primer (10 pM) 1 pL, template DNA (100 ng)1 puL and DNase-
free water 9.5 pL. The PCR amplification was performed as follows:
initial denaturation at 94°C for 3min, followed by 30cycles of
denaturing at 95°C for 305, annealing at 58°C for 30s and extension
at 72°Cfor 455, and single extension at 72°C for 10 min, and end at
4°C. The obtained 16S rDNA sequences of the bacteria were aligned
with the NCBI nucleotide database through online BLAST comparison
(Zhang et al., 2010; BLAST: Basic Local Alignment Search Tool"),
providing insights into the genetic relationships among different
bacterial strains.

2.4. Soil DNA extraction and
third-generation long amplicon
sequencing

Each of the 24 samples, including “HS,” “DS;” “HR;” and “DR” had
6 replicates each were stored at —80°C. Microbial community DNA
was extracted according to the instructions of the E.Z.N.A.® Soil DNA
kit (Omega Bio-tek, Norcross, GA, United States). The extracted DNA
served as the template for the amplification of both the full-length 16S
rRNA gene and the full-length ITS region through PCR. After PCR
purification, the purified products were quantified using a Quantus™
Fluorometer (Promega, United States). Subsequently, adhering to the
sequencing requirements of each sample, the products were mixed at
corresponding proportions. Library preparation was conducted using

1 https://blast.ncbi.nlm.nih.gov/Blast.cgi
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the SMRTbell® Express Template Prep Kit 2.0 (PacBio, Menlo Park,
CA, United States), involving steps such as (1) DNA damage repair,
(2) end repair, and (3) adapter ligation. Sequencing was performed
using the Pacbio Sequel II System (Shanghai Meiji Biopharmaceutical
Technology Co., Ltd.). The resulting PacBio raw data were subreads,
and the Circular Consensus Sequence (CCS) sequences were obtained
using the SMRTLink 8.0 (PacBio) with parameters set as minfullpass
=3 and minPredictedAccuracy=0.99. To distinguish data from
different samples, barcode sequences were employed, followed by
length filtering to retain sequences ranging from 1,000 to 1,800 bp for
bacteria and 300 to 900 bp for fungi.

2.5. Data processing

The soil physicochemical properties and counts of cultivable
microorganisms indicators were analyzed for significant differences
among different soil samples using IBM SPSS Statistics 25 (IBM Corp.,
Armonk, NY, United States) using the Duncan’s test (p<0.05).
Analysis of high-throughput sequencing data was conducted on the
Cloud  Platform?
comprehensive procedures:

Majorbio using the following

Sequence quality control: Using UPARSE 7.1 (http://drive5.com/
uparse/version 7.1; Stackebrandt and Goebel, 1994; Edgar, 2013),
sequences were clustered into Operational Taxonomic Units (OTUs)
based on a 97% similarity threshold, with meticulous removal of
chimeric sequences. Moreover, the sequences annotated as
chloroplasts and mitochondria across all samples were systematically
excluded, followed by subsampling to ensure consistency in sample
sequence numbers.

Species annotation: Using the Silva138.1/16s_bacteria® (Dueholm
et al., 2020) and unite8.0/its_fungi (Release 8.0 http://unite.ut.ce/
index.php; Nilsson et al., 2019). the sequences contained in each
sample were meticulously aligned to determine the diversity of species
present, accomplished thorough species annotation.

Diversity analysis: Leveraging the MOTHUR software,' a
comprehensive suite of alpha diversity indices was computed for each
sample, including Shannon Wiener, Chaol, and Gini-Simpson
indices. For beta diversity analysis, the Bray-Curtis distance-based
Principal Coordinates Analysis (PCoA) was performed, yielding
graphical representations.

Microbial Through
amalgamation of bacterial and fungal species annotation data tables,

correlation network construction:
a curated set of species that exhibited presence in over 50% of all
samples was retained. The data were subjected to comprehensive
microbial correlation network analysis at the genus level, using the
Hmisc package in R-4.3.1 (R Foundation for Statistical Computing,
Vienna, Austria; Chen et al, 2017a). The evaluation entailed
computation of Spearman correlation coefficients, thereby generating
matrices containing correlation values (r) and significance levels (p).
Further refinement involved the inclusion of species data that satisfied
criteria with |r|>0.90 and p < 0.05, followed by importing the data into

2 https://cloud.majorbio.com
3 http://www.arb-silva.de

4 http://www.mothur.org/wiki/Calculators
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the Gephi software (version 0.10.1) for the construction of correlation
network graphs and the calculation of their topological properties.

Network natural connectivity assessment: Assessment of network
natural connectivity was performed using fastnc® (Peng and Wu, 2016;
Wu et al, 2021). This involved rigorously testing the network’s
resilience by randomly eliminating nodes within the network, ranging
from 1% to 99%, through an iterative simulation process conducted
1,000 times. The resulting averaged values were then utilized for the
calculation and evaluation of the networK’s natural connectivity and
overall stability.

Functional prediction: The FAPROTAX database was used for
comprehensive 16S functional analysis to predict functional attributes
(Sansupa et al., 2021). Additionally, the FUNGuild database was
harnessed for the systematic prediction of ITS functional attributes
(Nguyen et al., 2016).

3. Results
3.1. Soil physicochemical properties

The various physicochemical properties of strawberry root
rot-diseased plant rhizosphere soil, healthy plant rhizosphere soil, and
non-rhizosphere soil are presented in Table 1. As shown in the table,
significant differences were observed in TN (total nitrogen) and AN
(available nitrogen) between HR and DR (p<0.05), while other
physicochemical indicators showed minimal differences and were not
statistically significant. HR and DR exhibited higher TN, SOM (Soil
Organic Matter), and OP (Olsen Phosphorus) values than NR. The pH
of HR and DR was significantly higher than that of NR (p<0.05).
However, AK (available potassium) content was higher in NR than in
both HR and DR.

3.2. Soil microbial diversity

Using high-throughput sequencing technology, a total of
1,348,655 fungal sequences with 849,575,807 bases and an average
sequence length of 629bp, as well as 890,840 optimized bacterial
sequences with 1,286,151,991 bases and an average sequence length
of 1,443 bp, were obtained from 24 samples of healthy strawberry
rhizosphere soil, healthy plant root surface soil, diseased plant
rhizosphere soil, and diseased plant root surface soil. A total of 19,851
fungal OTUs and 4,728 bacterial OTUs were generated from the 24
soil samples.

Soil microbial community diversity in different ecological niches
of healthy strawberry plants and those affected by root rot are
illustrated in Figure 1. The results reveal diversity variations in fungal
and bacterial communities among different soil samples. The alpha
diversity of fungal communities in both Ds and DR was higher than
those in HS and HR; however, there were no significant differences in
alpha diversity among different ecological niches (root surface soil and
rhizosphere soil) for either healthy or diseased plants (Figure 1A). The
alpha diversity of bacterial communities exhibited distinct trends

5 https://github.com/wqssf102/fastnc
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TABLE 1 Physical and chemical properties of rhizosphere soil of healthy
plants, rhizosphere soil of diseased plants, and non-rhizosphere soil of
strawberry.

Treatment ‘ HR ‘ DR ‘ NR

TN (g/kg) 1.06+0.08a 1.02+0.04ab 0.96+0.01c
SOM (g/kg) 19.15+2.15a 19.07+0.85a 17.50+0.34a
AN (mg/kg) 72.93+4.75a 68.99+4.26a 72.93+3.51a
OP (mg/kg) 26.58 +2.66a 26.63+7.91a 20.96+ 1.46a
AK (mg/kg) 123.83+11.88a 123.83+7.20a 131.17+5.61a

pH 6.59+0.21a 6.54+0.20a 6.25+0.04b

Values followed by different letters within the columns are significantly different according to
Duncan’s Test (p <0.05), HR, DR and NR are healthy rhizosphere soil, diseased rhizosphere
soil, and non-rhizosphere soil, respectively.

when compared with those in fungal communities. In the root surface
soil, the alpha diversity of bacterial communities showed no significant
difference between healthy and diseased plants. However, in
rhizosphere soil, the alpha diversity of HR bacterial communities was
significantly higher than that of DR bacterial communities (p <0.05;
Figure 1B).

Principal coordinates analysis (PCoA) results based on Bray-
Curtis distance are illustrated in Figure 1C for fungal communities,
revealing no significant differences among soil samples. In contrast,
for bacterial communities (Figure 1D), there were no significant
differences in beta diversity among bacterial colonies in root surface
soil between healthy and diseased plants (p>0.05). However,
significant differences were observed in bacterial community beta
diversity between healthy and diseased plants in rhizosphere soil
(p=0.041, Adonis test).

3.3. Soil microbial species composition

In the fungal community, Basidiomycota (50.05%-71.13%) and
Ascomycota (25.05%-42.17%) were dominant phyla across all soil
samples. Additionally, the top 10 genera in terms of species abundance
are listed (Supplementary Figure 3). Dominant genera included
Clitopilus ~ (32.20%-47.75%),  Solicoccozyma  (5.94%-16.42%),
unclassified_c_Agaricomycetes (6.89%-13.72%), Trichoderma (2.95%—
4.99%), and Colletotrichum (0%-6.01%), as shown in Figure 2A.

There were pronounced differences in fungal community
structure between healthy and diseased plants. Conversely, fungal
community structures in different ecological niches of strawberry soil
exhibited similarity. In diseased strawberry plants, the relative
Clitopilus,  unclassified_c_
Agaricomycetes, and Pilidium decreased, while the relative abundances

abundances of Basidiomycota,
of Ascomycota, Rozellomycota, Trichoderma, and Colletotrichum
increased when compared with those in healthy plants. Notably, the
relative abundances of the genus Colletotrichum in DR and DS were
6.96 and 6.01%, respectively, whereas it was less than 1% in HR and
HS. The observation might be linked to the occurrence of strawberry
root rot.

In the case of bacterial community (Figure 2B), Proteobacteria
(31.43%-51.13%), Firmicutes (9.41%-27.31%), Acidobacteriota
(8.59%-14.05%), Actinobacteriota (5.81%-6.74%), Planctomycetes
(3.33%-5.94%), and Bacteroidota (2.54%-5.58%) were the dominant
phyla across all soil samples. Additionally, the top 10 genera in terms
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FIGURE 1
Microbial alpha diversity. The a-diversity indices of soil fungal (A) and bacterial (B) communities in the root surface soil and rhizosphere soil of healthy
and diseased strawberry plants. (C,D) Comparison of beta diversity related to root surface soil and rhizosphere soil between healthy and diseased
strawberry plants, (C) fungal beta diversity; (D) Bacterial beta diversity. Alpha diversity: The horizontal bars within boxes represent medians. The tops
and bottoms of boxes represent the 75th percentiles and 25th percentiles, respectively. The asterisk above the horizontal line represents a significant
difference between the two groups, *p <0.05, **p < 0.01, and ***p < 0.001. Beta diversity: Different color points represent the samples in each group,
and the circle in the figure is a confidence ellipse at a confidence level of 95%.

of species abundance are listed (Supplementary Figure 3). Dominant
genera included Bacillus (5.00%-20.80%), Sphingomonas (2.22%—
5.64%), uncultured_f Gemmatimonadaceae (1.92%-4.67%), and
Novosphingobium (0.40%-5.35%) at the genus level.

In the comparison between diseased and healthy strawberry
plants, there was a decrease in the relative abundance of Firmicutes in
the root surface soil of diseased plants (Figure 2B). Although the
species composition of most bacteria showed no significant differences
between diseased and healthy plants, bacterial community structure
exhibited significant differences among the different ecological niches
within healthy or diseased plants, indicating that different ecological
niches of strawberry roots have specific effects on bacterial taxa
selection. In other words, bacterial community assembly in strawberry
roots is primarily driven by organ-specific ecological niches. The
occurrence of strawberry disease has minimal impact on root bacterial
community structure.

Frontiers in Microbiology
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3.4. Soil microbial co-occurrence networks

To delve into the interconnectivity within the root-associated
microbial communities of healthy and diseased soils, a comprehensive
co-occurrence network analysis was conducted. Within the networks,
the fungal nodes predominantly stem from eight distinct phyla,
among which Basidiomycota, Ascomycota, and Rozellomycota exhibit
widespread distribution. With regard to bacteria, nodes predominantly
hail from 11 diverse phyla, with Proteobacteria, Firmicutes,
Acidobacteriota, and Actinobacteriota displaying high prevalence
(Figure 3). Additionally, the topological properties of the microbial
co-occurrence networks in the rhizosphere soil of healthy and
diseased  strawberry plants were computed separately
(Supplementary Table 1). The microbial interaction network in the
diseased plants had higher node and edge numbers than those in the

healthy plants, indicating a more intricate network. However, the
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FIGURE 2

Microbial community composition of the root surface soil and rhizosphere soil of healthy and diseased strawberry at the phylum level, (A) fungal

community composition; (B) Bacterial community composition.

HS DS HR DR

diseased plant network had lower modularity and higher average
path length.

The keystone species were evaluated by calculating the intra-
module connectivity (Zi) and inter-module connectivity (Pi) of nodes
in the network. The proportions of module hubs in the co-occurrence
networks of HS and HR were 1.63% and 2.61%, respectively, which
were higher than those in the co-occurrence network of DS and DR
(1.56% and 1.42%, respectively). The proportions of connecting nodes
(Connectors) of HS and HR were 53.67% and 52.54%, respectively,
which were also higher than those of DS (53.13% and 49.36%,
respectively; Figure 4A). The results show that the connectivity within
and between modules of healthy plant soil co-occurrence network
were higher.

The resistance of the microbial interaction network to plant
infection and network structure stability were tested by removing
nodes to alter the natural connectivity of the network. The results
showed that by removing the same proportion of nodes, the natural
connectivity of the microbial interaction network of the healthy plant
had a gentler downward trend than the natural connectivity of the
diseased plant (the slope of the fitting curve was lower; Figure 4B),
indicating that the microbial interaction networks in HS and HR had
higher network stability and higher resistance to adversity than those
of DS and DR.

3.5. Soil microbial functional prediction

By employing FAPROTAX, a comprehensive functional
prediction was conducted on the bacterial communities within the
root systems of both healthy and diseased strawberry plants. A total
of 60 functional categories were anticipated across all soil samples,
among which a plethora of bacterial functional types exhibited
significant enrichment, including chemoheterotrophy, aerobic
chemoheterotrophy, nitrogen fixation, ureolysis, nitrate reduction,
plant pathogen, and chitinolysis. Analysis of functional classification
discrepancies between the root-associated bacteria of healthy and
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diseased strawberry plants was performed using the Kruskal-Wallis
rank-sum test, subsequently revealing distinctly altered bacterial
functional assemblages in root surface soils (p<0.05; refer to
Figure 5A). The findings unveiled prominent differences in bacterial
functional pathways across different soil samples. Notably, the relative
abundance of aromatic hydrocarbon degradation bacteria was
significantly higher in the root surface soil of diseased plants than in
soils of healthy plants. Furthermore, in the rhizosphere soil of diseased
plants, there was a significant reduction (p<0.05) in the relative
abundance of photoautotrophy and predatory or exoparasitic bacteria,
while the relative abundance of the plant pathogen type displayed a
notable increase when compared with that in healthy plants (p <0.05).

Utilizing FUNGuild for functional prediction analysis of fungi
within the rhizosphere and root surface soils of both healthy and
diseased strawberry plants, a total of 17,574 OTUs were annotated
into seven nutritional guilds, including Pathotroph, Symbiotroph,
Pathotroph-saprotroph-Symbiotroph, Pathotroph-Saprotroph,
Pathotroph-Symbiotroph, Soprotroph, and Soprotroph-Symbiotroph.
Using the Kruskal-Wallis rank-sum test for prediction of functional
subcategories of soil fungi, notable differences were observed between
diseased and healthy plants at the root surface soil level (Figure 5B).
Specifically, the Leaf Saprotroph guild in the root surface soil of
diseased plants surpassed that of healthy plants at a highly significant
level (p <0.01). In the rhizosphere soil, the relative abundance of Leaf
Saprotroph guild was also significantly higher in diseased plants. In
addition, notably, the relative abundance of Endophyte-Plant Pathogen
in diseased plants was significantly higher (p<0.01), suggesting a
direct correlation with the onset of strawberry plant disease.

3.6. Isolation and identification of
cultivable soil microorganisms

The number of bacterial taxa in diseased plants was higher than

that in in healthy plants. Additionally, the number of isolated bacteria
in different ecological niches of strawberry roots had the following
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order: root surface > rhizosphere > non rhizosphere (p <0.05). The
quantity of bacteria in the root surface of diseased plants was
significantly higher than that in healthy plants, as depicted in
Figure 6A (p<0.05). In the present study, further isolation and
purification were carried out on the dilution plate-isolated bacteria,
resulting in a total of 912 strains. After removing redundancy through
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analysis of 16S rDNA gene similarity, 192 bacterial species were
identified. The 192 strains were distributed across four phyla, six
classes, 20 orders, 41 families, and 75 genera.

Culturable bacteria in strawberry root surface soil belonged
primarily to the phyla Actinobacteria, Bacteroidetes, Proteobacteria,
and Firmicutes, with Actinobacteria being more prevalent in the HR
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(Figure 6B). Furthermore, species-level richness Venn diagram and
species abundance pie chart were generated (Supplementary Figure 4).
Among the microbial isolates from DR, the greatest diversity was
observed in prokaryotic microorganisms. Notably, certain species,
such as Pseudomonas alcaligenes (3%), Pseudomonas aeruginosa (2%),
and Chryseobacterium cucumeris (2%), were isolated exclusively from
the DR. Luteimonas panaciterrae, a ginseng-associated bacterium, was
detected at a proportion of 4% in the root surface of healthy plants but
was absent from other soil samples.

4. Discussion

Soil physicochemical characteristics are crucial indicators of soil
quality. In the present study, there were no significant differences in
most physical and chemical indexes between HR rand DR; however,
there were significant differences in TN (total nitrogen), SOM (soil
organic matter), OP (Olsen phosphorus), and AK (available
potassium) between HR and DR, and NR. The variations in soil
physicochemical properties across different root ecological niches
were much more substantial than the differences between healthy and
diseased plants. Notably, the pH values of both HR and DR were
significantly higher than that of NR (p <0.05), Soil pH can directly
reflect soil acidity and alkalinity, and rhizosphere soil has a certain
buffering capacity for pH changes. Roots can compensate for
unbalanced cation-anion absorption at the soil-root interface by
releasing H* or OH ~, thereby significantly changing rhizosphere pH
(Riley and Barber, 1969). Youssef and Chino (1989) found that the
difference in rhizosphere and non-rhizosphere soil pH was more
dependent on plant species and initial non-rhizosphere soil pH, rather
than nitrogen source or nitrogen application level. Root-mediated pH
changes involve many basic processes and a variety of environmental
factors (Hinsinger et al., 2003). The interaction between soil pH and
strawberry roots needs further study. A deficiency in soil elements
such as N, P, and K increases plant disease risk significantly (Walters
and Bingham, 2007). Significant differences in TN and AN (available
nitrogen) were observed between HR and DR, which is consistent
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with the findings of Liao et al. (2022) in their study on root rot disease
in Sichuan pepper plants, where they observed significant reductions
in TN and AN levels in the rhizosphere soil of diseased plants when
compared with healthy ones. The trends suggest correlation between
soil TN and AN and the occurrence of strawberry plant disease.
However, further experimental validation is required to definitively
establish and explain the relationship.

The intricate interplay of root-associated microbial communities
has a pivotal role in host plant immunogenic defense (Stringlis et al.,
2018). Such communities not only suppress disease (Carrion et al.,
2019) but also provide essential nourishment (Zhang et al., 2019) and
safeguard against both biotic and abiotic stresses. Therefore, alterations
in soil microbiota can serve as indicators of plant growth conditions
and serve as a crucial metric for gauging soil health (Lehmann et al.,
2020). High-throughput sequencing revealed notable discrepancies in
fungal species composition between diseased and healthy strawberry
plants. Conversely, within the diverse ecological niches of the
strawberry root system, the variance in fungal species composition
remained modest. Among diseased plants, the relative abundances of
dominant phyla such as Basidiomycota and Clitopilus were markedly
lower when compared with those in healthy plants. Conversely, the
relative abundances of phyla such as Ascomycota, Rozellomycota, and
genus Trichoderma were elevated significantly in diseased plants. This
is similar to Yang et al. (2020) who found that the relative abundance
of Ascomycota in strawberry plants increased by 20% after infection
with powdery mildew, while the relative abundance of Basidiomycota
decreased by 20%. The trends are consistent with the findings of
Zheng et al. (2022) who reported reduced abundance of Basidiomycota
in healthy tobacco roots when compared with that in tobacco afflicted
by Rhizoctonia root rot. Moreover, the congruence with the findings
of Guetal. (2020) on tomato plants underscores the interconnectedness
between decreased Basidiomycota and increased Ascomycota
abundances in DR. The results indicate that the decrease and increase
in relative abundance of Ascomycota and Basidiomycota were closely
related to plant disease. However, whether the relationship between
Basidiomycetes and Ascomycota is nutritional, attributable to niche
competition, or antagonistic needs to be verified further. Notably, at
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the genus level, the relative abundance of Clitopilus decreased by
15.39% in DR, while the relative abundance of Colletotrichum
increased by 6.01%, when compared with HR. The increased presence
of Colletotrichum could potentially be a direct cause of strawberry
disease. Colletotrichum spp., causing anthracnose, poses a devastating
threat to various crops globally, and extensive research indicates that
Colletotrichum is a major pathogen in strawberry fields. Anthracnose
is likely to occur throughout the growth cycle of strawberries (Curry
etal., 2002; Rahman and Louws, 2017). The increased Colletotrichum
relative abundance could be a significant factor triggering strawberry
disease. Bacterial species composition varies significantly across
different ecological niches within the strawberry root system.
However, the differences between diseased and healthy plants are
minimal, with only Firmicutes exhibiting lower relative abundance in
the rhizosphere and root surface soils of diseased plants when
compared with those of healthy plants.

The alpha diversity of fungal communities in diseased plants
surpassed that in healthy plants. Simultaneously, differences in alpha
diversity indices among various ecological niches within the
strawberry root system are less conspicuous. The beta diversity of root
surface soil and rhizosphere soil from diseased plants clusters within
a shared confidence interval, implying high fungal similarity within
the diseased plant rhizosphere. Previous studies suggest a negative
correlation between fungal quantity/diversity and soil health, as
certain fungi can hamper plant growth by disrupting root systems,
thereby impacting plant vitality (Yim et al., 2013; Emmett et al., 2014).
Siegieda et al. (2023) found that the alpha diversity index of strawberry
fungal community in non-rhizosphere and rhizosphere soil was
higher than that of healthy plants. At the same time, Su et al. (2022)
found that the rhizosphere soil microbial community diversity and
richness of strawberry anthracnose plants were higher than those of
healthy strawberry rhizosphere soil, which was consistent with the
results of this study. Conversely, bacterial community alpha diversity
follows a distinct trend when compared with fungal communities. No
marked distinction is evident between the root surface soils of

Frontiers in Microbiology

diseased and healthy plants. However, significant differences are
observed in the bacterial alpha diversity indices across distinct
ecological niches within the strawberry root system under similar
treatment. There are few studies on the microorganisms of different
niches of strawberry roots, and the research on different niches of
other plant roots is referred to. The finding is consistent with Wang
et al. (2023), who noted that changes in hydrodynamics and
physicochemical properties can alter microbial diversity in aquatic
environments significantly, but it does not change the alpha diversity
of rhizosphere and endophytic bacteria significantly.

Research has indicated significant variations in bacterial
communities across different ecological niches in tomatoes (Han et al.,
2020). Gdanetz and Trail (2017) affirmed that wheat microbial
community establishment is influenced predominantly by location-
based ecological niches and host species, with minimal impact from
soil, climate factors, or fertilization practices. The alpha diversity of
bacteria in the rhizosphere of diseased plants was lower than that of
healthy plants, but it did not reach a significant level, which was
contrary to fungal diversity. In summary, in comparison to healthy
plants, diseased plants display elevated fungal diversity and
decreased =bacterial diversity. Furthermore, fungal communities
exhibit consistent patterns in both species composition and diversity
across different ecological niches within the root system. In contrast,
bacterial communities display significant variations among the niches,
demonstrating a gradient within the root environment, indicative of
regional stability. This might reflect bacterial adaptation to long-term
environmental change (Gibbons et al., 2014; Liu et al., 2018).
to depict the
interrelationships among microorganisms, we employed perturbation

Using co-occurrence networks intricate
of natural network connectivity through random node removal to
evaluate network structural stability. The results revealed a stability
ranking for microbial interaction networks across the treatments as
follows: HR>HS>DR>DS. The results show that the microbial
interaction network has large difference in community stability
between diseased plants and healthy plants, and there are differences
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in different niches of strawberry roots. Fungal community diversity of
the diseased plants increased, and the microbial interaction network
was more complex than that of the healthy plants; however, microbial
interaction network stability was reduced and the degree of
modularization was low. The higher the degree of network modularity,
the greater the number of modules in the network. When the
interactive network is subject to external interference, the existence of
such modules can control the interference within one module and
avoid its spread to other modules (Wang et al., 2016). Such findings
underscore that the rhizosphere microbial community of healthy
strawberry plants possesses a certain degree of structural and
functional stability. However, mere diversity and richness are
insufficient to ensure the stability of microbial community structure
and function. Therefore, the microbial community in the rhizosphere
of healthy plants exhibits greater resilience and stability when
confronted with pathogenic interference.

Significant enrichment was in the Endophyte-Plant Pathogen,
Leaf Saprotroph, and other Saprotroph guilds in diseased plants was
observed following FUNGuild prediction analysis. The observations
are likely associated with the decomposition of root tissues following
plant infection. In addition, functional prediction analysis of bacterial
communities within the root surface soils of healthy and diseased
strawberry plants using PAFPROTAX revealed marked enrichment in
aromatic hydrocarbon degradation and plant pathogenic functional
categories in the diseased plants. Notably, previous studies have shown
that Pseudomonas species possess aromatic compound-degradation
capacity (Lunt and Evans, 1970; Ahmed and Focht, 1973).
Additionally, earlier cultivation-based investigations have reported
notable presence of Pseudomonas in the root surface soil of diseased
plants, encompassing species such as Pseudomonas putida,
Pseudomonas  alcaligenes, and  Pseudomonas  umsongensis.
Pseudomonas putida, in particular, has found extensive applications in
industrial pollution mitigation (Henriquez et al., 2023) and serves as
a biological control agent against pathogens (Ashajyothi et al., 2023).
Furthermore, a recent study (Vi et al., 2022) revealed that benzola]
pyrene (BaP) addition enriched microbes associated with aromatic
compound degradation (Sphingomonas, Bacilli, Fusarium). Overall,
the findings suggest that upon exposure to pathogens, strawberry
plants might secrete specific root exudates, consequently fostering the
enrichment of aromatic hydrocarbon-degrading bacteria. Conversely,
in the rhizosphere of healthy plants, substantial enrichment of
predatory or exoparasitic and photoautotrophic guilds was observed.
Notably, following plant infection, root-associated bacterial
communities shifted from autotrophic to saprotrophic guilds.

In the present study, bacterial groups were isolated and the number
of microorganisms in the rhizosphere and root surface of both healthy
and diseased plants was much greater than that in the non-rhizosphere.
This is because the secretions produced by the root system can be used
as a nutrient source by microbes for growth and reproduction (Bais
etal., 2006). Consequently, due to root exudates, microbial abundance
exhibited the following pattern: root surface microbes > rhizosphere
microbes > non-rhizosphere microbes, suggesting a higher level of
connection between plants and root surface microbes than with
rhizosphere and non-rhizosphere microbes. Moreover, the quantity of
root surface microbes in diseased plants exceeded that in healthy plants
significantly. This might be linked to the degree of disease progression,
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as during the middle to later stages of disease, root rot releases organic
substances that provide nutrients, resulting in substantial bacterial
reproduction. Furthermore, there was a substantial increase in
Actinobacteria in the rhizosphere of healthy plants. Considering soil
Actinobacteria often produce antibiotics and promote plant growth
(Zhao et al., 2023), they play a crucial role in generation of soil-borne
antimicrobial substances. The decrease in the proportion of soil
Actinobacteria can lead to weakened soil disease resistance and
influence the regulation of soil microbial ecology (Doumbou et al.,
2001). Further isolation and identification of bacteria showed that the
relative abundance of Pseudomonas alcaligenes, Pseudomonas
aeruginosa, and Pseudomonas putida in the root surface of the diseased
plants was relatively high, and Pseudomonas putida could easily
degrade and utilize aromatic compounds and other substances (Furuno
et al, 2010). In addition, Li (2019) observed that
1-aminocyclopropane-1-carboxylate (ACC) is a major component of

et al
plant rhizosphere secretions and can be chemotactic for Pseudomonas
putida. Therefore, when strawberry is attacked by pathogens, some root
exudates will be secreted to attract Pseudomonas putida to colonize
roots, and the key substances need to be explored further. In such a
context, various indicators suggest that saprotrophic bacteria increase
substantially in the rhizosphere soil of diseased plants, while a decrease
in Actinobacteria implies weakened soil disease resistance, enhanced
pathogenicity, microbial community imbalance, and degraded soil
microbial ecosystem.

5. Conclusion

In the present study, the relationship between strawberry root rot
occurrence and rhizosphere microbial community structure was
explored across different rhizosphere soil and root surface soil niches
in healthy and diseased strawberry. According to the results, incidence
of strawberry root rot influenced microbial community diversity and
drove fungal community composition in strawberry roots. However,
the different niches selected specific bacterial groups, while the
incidence of strawberry root rot had minimal effect on the bacterial
community structure of strawberry roots. After strawberry was
infected with pathogens, microbial interaction network stability also
decreased, and more endophytic-plant pathogen groups and
saprophytic functional groups were enriched, which led imbalance in
soil microbial community structure. In addition, the number of
culturable bacteria in the root surface soil of diseased plants was
significantly higher than that in healthy plants. In summary, the
present study provides a comprehensive analysis of rhizosphere
microecology and root microbial community composition in healthy
and diseased strawberry plants, offering a theoretical basis for the
prevention and control of strawberry root rot from a microbial
ecology perspective.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found at: the Picbio single reads for bacterial 16s

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1286740
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhang et al.

rRNA gene and fungal ITS regions have been deposited in NCBI SRA
database using accession code PRJNA1011218.

Author contributions

MZ: Data curation, Formal analysis, Methodology, Writing —
original draft. ZK: Data curation, Formal analysis, Methodology,
Writing - original draft. HF: Formal analysis, Methodology, Writing
- review & editing. XS: Methodology, Project administration, Writing
- review & editing. QX: Methodology, Resources, Writing — review &
editing. HL: Conceptualization, Writing - review & editing,
Supervision. QG: Conceptualization, Writing — review & editing,
Methodology, Visualization.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was financially supported by the Qinchuangyuan Scientific and
Technological Innovation Funds (no. 2021ZDZXNY-0005), the
Science and  Technology = Major  Project of Ordos
(2022EEDSKJZDZX019), the Science and Technology Planning
Project of Inner Mongolia Autonomous Region (2022YFHHO0114), the
Natural Science Foundation of Shaanxi Province (no. 2021JQ-151),
and the Youth Project of National Natural Science Foundation of
China (31600407).

References

Abbas, A., Mubeen, M., Sohail, M. A., Solanki, M. K., Hussain, B., Nosheen, S., et al.
(2022). Root rot a silent alfalfa killer in China: distribution, fungal, and oomycete
pathogens, impact of climatic factors and its management. Front. Microbiol. 13:961794.
doi: 10.3389/fmicb.2022.961794

Ahmed, M., and Focht, D. (1973). Degradation of polychlorinated biphenyls by two
species of Achromobacter. Can. J. Microbiol. 19, 47-52. doi: 10.1139/m73-007

Anandhakumar, J., and Zeller, W. (2008). Biological control of red stele (Phytophthora
fragariae var. fragariae) and crown rot (P. cactorum) disease of strawberry with
rhizobacteria/Untersuchungen zur biologischen Bekimpfung der Roten Wurzelfiule
und Rhizomfiule der Erdbeere (Phytophthora fragariae var. fragariae und F
cactorum) mit Rhizosphidrebakterien. J. Plant Dis. Protect. 49-56.

Ashajyothi, M., Balamurugan, A., Patel, A., Krishnappa, C., Kumar, R., and
Kumar, A. (2023). Cell wall polysaccharides of endophytic Pseudomonas putida elicit
defense against rice blast disease. J. Appl. Microbiol. 134:1xac042. doi: 10.1093/jambio/
Ixac042

Bais, H. P, Weir, T. L., Perry, L. G, Gilroy, S., and Vivanco, J. M. (2006).
The role of root exudates in rhizosphere interactions with plants and other organisms.
Annu. Rev. Plant Biol. 57, 233-266. doi: 10.1146/annurev.arplant.57.032905.
105159

Bulgarelli, D., Schlaeppi, K., Spaepen, S., Van Themaat, E. V. L., and Schulze-Lefert, P.
(2013). Structure and functions of the bacterial microbiota of plants. Annu. Rev. Plant
Biol. 64, 807-838. doi: 10.1146/annurev-arplant-050312-120106

Carrion, V. J., Perez-Jaramillo, J., Cordovez, V., Tracanna, V., De Hollander, M.,
Ruiz-Buck, D., et al. (2019). Pathogen-induced activation of disease-suppressive
functions in the endophytic root microbiome. Science 366, 606-612. doi: 10.1126/
science.aaw9285

Chen, D.-G. D,, Peace, K. E., and Zhang, P. (2017a). Clinical trial data analysis using
R and SAS. United Kingdom: CRC Press.

Chen, Z., Huang, ], Zhao, J., and Liang, H. (2017b). Research advance on the red stele root
rot of strawberry. Biotechnol. Bull. 33:37. doi: 10.13560/j.cnki.biotech.bull.1985.2017.03.006

Cook, R. ], and Baker, K. F. (1983). The nature and practice of biological control of plant
pathogens. American: Phytopathological Society.

Cullen, D., and Hirsch, P. R. (1998). Simple and rapid method fordirect extraction of
microbial DNA fromsoil for PCR. Soil Biol. Biochem. 30, 983-993. doi: 10.1016/
$S0038-0717(98)00001-7

Frontiers in Microbiology

10.3389/fmicb.2023.1286740

Acknowledgments

The authors thank Transystom Editing and Translation Services
for improving the English.

Conflict of interest

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

Publisher’s note

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

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1286740/
full#supplementary-material

Curry, K. J., Abril, M., Avant, J. B, and Smith, B. J. (2002). Strawberry anthracnose:
histopathology of Colletotrichum acutatum and C. fragariae. Phytopathology 92,
1055-1063. doi: 10.1094/PHYT0.2002.92.10.1055

Dinler, H., Benlioglu, S., and Benlioglu, K. (2016). Occurrence of fusarium wilt caused
by fusarium oxysporum on strawberry transplants in Aydin Province in Turkey. Aust
Plant Dis Notes 11, 1-3. doi: 10.1007/s13314-016-0196-3

Doumbou, C. L., Hamby Salove, M., Crawford, D. L., and Beaulieu, C. (2001).
Actinomycetes, promising tools to control plant diseases and to promote plant growth.
Phytoprotection 82, 85-102. doi: 10.7202/706219ar

Dueholm, M. S., Andersen, K. S., McIlroy, S. J., Kristensen, J. M., Yashiro, E.,
Karst, S. M., et al. (2020). Generation of comprehensive ecosystem-specific reference
databases with species-level resolution by high-throughput full-length 16S rRNA gene
sequencing and automated taxonomy assignment (AutoTax). MBio 11:1520. doi:
10.1128/mbio.01557-01520

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nat. Methods 10, 996-998. doi: 10.1038/nmeth.2604

Edwards, ., Johnson, C., Santos-Medellin, C., Lurie, E., Podishetty, N. K., Bhatnagar, S.,
et al. (2015). Structure, variation, and assembly of the root-associated microbiomes of
rice. Proc. Natl. Acad. Sci. 112, E911-E920. doi: 10.1073/pnas.1414592112

Emmett, B., Nelson, E. B., Kessler, A., and Bauerle, T. L. (2014). Fine-root system
development and susceptibility to pathogen colonization. Planta 239, 325-340. doi:
10.1007/500425-013-1989-7

Fang, X., Finnegan, P. M., and Barbetti, M. J. (2013). Wide variation in virulence and
genetic diversity of binucleate Rhizoctonia isolates associated with root rot of strawberry
in Western Australia. PloS One 8:¢55877. doi: 10.1371/journal.pone.0055877

Furuno, S., Pézolt, K., Rabe, C., Neu, T. R., Harms, H., and Wick, L. Y. (2010). Fungal
mycelia allow chemotactic dispersal of polycyclic aromatic hydrocarbon-degrading
bacteria in water-unsaturated systems. Environ. Microbiol. 12, 1391-1398. doi: 10.1111/j.
1462-2920.2009.02022.x

Gdanetz, K., and Trail, F. (2017). The wheat microbiome under four management
strategies, and potential for endophytes in disease protection. Phytobiomes 1, 158-168.
doi: 10.1094/PBIOMES-05-17-0023-R

Gibbons, S. M., Jones, E., Bearquiver, A., Blackwolf, E,, Roundstone, W., Scott, N, et al.
(2014). Human and environmental impacts on river sediment microbial communities.
PloS One 9:€97435. doi: 10.1371/journal.pone.0097435

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1286740
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1286740/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1286740/full#supplementary-material
https://doi.org/10.3389/fmicb.2022.961794
https://doi.org/10.1139/m73-007
https://doi.org/10.1093/jambio/lxac042
https://doi.org/10.1093/jambio/lxac042
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1126/science.aaw9285
https://doi.org/10.1126/science.aaw9285
https://doi.org/10.13560/j.cnki.biotech.bull.1985.2017.03.006
https://doi.org/10.1016/S0038-0717(98)00001-7
https://doi.org/10.1016/S0038-0717(98)00001-7
https://doi.org/10.1094/PHYTO.2002.92.10.1055
https://doi.org/10.1007/s13314-016-0196-3
https://doi.org/10.7202/706219ar
https://doi.org/10.1128/mbio.01557-01520
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1007/s00425-013-1989-7
https://doi.org/10.1371/journal.pone.0055877
https://doi.org/10.1111/j.1462-2920.2009.02022.x
https://doi.org/10.1111/j.1462-2920.2009.02022.x
https://doi.org/10.1094/PBIOMES-05-17-0023-R
https://doi.org/10.1371/journal.pone.0097435

Zhang et al.

Gu, Z., Wang, M., Wang, Y., Zhu, L., Mur, L. A. ], Hu, J., et al. (2020). Nitrate stabilizes
the rhizosphere fungal community to suppress fusarium wilt disease in cucumber. Mol.
Plant Microbe Interact. 33, 590-599. doi: 10.1094/MPMI-07-19-0198-R

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

Henriquez, T., Hsu, J.-S., Hernandez, J. S., Kuppermann, S., Eder, M., and Jung, H.
(2023). Contribution of uncharacterized target genes of MxtR/ErdR to carbon source
utilization by Pseudomonas putida KT2440. Microbiol Spectr 11, €02923-e02922. doi:
10.1128/spectrum.02923-22

Hinsinger, P, Plassard, C., Tang, C., and Jaillard, B. (2003). Origins of root-mediated
PH changes in the rhizosphere and their responses to environmental constraints: a
review. Plant and Soil 248, 43-59. doi: 10.1023/A:1022371130939

Inclan, R., De la Torre, D., Benito, M., and Rubio, A. (2007). Soil CO 2 efflux in a mixed
pine-oak forest in Valsain (Central Spain). Sci. World J. 7, 166-174. doi: 10.1100/tsw.2007.7

Juber, K. S., Al-Juboory, H. H., and Al-Juboory, S. B. (2014). Fusarium wilt disease of
strawberry caused by Fusarium oxysporum f. sp. Fragariae in Iraq and its control. J. Exp.
Biol. Agric. Sci. 2, 419-427. doi: 10.13140/RG.2.2.35459.14889

Khan, M. U, Li, P, Amjad, H., Khan, A. Q., Arafat, Y., Waqas, M., et al. (2019).
Exploring the potential of overexpressed OsCIPK2 rice as a nitrogen utilization efficient
crop and analysis of its associated rhizo-compartmental microbial communities. Int. J.
Mol. Sci. 20:3636. doi: 10.3390/ijms20153636

Lane, D. (1991). 165/23S rRNA sequencing. Nucleic acid techniques in bacterial
systematics. United Kingdom: Wiley.

Lehmann, J., Bossio, D. A., Kégel-Knabner, I, and Rillig, M. C. (2020). The concept
and future prospects of soil health. Nat Rev Earth Environ 1, 544-553. doi: 10.1038/
543017-020-0080-8

Li, T, Zhang, J., Shen, C., Li, H., and Qiu, L. (2019). 1-Aminocyclopropane-1-
carboxylate: a novel and strong chemoattractant for the plant beneficial rhizobacterium
Pseudomonas putida UW4. Mol. Plant Microbe Interact. 32, 750-759. doi: 10.1094/
MPMI-11-18-0317-R

Liao, L. B,, Chen, X. X,, Xiang, J., Zhang, N. N., Wang, E. T., and Shi, E. S. (2022).
Zanthoxylum bungeanum root-rot associated shifts in microbiomes of root endosphere,
rhizosphere, and soil. Peer] 10:e13808. doi: 10.7717/peer;j.13808

Liu, ], Li, C,, Jing, J., Zhao, P,, Luo, Z., Cao, M., et al. (2018). Ecological patterns and
adaptability of bacterial communities in alkaline copper mine drainage. Water Res. 133,
99-109. doi: 10.1016/j.watres.2018.01.014

Lunt, D., and Evans, W. (1970). The microbial metabolism of biphenyl. Biochem. J. 118,
54P-55P. doi: 10.1042/bj1180054Pb

Nannipieri, P, Ascher, J., Ceccherini, M., Landj, L., Pietramellara, G., and Renella, G.
(2003). Microbial diversity and soil functions. Eur. J. Soil Sci. 54, 655-670. doi: 10.1046/j.
1351-0754.2003.0556.x

Nguyen, N. H., Song, Z., Bates, S. T,, Branco, S., Tedersoo, L., Menke, J., et al. (2016).
FUNGuild: an open annotation tool for parsing fungal community datasets by ecological
guild. Fungal Ecol. 20, 241-248. doi: 10.1016/j.funeco.2015.06.006

Nilsson, R. H., Larsson, K.-H., Taylor, A. E S., Bengtsson-Palme, J., Jeppesen, T. S.,
Schigel, D, et al. (2019). The UNITE database for molecular identification of fungi:
handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res. 47, D259-
D264. doi: 10.1093/nar/gky1022

Osman, K. T., and Osman, K. T. (2013). Soil resources and soil degradation. Soils:
principles, properties and management. Netherlands: Springer Netherlands. 175-213.

Parikka, P., Vestberg, M., Karhu, S., Haikonen, T., and Hautsalo, J. (2017). "Possibilities
for biological control of red core (Phytophthora fragariae)", in: VIII international
strawberry symposium 1156), 751-756.

Peng, G.-S., and Wu, J. (2016). Optimal network topology for structural robustness
based on natural connectivity. Physica A Stat Mechan Appl 443, 212-220. doi: 10.1016/j.
physa.2015.09.023

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

Pieterse, C. M., Zamioudis, C., Berendsen, R. L., Weller, D. M., Van Wees, S. C., and
Bakker, P. A. (2014). Induced systemic resistance by beneficial microbes. Annu. Rev.
Phytopathol. 52, 347-375. doi: 10.1146/annurev-phyto-082712-102340

Rahman, M., and Louws, E J. (2017). Epidemiological significance of crown rot in the
fruiting field in relation to Colletotrichum gloeosporioides infection of strawberry
nursery plants. Plant Dis. 101, 907-915. doi: 10.1094/PDIS-06-16-0802-RE

Read, D. B., Bengough, A. G., Gregory, P. J., Crawford, J. W.,, Robinson, D.,
Scrimgeour, C,, et al. (2003). Plant roots release phospholipid surfactants that modify
the physical and chemical properties of soil. New Phytol. 157, 315-326. doi:
10.1046/j.1469-8137.2003.00665.x

Restrepo, O. M. D., Flores, J. C. M., and Arboleda, F. M. (2016). Influence of
management systems on the nitrogen mineralization and fertilization of sugarcane.
Revista Facultad Nacional de Agronomia Medellin 69, 7755-7762. doi: 10.15446/rfna.
v69n1.54742

Frontiers in Microbiology

10.3389/fmicb.2023.1286740

Riley, D., and Barber, S. (1969). Bicarbonate accumulation and pH changes at the
soybean (Glycine max (L.) Merr.) root-soil interface. Soil Sci. Soc. Am. J. 33, 905-908.
doi: 10.2136/s552j1969.0361599500330006003 1x

Sanchez, S., Gambardella, M., Henriquez, J., and Diaz, I. (2013). First report of crown
rot of strawberry caused by Macrophomina phaseolina in Chile. Plant Dis. 97:996. doi:
10.1094/PDIS-12-12-1121-PDN

Sansupa, C., Wahdan, S. E M., Hossen, S., Disayathanoowat, T., Wubet, T., and
Purahong, W. (2021). Can we use functional annotation of prokaryotic taxa
(FAPROTAX) to assign the ecological functions of soil bacteria? Appl. Sci. 11:688. doi:
10.3390/app11020688

Shankar, R., Harsha, S., and Bhandary, R. (2014). A practical guide to identification and
control of tomato diseases. India: Tropica Seeds PVT Ltd.

Shrestha, R. K., and Lal, R. (2011). Changes in physical and chemical properties of soil
after surface mining and reclamation. Geoderma 161, 168-176. doi: 10.1016/j.
geoderma.2010.12.015

Siegieda, D., Panek, J., and Frac, M. (2023). Plant and soil health in organic strawberry
farms-greater importance of fungal trophic modes and networks than a-diversity of the
mycobiome. Appl. Soil Ecol. 188:104925. doi: 10.1016/j.aps0il.2023.104925

Stackebrandt, E., and Goebel, B. M. (1994). Taxonomic note: a place for DNA-
DNA reassociation and 16S rRNA sequence analysis in the present species definition
in bacteriology. Int. J. Syst. Evol. Microbiol. 44, 846-849. doi: 10.1099/00207713-
44-4-846

Stringlis, I. A., Yu, K., Feussner, K., de Jonge, R., Van Bentum, S., Van Verk, M. C.,
etal. (2018). MYB72-dependent coumarin exudation shapes root microbiome assembly
to promote plant health. Proc. Natl. Acad. Sci. 115, E5213-E5222. doi: 10.1073/
pnas.1722335115

Su, D., Chen, S., Zhou, W,, Yang, J., Luo, Z., Zhang, Z., et al. (2022). Comparative
analysis of the microbial community structures between healthy and anthracnose-
infected strawberry rhizosphere soils using Illumina sequencing Technology in Yunnan
Province, Southwest of China. Front. Microbiol. 13:881450. doi: 10.3389/fmicb.2022.
881450

Sun, S., Li, S., Avera, B. N, Strahm, B. D., and Badgley, B. D. (2017). Soil bacterial and
fungal communities show distinct recovery patterns during forest ecosystem restoration.
Appl. Environ. Microbiol. 83, €00966-e00917. doi: 10.1128/ AEM.00966-17

Timmis, K., and Ramos, J. L. (2021). The soil crisis: The need to treat as a global health
problem and the pivotal role of microbes in prophylaxis and therapy. J. Microbial.
Biotechnol. 14, 769-797. doi: 10.1111/1751-7915.13771

Van der Putten, W. H., Bardgett, R. D., Bever, J. D., Bezemer, T. M., Casper, B. B,,
Fukami, T., et al. (2013). Plant-soil feedbacks: the past, the present and future challenges.
J. Ecol. 101, 265-276. doi: 10.1111/1365-2745.12054

Walters, D., and Bingham, I. (2007). Influence of nutrition on disease development
caused by fungal pathogens: implications for plant disease control. Ann. Appl. Biol. 151,
307-324. doi: 10.1111/j.1744-7348.2007.00176.x

Wang, L., Liu, J., Zhang, M., Wu, T., and Chai, B. (2023). Ecological processes of
bacterial and fungal communities associated with Typha orientalis roots in wetlands
were distinct during plant development. Microbiol Spectr 11, €05051-€05022. doi:
10.1128/spectrum.05051-22

Wang, Y., Zhang, R., Zheng, Q., Deng, Y., Van Nostrand, J. D., Zhou, J., et al. (2016).
Bacterioplankton community resilience to ocean acidification: evidence from microbial
network analysis. ICES J. Mar. Sci. 73, 865-875. doi: 10.1093/icesjms/fsv187

Weller, D. M., Raaijmakers, J. M., Gardener, B. B. M., and Thomashow, L. S.
(2002). Microbial populations responsible for specific soil suppressiveness to plant
pathogens. Annu. Rev. Phytopathol. 40, 309-348. doi: 10.1146/annurev.
phyto.40.030402.110010

Whitaker, V. M., Knapp, S. J., Hardigan, M. A., Edger, P. P, Slovin, J. P, Bassil, V. N,
et al. (2020). A roadmap for research in octoploid strawberry. Horticult Res 7:33. doi:
10.1038/s41438-020-0252-1

Wu, M.-H., Chen, S.-Y., Chen, J.-W.,, Xue, K., Chen, S.-L., Wang, X.-M., et al. (2021).
Reduced microbial stability in the active layer is associated with carbon loss under alpine
permafrost degradation. Proc. Natl. Acad. Sci. 118:e2025321118. doi: 10.1073/
pnas.2025321118

Yang, J., Wei, S., Su, D., Zhang, Z., Chen, S., Luo, Z,, et al. (2020). Comparison of the
rhizosphere soil microbial community structure and diversity between powdery
mildew-infected and noninfected strawberry plants in a greenhouse by high-throughput
sequencing technology. Curr. Microbiol. 77, 1724-1736. doi: 10.1007/s00284-020-
01948-x

Yi, M., Zhang, L., Li, Y., and Qian, Y. (2022). Structural, metabolic, and functional
characteristics of soil microbial communities in response to benzo [a] pyrene stress. J.
Hazard. Mater. 431:128632. doi: 10.1016/j.jhazmat.2022.128632

Yim, B, Smalla, K., and Winkelmann, T. (2013). Evaluation of apple replant problems
based on different soil disinfection treatments—Ilinks to soil microbial community
structure? Plant and Soil 366, 617-631. doi: 10.1007/s11104-012-1454-6

Youssef, R. A., and Chino, M. (1989). Root-induced changes in the rhizosphere of
plants. I. pH changes in relation to the bulk soil. Soil Sci. Plant Nutr. 35, 461-468. doi:
10.1080/00380768.1989.10434779

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1286740
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1094/MPMI-07-19-0198-R
https://doi.org/10.1038/s41396-020-0648-9
https://doi.org/10.1128/spectrum.02923-22
https://doi.org/10.1023/A:1022371130939
https://doi.org/10.1100/tsw.2007.7
https://doi.org/10.13140/RG.2.2.35459.14889
https://doi.org/10.3390/ijms20153636
https://doi.org/10.1038/s43017-020-0080-8
https://doi.org/10.1038/s43017-020-0080-8
https://doi.org/10.1094/MPMI-11-18-0317-R
https://doi.org/10.1094/MPMI-11-18-0317-R
https://doi.org/10.7717/peerj.13808
https://doi.org/10.1016/j.watres.2018.01.014
https://doi.org/10.1042/bj1180054Pb
https://doi.org/10.1046/j.1351-0754.2003.0556.x
https://doi.org/10.1046/j.1351-0754.2003.0556.x
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1016/j.physa.2015.09.023
https://doi.org/10.1016/j.physa.2015.09.023
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1094/PDIS-06-16-0802-RE
https://doi.org/10.1046/j.1469-8137.2003.00665.x
https://doi.org/10.15446/rfna.v69n1.54742
https://doi.org/10.15446/rfna.v69n1.54742
https://doi.org/10.2136/sssaj1969.03615995003300060031x
https://doi.org/10.1094/PDIS-12-12-1121-PDN
https://doi.org/10.3390/app11020688
https://doi.org/10.1016/j.geoderma.2010.12.015
https://doi.org/10.1016/j.geoderma.2010.12.015
https://doi.org/10.1016/j.apsoil.2023.104925
https://doi.org/10.1099/00207713-44-4-846
https://doi.org/10.1099/00207713-44-4-846
https://doi.org/10.1073/pnas.1722335115
https://doi.org/10.1073/pnas.1722335115
https://doi.org/10.3389/fmicb.2022.881450
https://doi.org/10.3389/fmicb.2022.881450
https://doi.org/10.1128/AEM.00966-17
https://doi.org/10.1111/1751-7915.13771
https://doi.org/10.1111/1365-2745.12054
https://doi.org/10.1111/j.1744-7348.2007.00176.x
https://doi.org/10.1128/spectrum.05051-22
https://doi.org/10.1093/icesjms/fsv187
https://doi.org/10.1146/annurev.phyto.40.030402.110010
https://doi.org/10.1146/annurev.phyto.40.030402.110010
https://doi.org/10.1038/s41438-020-0252-1
https://doi.org/10.1073/pnas.2025321118
https://doi.org/10.1073/pnas.2025321118
https://doi.org/10.1007/s00284-020-01948-x
https://doi.org/10.1007/s00284-020-01948-x
https://doi.org/10.1016/j.jhazmat.2022.128632
https://doi.org/10.1007/s11104-012-1454-6
https://doi.org/10.1080/00380768.1989.10434779

Zhang et al.

Zhang, Z., Gai, L., Hou, Z., Yang, C., Ma, C., Wang, Z., et al. (2010). Characterization
and biotechnological potential of petroleum-degrading bacteria isolated from oil-
contaminated soils. Bioresour. Technol. 101, 8452-8456. doi: 10.1016/j.biortech.2010.
05.060

Zhang, J., Liu, Y.-X., Zhang, N., Hu, B,, Jin, T., Xu, H,, et al. (2019). NRT1. 1B is
associated with root microbiota composition and nitrogen use in field-grown rice. Nat.
Biotechnol. 37, 676-684. doi: 10.1038/s41587-019-0104-4

Frontiers in Microbiology

14

10.3389/fmicb.2023.1286740

Zhao, Y., Sun, C,, Wang, S., Zhang, M., Li, Y., Xue, Q,, et al. (2023). Widely targeted
metabolomic, transcriptomic, and metagenomic profiling reveal microbe-plant-metabolic
reprogramming patterns mediated by Streptomyces pactum Act12 enhance the fruit quality
of Capsicum annuum L. Food Res. Int. 166:112587. doi: 10.1016/j.foodres.2023.112587

Zheng, Y., Wang, J., Zhao, W,, Cai, X., Xu, Y., Chen, X,, et al. (2022). Effect of bacterial
wilt on fungal community composition in rhizosphere soil of tobaccos in tropical
Yunnan. Plant Pathol ] 38, 203-211. doi: 10.5423/PP].0A.03.2022.0035

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1286740
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.biortech.2010.05.060
https://doi.org/10.1016/j.biortech.2010.05.060
https://doi.org/10.1038/s41587-019-0104-4
https://doi.org/10.1016/j.foodres.2023.112587
https://doi.org/10.5423/PPJ.OA.03.2022.0035

	Rhizosphere microbial ecological characteristics of strawberry root rot
	1. Introduction
	2. Materials and methods
	2.1. Soil sample collection and preparation
	2.2. Soil physicochemical property analysis
	2.3. Determination of culturable soil microbial abundance
	2.4. Soil DNA extraction and third-generation long amplicon sequencing
	2.5. Data processing

	3. Results
	3.1. Soil physicochemical properties
	3.2. Soil microbial diversity
	3.3. Soil microbial species composition
	3.4. Soil microbial co-occurrence networks
	3.5. Soil microbial functional prediction
	3.6. Isolation and identification of cultivable soil microorganisms

	4. Discussion
	5. Conclusion
	Data availability statement
	Author contributions

	References

