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Abstract
Large  Patch  disease  caused  by Rhizoctonia  solani devastates  zoysiagrass  turf,  yet  its  microbiome-mediated  pathogenesis  remains  elusive.  This  study

investigated  the  effects  of R.  solani strain  ZS-1  on  zoysiagrass  physiology  and  rhizosphere  microbial  communities.  Pathogen  inoculation  significantly

inhibited  plant  growth  (p <  0.05),  reducing  net  photosynthetic  rate  (32.1%),  chlorophyll  content  (19.4%),  and  photochemical  efficiency  (Fv/Fm).

Concurrently, the antioxidant defense was activated, with catalase (CAT), and phenylalanine ammonia-lyase (PAL) activities increasing by 2.1- and 3.3-fold,

respectively. Furthermore, soil nutrient dynamics shifted, showing a 40% decline in available nitrogen and 22% increase in phosphorus. Integrating 16S/ITS

amplicon sequencing with physiological assays, we decoupled tripartite interactions among pathogen invasion, microbiome restructuring (n = 3 biological

replicates), and host responses. The results showed that the bacterial Chao1 index increased significantly while the Shannon index declined. Key microbial

shifts included declines in Ascomycota and Basidiomycota fungi and enrichment of Actinobacteria and Chloroflexi in the rhizosphere. Dominant bacterial

genera such as Geobacter and Anaerolinea were linked to enhanced nutrient cycling and stress tolerance. Soil properties, including available potassium and

phosphorus,  correlated with specific  microbial  taxa,  such as Glomeromycota,  suggesting their  role in nutrient modulation under pathogen stress.  These

findings highlight the complex interplay between R. solani invasion, microbial community restructuring, and zoysiagrass physiological responses. This study

provides  foundational  insights  into  leveraging  soil  microbiome  management  to  improve  zoysiagrass  resilience  against  Large  Patch  disease,  offering

practical strategies for sustainable turfgrass cultivation.
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Introduction

Zoysiagrass  (Zoysia spp.)  is  a  warm-season  (C4)  turfgrass  that
enjoys  popularity  in  the  transition zone of  China[1].  Some desirable
traits of zoysiagrass include its high density and resistance to pests.
Moreover,  zoysiagrass  demands  lower  quantities  of  fertilizers  and
pesticides  compared  to  certain  cool-season  turfgrass  species  like
creeping bentgrass (Agrostis stolonifera L.)[2].

Large  Patch  disease,  caused  by Rhizoctonia  solani AG  2-2  LP,
stands  as  the  most  prevalent  and  severe  ailment  afflicting  zoysia-
grass  within  the  transition  zone  and  wherever  zoysiagrass  is  culti-
vated.  This  ailment  can  result  in  extensive  swaths  of  withered  turf
during the spring and fall seasons. Characteristic symptoms include
sunken light brown-to-straw patches, frequently bordered by bright
orange margins[3]. These patches can span up to 6 m or more in dia-
meter, sometimes interspersed with healthy zoysiagrass. In summer
conditions,  the  emergence  of  new  shoots  from  viable  stolons  and
rhizomes  often  leads  to  a  full  recovery.  Studies  in  China  have  also
indicated  that  Large  Patch  disease  proliferates  most  rapidly  when
the  temperature  hovers  around  30  °C  and  the  environment  main-
tains  a  relative  level  of  humidity[4].  When  the  ailment  manifests,
grass  leaves  develop water-soaked rot  or  yellow spots,  with  severe
cases  resulting  in  the  rapid  formation  of  dead  patches.  Effectively
controlling  and  preventing  this  disease  poses  considerable  chal-
lenges,  rendering  it  a  significant  hurdle  in  lawn  maintenance  and
management[5]. No prior studies have systematically deciphered the
coordinated  responses  of  the  rhizosphere-root  endosphere  micro-
biota in zoysiagrass under R. solani infection.

As the primary plant organs, roots are fundamentally tasked with
nutrient and water acquisition from the soil  substrate.  Additionally,

roots play a significant role in the secretion of various chemicals and
nutrients  into  the  rhizosphere  soil,  referred  to  as  the  rhizosphere.
This  phenomenon  attracts  a  diverse  array  of  microorganisms,
including bacteria,  fungi,  algae, and protozoa, which coexist along-
side  plant  roots[6].  Both  biotic  stressors  (e.g.,  pathogen  attack)  and
abiotic  stressors  (e.g.,  soil  salinity)  exert  selective  pressures  reshap-
ing  rhizosphere  microbiome  assembly.  Microbes  can  detect  signal
molecules  emitted  by  plants,  resulting  in  either  an  increase  or
decrease  in  specific  microbial  populations[7].  Conversely,  rhizo-
sphere-associated  microbes  are  actively  engaged  in  a  range  of
metabolic  processes,  imparting  various  positive  effects  on  plant
growth  and  their  ability  to  adapt  to  biotic  and  abiotic  stresses[8].
Given  the  critical  role  of  rhizosphere  microbiota  in  plant  stress
responses,  their  potential  interplay with pathogens like Rhizoctonia
solani requires systematic exploration.

Over the past decade, numerous studies have surfaced, highlight-
ing  the  beneficial  role  of  plant  growth-promoting  rhizobacteria
(PGPR)  in  enhancing  stress  tolerance  in  plants.  These  PGPR  mem-
bers employ diverse mechanisms,  such as establishing a protective
buffer  zone  for  plants  against  stresses,  producing  various  plant
growth-promoting  hormones,  and  inducing  systemic  resistance  in
plants[9−11].  Furthermore,  microbes  influence  factors  like  soil  pH,
soil  structure,  nutrient  mineralization,  and  soil  fertility,  which  can
partially  impact  plant  survival  and  stress  response.  Consequently,
rhizosphere-associated  microbes  play  a  pivotal  role  in  augmenting
Zoysiagrass  stress  tolerance.  Additionally,  endophytic  microorga-
nisms  can  function  as  beneficial  bacteria  and  induce  resistance
to  pathogens.  Research  has  demonstrated  that  during  the  initial
stages  of  interaction  between  Zoysiagrass  and  endophytic  micro-
organisms, these microorganisms can elicit an immune response in
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Zoysiagrass,  akin  to  Zoysiagrass'  response  to  pathogens.  Subse-
quently,  endophytic  microorganisms  can  evade  its  immune
response through recognition and colonization of Zoysiagrass roots,
fortifying its immune system and providing resistance when patho-
gens  invade[12].  It  is  imperative  to  conduct  further  investigations
into the colonization and proliferation of the microbial community,
along with the community structure of endophytic microorganisms.
This research will  facilitate the identification and selection of bene-
ficial  microbes  to  enhance  zoysiagrass'  resistance  to  Large  Patch
disease.

Given  the  knowledge  gap  in  tripartite  interactions  among R.
solani, zoysiagrass, and associated microbiomes, it becomes impera-
tive to investigate how these interactions relate to the growth and
physiological alterations in zoysiagrass. This understanding is essen-
tial for unraveling the mechanisms underlying zoysiagrass tolerance.
In  our  study,  we  investigated  the  effects  of Rhizoctonia  solani on
zoysiagrass growth and physiological changes, as well  as the diver-
sity  of  root  and  rhizosphere  microbes.  We  accomplished  this
through statistical analysis and the sequencing of 16S rDNA and ITS
amplicons. Our multifaceted analyses were designed to assess how
Rhizoctonia  solani influences  the  makeup  of  zoysiagrass's  rhizo-
sphere  and  inter-rhizosphere  microbial  communities,  to  shed  new
light on this complex relationship.

This  study  investigates  (a)  how Rhizoctonia  solani infection
restructures  root-associated  microbial  communities  in  Zoysiagrass,
and (b) whether these microbial shifts correlate with disease suscep-
tibility or resilience phenotypes. 

Materials and methods
 

Preparation of pathogen inoculum
The Rhizoctonia  solani ZS-1  strain  utilized  in  this  study  was

isolated  from  a  lawn  area  planted  with  'Lanyin  No.  III'  zoysiagrass
(Zoysia  japonica cv.  Lanyin  No.  III)  at  the  Large  Patch  experimental
site of the Teaching and Research Base within South China Agricul-
tural  University,  Guangzhou,  China  (latitude  23°30'15''  N,  longitude
113°80'21''  E).  Our  research  group  identified  this  strain  through
sequence comparisons of  the 16S rRNA and gyrase subunit  B gene
regions.  Subsequently,  we  deposited  the  strain  at  the  Guangdong
Engineering  Research  Center  for  Grassland  Science,  South  China
Agricultural  University,  Guangzhou,  China.  The  procedure  for  pre-
paring  the  pathogenic  inoculum  followed  the  protocol  outlined  in
Lee  et  al.[13].  Initially,  20  g  of  wheat  seeds  were  soaked  in  a  beaker
containing  sterile  water  for  24  h.  The  hydrated  wheat  seeds  were
autoclaved  at  121  °C  for  2  h,  followed  by  aseptic  drying  under  a
laminar  flow  hood.  The  sterilized  wheat  seeds  were  then  evenly
spread on ZS-1 plates that had been cultured for 3 d. Subsequently,
these  wheat  seeds  were  placed  in  an  intelligent  artificial  climate
chamber maintained at a temperature of 30 °C. After 7 d of incuba-
tion,  the  wheat  grains  were  removed  and  ground  in  a  mortar  to
obtain the pathogenic inoculum. 

Plant materials and inoculation treatment
Zoysiagrass (cultivar 'Lanyin No. III') seeds were procured from the

International  Grass  Industry  Co.  Ltd.  located  in  Tianjin,  China.  To
ensure  sterility,  the  seeds  were  surface-sterilized  by  immersing
them in 75% ethanol for 5 min, followed by four washes with sterile
distilled  water.  Following  surface  sterilization,  seeds  were  sown  in
pre-sterilized plastic  pots  (10 cm in diameter,  10 cm in height)  at  a
seeding rate of 20 g·m–2, using a substrate mixture of peat and sand
in  a  3:1  volume  ratio.  The  plastic  pots  underwent  sterilization  at
121 °C for 1 h in an autoclave on three consecutive days before ini-
tiating  the  experiment.  The  potted  seedlings  were  cultivated  in  a

growth  chamber  under  controlled  conditions,  maintaining  a  tem-
perature  of  30/27  °C,  60%  relative  humidity,  a  14-h  light/10-h  dark
cycle, and photosynthetic active radiation (PAR) of 650 μmol·m–2·s–1.
Initially, the pots were watered both in the morning and evening to
maintain  soil  moisture.  After  seedling  emergence,  plants  received
daily  watering  until  excess  water  drained  from  the  pot  bottoms  to
sustain  soil  moisture,  and  they  were  fertilized  once  a  week  with  a
half-strength Hoagland's solution.

Following 28 d of seedling growth, 0.2 g of pathogenic inoculum
was placed near the root system for inoculation (LP). Control plants
were  inoculated  with  sterile  water  (HP).  Three  replicates  of  each
treatment  were  employed  to  monitor  disease  development  on
plant leaves in response to the inoculated pathogen for 7 d. Disease
severity  was  assessed  by  recording  the  number  and  severity  of
affected leaves, calculating disease incidence and the disease index,
and applying a turf quality rating system. Subsequently, pathogenic
bacteria  were  re-isolated  from  the  affected  areas  to  confirm  that
they were the same as those initially inoculated. The day of Rhizocto-
nia solani ZS-1 inoculation of  plants was designated as day 0.  After
12 d post-inoculation, measurements were taken for root and shoot
dry  plant  weights,  and  plant  samples  were  collected  for  further
analysis. 

Physiological and morphological analyses
To  assess  the  health  and  overall  performance  of  zoysiagrass,  we

utilized a turf quality rating system. This system assigns scores on a
scale ranging from 1 to 9 based on various criteria,  including color,
uniformity of the grass canopy, and overall  density.  On this scale,  a
score of 1 indicates completely brown and desiccated plants, while a
score of  9  signifies  a  lush,  green,  and densely populated canopy.  A
score of 6 represents the minimum acceptable level of turf quality.

The  leaf  net  photosynthetic  rate  (Pn)  was  determined  using  the
method outlined by Burgess & Huang[14]. Six fully expanded second
leaves  located  on  the  upper  part  of  stolons  were  carefully  placed
within  a  6  cm2 cuvette  chamber  connected  to  a  portable  infrared
gas analyzer, Li-COR 6400 (LI-COR Inc., Lincoln, NE, USA). Within the
leaf  chamber,  leaf  Pn  was  measured  under  red  and  blue  light
sources with an intensity of 800 µmol photon m–2·s–1 and a flow rate
of 500 µmol·s–1. The leaf area was promptly measured using a hand-
held  digital  scanner  immediately  after  the  leaf  was  removed  from
the cuvette.

To  assess  chlorophyll  fluorescence  in  the  middle  section  of  the
first  leaf  from  each  seedling,  collected  at  25  °C,  we  employed  a
chlorophyll  fluorometer  imaging-PAM  (Walz,  Effeltrich,  Germany).
Following a 20-min adaptation period in the dark,  chlorophyll  fluo-
rescence  was  recorded  in  the  plant  samples.  The  intensities  of  the
saturating and actinic lights were set at 7,200 and 185 µmol photon
m–2·s–1 PAR  (photosynthetic  active  radiation),  respectively.  Follow-
ing  the  protocol  described  by  Murchie  &  Lawson[15],  we  measured
the maximum quantum yield of PSII (Fv/Fm), and the photosystem II
Efficiency  (ΦPSII).  Parameters  qP and qN were  calculated using the
equations  provided  below.  Chlorophyll  fluorescence  parameters
were assessed for three sets of leaf samples (four leaf samples from
each set) taken from each pot on the day before harvest.

qP = (F′m−Fs)/(F′m−F′0) (1)

qN = (Fm−F′m)/F′m (2)
where  Fm  and  F'0  represent  maximum  and  minimum  fluorescence
intensities of leaf samples adapted to darkness for a 30-min period; F'm
is the maximum fluorescence of the light-adapted leaf samples, and Fs
is real-time fluorescence of leaves.

To extract chlorophyll from freshly collected leaf samples (1 g), we
suspended the leaves in 80% acetone (5 mL v/v). Subsequently, we
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employed  a  spectrophotometer  (UV-2800,  Unico,  Shanghai,  China)
to  measure  the  optical  density  (OD)  of  the  extract  at  three  wave-
lengths:  470,  646,  and  663  nm.  Carotenoid  and  chlorophyll  levels
were  quantified  using  the  equations  described  in  Lichtenthaler  &
Wellburn[16].

Relevant  oxidation  indexes  were  measured  using  commercial
kits (Comin, Suzhou, China) for malondialdehyde (MDA), peroxidase
(POD),  catalase  (CAT),  and  superoxide  dismutase  (SOD),  phenylala-
nine ammonia-lyase (PAL), Chitinase, and β-1,3-glucanase. All assays
were  carried  out  in  accordance  with  the  manufacturer's  standard
protocols. The method described by Gao et al.[17] was used to assess
electrolyte leakage (EL) in the leaves. 

Determination of soil properties
Soil  total  phosphorus  (TP)  was  analyzed  by  HClO4-H2SO4 diges-

tion and measured using the molybdate-blue colorimetric method.
NaHCO3 (0.5  M)  was  adopted  to  extract  available  phosphorus  (AP),
and  measured  using  spectrophotometry  (UV-5200,  Metash  Inc.,
Shanghai,  China)  at  700  nm.  Meanwhile,  the  Kjeldahl  digestion
method was  utilized to  analyze  total  nitrogen (TN).  The  KCl  extrac-
tion-indophenol  blue  colorimetry  was  adopted  for  determining
AN[18].  In  addition,  1  M  NH4OAc  was  utilized  to  extract  available
potassium (AK), followed by quantification by flame atomic absorp-
tion  spectroscopy  (FP6432,  Jingke  Inc.,  Shanghai,  China),  and
K2Cr2O7 +  H2SO4 digestion  was  applied  to  determine  soil  organic
carbon  (SOC),  with  the  addition  of  HgSO4 to  prevent  Cl−

interference[19].  All  soil  properties  were  measured  in  triplicate  per
sample to ensure data reliability. 

DNA extraction and High-Throughput Sequencing
(HTS)

At  the  end  of  the  disease  stress  treatments,  we  collected  rhizo-
sphere  soil  and  root  samples  as  follows:  the  plants  were  gathered
and  gently  shaken  to  remove  loosely  adhered  soil.  Subsequently,
rhizosphere soil samples were collected by carefully brushing off the
remaining  soil  using  a  fine  sterile  brush.  Root  samples  were  gently
rinsed multiple times with tap water, followed by washing with ste-
rile  water,  and  then  tapped  dried  on  sterilized  filter  paper.  These
collected  rhizosphere  soil  and  root  samples  were  stored  at −80  °C
for DNA extraction. Total DNA was isolated separately from approxi-
mately  0.5  g  of  rhizosphere  soils  and  0.1  g  of  roots  using  the  Soil
DNA Kit (OMEGA, Shanghai, China) and the plant DNA kit (Tiangen,
Beijing, China), following the manufacturer's protocols. DNA quality
was  assessed  using  a  Qubit  Fluorometer  with  the  Qubit  dsDNA  BR
Assay kit (Invitrogen, Waltham, MA, USA), and 0.1% agarose gel elec-
trophoresis  was  utilized  to  confirm  the  quality.  All  extracts  were
stored  at −20  °C.  The  V3–V4  region  of  the  bacterial  16S  ribosomal
RNA  gene  was  amplified  by  PCR  using  specific  primers:  338F  (5'-
barcode-ACTCCTACGGGAGGCAGCA-3')  and  806R  (5'-GGACTACH
VGGGTWTCTAAT-3'),  where  the  barcode  is  a  unique  eight-base
sequence for each sample. For fungal community analysis, rDNA-ITS
genes  were  amplified  by  PCR  using  primers  ITS1F  (5'-barcodeCTTG
GTCATTTAGAGGAAGTAA-3')/2043R  (5'-GCTGCGTTCTTCATCGATGC-
3').  PCR  was  conducted  in  triplicate  in  20-μL  reaction  mixtures
containing 4 μL of 5× FastPfu Buffer, 2 μL of 2.5 mmol dNTPs, 0.8 μL
of  each  primer  (5 μmol),  0.4 μL  FastPfu  Polymerase,  10  ng  of
template  DNA,  and  ddH2O  to  reach  a  final  volume  of  20 μL.  After
amplification,  the  products  underwent  recovery  and  purification,
and  fluorescence  intensity  was  quantified  before  constructing  a
sequencing  library  using  the  NEBNext  Ultra  II  DNA  Library  Prep  Kit
for Illumina (New England Biolabs, Ipswich, MA, USA). Finally, paired-
end sequencing (2 × 250 bp) was carried out on the Illumina HiSeq
platform  at  Guangdong  Magigene  Biotechnology  Co.,  Ltd.  in
Guangzhou, China. 

Bioinformatics analysis
Processing  of  the  sequencing  data  involved  the  use  of  QIIME

software  (Quantitative  Insights  into  Microbial  Ecology,  v1.8.0,
http://qiime.org/) following the methodology outlined by Caporaso
et  al.[20].  This  process  included  filtering  for  high-quality  clean  tags,
specifically  sequences  with  lengths  ≥ 160  bp,  and  the  removal  of
fuzzy  bases.  Sequences  with  more  than  eight  continuous  identical
bases and those with more than one mismatch in the 5′-primer were
also  excluded.  Subsequently,  Usearch  (v5.2.236, www.drive5.com/
usearch)  was  employed  to  check  for  and  eliminate  chimeric
sequences, resulting in the retention of the desired sequences. The
clustering of operational taxonomic units (OTUs) was performed at a
similarity  level  of  97%.  For  each  treatment,  the  presence  of  OTUs
across three biological replicates was summed to generate the final
OTU  table.  Following  the  clustering  analysis,  classification  of  the
OTUs for bacteria was carried out using the Silva databases[21]. 

Statistical analysis
Data were organized and analyzed using Microsoft Excel 2019. For

statistical  analyses  related  to  the  effects  of  treatments  on  zoysia-
grass plant physiology, we utilized SPSS 22.0 (SPSS Inc., Chicago, IL,
USA). Our analysis involved the application of one-way and two-way
ANOVAs,  along  with  Fisher's  LSD  test,  to  assess  significant  diffe-
rences (p < 0.05) in plant physiology indicators between treatments.
Relative abundance maps,  highlighting bacteria with mean relative
abundances greater than 1%, were generated using Origin 8.0 soft-
ware. Subsequently, we conducted LEfSe (Linear discriminant analy-
sis Effect Size) analysis to analyze relative general abundances. This
analysis  was  performed  using  the  Galaxy  online  analysis  platform
(http://huttenhower.sph.harvard.edu/galaxy/).  For  further  analysis,
we utilized the R Project (v4.1.3) ggplot2[22] package and employed
the Bray-Curtis distance metric to conduct principal coordinate ana-
lysis  (PCoA).  To visualize β-diversity,  we used the phyloseq[23] pack-
age.  Additionally,  redundancy  analysis  (RDA)  was  carried  out,  and
RDA  diagrams  were  generated  using  the  R  (v4.1.3)  ggplot2,  and
vegan[24] packages. 

Results
 

Strain identification
A  pathogenic  fungal  strain,  designated  as  ZS-1,  was  successfully

isolated from a diseased zoysiagrass  sample.  In  the initial  stages  of
growth  on  the  PDA  medium,  the  ZS-1  strain  exhibited  colorless
hyphae  that  extended  outward.  By  the  5th day  of  cultivation,  the
hyphae changed in color from colorless to light yellow, and a small
amount of aerial mycelium emerged on the colony's surface. On the
9th day of growth, the surface aerial mycelium disappeared, and the
hyphae began to aggregate. Over time, the hyphae gradually transi-
tioned from light yellow to brown (Fig. 1a). Following PCR amplifica-
tion  and  sequencing,  a  783  bp  fragment  was  obtained  from  strain
ZS-1.  The  sequence  was  deposited  in  the  GenBank  database  and
assigned the accession number MH814912.  BLAST sequence analy-
sis of the ITS region using primers ITS1/ITS4 revealed that strain ZS-1
exhibited  over  99%  homology  with  multiple  strains  of Rhizoctonia
solani.  Notably,  strain  ZS-1  clustered  together  with  the  strain  bear-
ing accession number LC228062 of R. solani in the same clade, with
a robust bootstrap confidence level of 100% (Fig. 1b). However, ZS-1
formed  distinct  branches  separate  from  other  Rhizoctonia  species
such as Ceratobasidium oryzae-sativae, Rhizoctonia zeae, and Rhizoc-
tonia  cerealis,  as  determined  through  sequence  analysis  and
morphological observations. Consequently, the strain ZS-1, isolated
from the infected zoysiagrass sample,  was identified as Rhizoctonia
solani. 
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Determination of strain pathogenicity
Rhizoctonia solani ZS-1 was introduced through inoculation onto

healthy  zoysiagrass  plants.  Both  disease  incidence  and  severity
index  demonstrated  significant  temporal  escalation  (p <  0.01),
specifically at 4, 8, and 12 d following inoculation. After 12-d of inoc-
ulation, the disease had a substantial impact, with the incidence rate
(Fig. 2a), and severity index (Fig. 2b) in zoysiagrass reaching 71.67%
and 52.73%, respectively. 

The physiological response following inoculation of
strain ZS-1 in zoysiagrass

In  zoysiagrass  subjected  to  LP  treatment,  several  physiological
parameters  exhibited  significant  reductions  when  compared  to  HP
treatment. Specifically, the turf quality, biomass, net photosynthetic
rate  (Pn), Fv/Fm (maximum  quantum  yield  of  PSII),  photochemical
quenching (qP),  non-photochemical  quenching (qN),  the photosys-
tem  II  Efficiency  (ΦPSII),  MDA  levels,  and  EL  all  showed  marked
decreases under LP treatment (Fig. 3a−h, j, k; p < 0.05).

Furthermore,  the  chlorophyll  and  carotenoid  content  decreased
in LP-treated zoysiagrass plants in comparison to HP-treated plants
(p <  0.05; Fig.  3h, i).  The chlorophyll  and carotenoid  contents  were
measured at 1.14 and 0.22 mg·g−1 FW in LP-treated plants, contrast-
ing with 1.68 and 0.39 mg·g−1 FW in HP-treated plants.

Additionally,  the activities  of  various defense enzymes,  including
SOD, POD, CAT, β-1,3-glucanase, and PAL activities, exhibited signifi-
cant  increases  in  LP-treated  zoysiagrass  plants  when  compared  to
their HP-treated counterparts (p < 0.05; Fig. 3l−p). 

Changes in soil properties
Differences  in  soil  nutrient  levels  between  HP- and  LP-treated

zoysiagrass soil were observed to varying extents. In comparison to
the  HP  treatment,  the  available  phosphorus  content  in  the  rhizo-
sphere soil was significantly higher in the LP treatment. Conversely,
the  available  potassium,  total  nitrogen,  total  phosphorus,  nitrate
nitrogen,  and  organic  matter  content  in  the  rhizosphere  soil  were
significantly lower under the LP treatment. It's worth noting that the
ammonium  N  (NH4

+-N)  content  did  not  exhibit  a  significant  diffe-
rence between the two treatments (Supplementary Table S1). 

Microbial diversity
The  Venn  diagrams  derived  from  the  rhizosphere  operational

taxonomic  units  (OTUs)  analysis  revealed  that  there  was  a  total  of
651 fungal OTUs shared between the HP and LP treatments. Among
these,  483  fungal  OTUs  were  unique  to  the  HP  treatment,  and  256
fungal  OTUs  were  unique  to  the  LP  treatment  (Supplementary  Fig.
S1a).  For bacteria,  there were 1,880 bacterial  OTUs shared between
the HP and LP treatments, with 503 bacterial OTUs unique to the HP

 

a

b

Fig. 1    (a) Colony morphology of the isolate ZS-1 on PDA causing Large Patch disease, and (b) phylogenetic tree of isolate ZS-1 and the related strains
based on rDNA ITS sequences.
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treatment  and  498  bacterial  OTUs  unique  to  the  LP  treatment
(Supplementary Fig. S1b). Notably, the inoculation with Rhizoctonia
solani ZS-1 had a reducing effect on the number of OTUs associated
with rhizosphere fungi in zoysiagrass.

In the case of root-associated OTUs, the Venn diagrams indicated
that  there  were  85  fungal  OTUs  common  to  both  the  HP  and  LP
treatments, with 63 fungal OTUs unique to the HP treatment, and 28
fungal  OTUs  unique  to  the  LP  treatment  (Supplementary  Fig.  S1c).
For bacteria, 930 bacterial OTUs were shared between the HP and LP

treatments, with 583 bacterial OTUs unique to the HP treatment and
366 bacterial OTUs unique to the LP treatment (Supplementary Fig.
S1d).  Similar  to the fungal  community,  the inoculation with Rhizoc-
tonia solani ZS-1 resulted in a reduction in the number of  OTUs for
both fungal and bacterial species associated with zoysiagrass roots. 

Composition of the microbial community
In the rhizosphere, the relative abundance of fungal composition

at the phylum level revealed that the highest proportions in the HP
treatment  were  Ascomycota  (70.76%),  followed  by  Basidiomycota
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(10.77%), Chytridiomycota (10.49%), and Glomeromycota (1.94%). In
contrast, the LP treatment showed the top four relative abundances
as  Ascomycota  (63.20%),  Basidiomycota  (13.01%),  Chytridiomycota
(14.09%), and Glomeromycota (4.62%) (Fig. 4a). At the genus level in
the HP treatment, Trichoderma had the highest  relative abundance
(50.47%),  followed  by Boothiomyces (19.03%), Staphylotrichum
(14.43%), Penicillium (8.46%), and Hyalorbilia (7.61%). In the LP treat-
ment,  the  top  genus  in  terms  of  relative  abundance  was Tricho-

derma (48.42%),  followed  by Boothiomyces (37.82%), Penicillium
(8.96%), Staphylotrichum (4.23%), and Hyalorbilia (0.57%) (Fig. 4b).

For bacterial composition in the rhizosphere, at the phylum level,
the highest relative abundance in the HP treatment was Proteobac-
teria  (47.99%),  followed  by  Actinobacteria  (13.45%),  Chloroflexi
(9.12%), Bacteroidetes (9.10%), and Patescibacteria (5.06%). In the LP
treatment,  Proteobacteria  accounted  for  the  highest  relative  abun-
dance  at  43.62%,  followed  by  Chloroflexi  (14.39%),  Actinobacteria

 

a b

c d

e f

g h

Fig. 4    The relative abundance of rhizosphere soil  fungal (at the (a) phylum, and (b) genus level),  and bacteria (at the (c) phylum, and (d) genus level)
community  as  well  as  root  fungal  (at  the  (e)  class,  and  (f)  order  level),  and  bacteria  (at  the  (g)  class,  and  (h)  order  level)  community  under  ZS-1  strain
invasion conditions. (n = 3; 'LP' represents zoysiagrass grown with ZS-1 strain invasion; 'HP' represents zoysiagrass grown without ZS-1 strain invasion).
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(11.86%), Bacteroidetes (11.14%), and Patescibacteria (4.88%). At the
genus  level,  the  HP  treatment  displayed  the  highest  relative  abun-
dance in the genus Geobacter (56.44%),  followed by Occallatibacter
(6.85%), Candidatus_Koribacter (6.02%), Anaerolinea (4.52%),  and
Bryobacter (3.71%) (Fig. 4c).  In the LP treatment, the genus Geobac-
ter had  the  highest  relative  abundance  (50.57%),  followed  by
Anaerolinea (9.32%),  Candidatus_Koribacter  (6.90%),  UTCFX1
(5.59%), and Synechococcus_CC9902 (4.32%) (Fig. 4d).

Regarding  the  microbial  community  composition  of  zoysiagrass
roots, the analysis focused on fungal and bacterial taxa with relative
abundances  exceeding  0.5%  at  the  phylum  and  order  levels.  In
terms of  fungi,  at  the class level,  the HP treatment had the highest
relative  abundance  of  Dothideomycetes  (62.90%),  followed  by
Sordariomycetes (36.36%),  and Chromadorea (0.75%).  The LP treat-
ment also displayed a high relative abundance of Dothideomycetes
(71.89%), followed by Sordariomycetes (25.96%), and Chromadorea
(2.15%) (Fig. 4e).  At the order level in the HP treatment, Sordariales
was  the  most  abundant  (71.73%),  followed  by  Branch06  (18.93%),
Hypocreales (6.01%), and Pleosporales (1.18%). In the LP treatment,
Pleosporales had the highest relative abundance (66.86%), followed
by Sordariales (29.06%), and Hypocreales (1.43%) (Fig. 4f).

For  bacteria,  at  the  class  level,  the  HP  treatment  exhibited  the
highest  relative  abundance  of  Gammaproteobacteria  (49.77%),
followed by Actinobacteria (15.89%), Alphaproteobacteria (11.47%),
Clostridia  (7.39%),  and  Deltaproteobacteria  (7.29%).  In  the  LP
treatment,  Gammaproteobacteria  had  the  highest  relative  abun-
dance  (23.42%),  followed  by  Alphaproteobacteria  (18.29%),

Deltaproteobacteria (15.04%), Clostridia (8.27%), and Acidobacteriia
(8.07%)  (Fig.  4g).  At  the  order  level  in  the  HP  treatment,  Betapro-
teobacteriales  had  the  highest  relative  abundance  (62.89%),
followed  by  Clostridiales  (10.78%),  Rhizobiales  (7.95%),  Myxococ-
cales (6.68%), and Desulfuromonadales (2.69%). In the LP treatment,
Betaproteobacteriales  remained  the  highest,  albeit  decreased  to
26.38%  compared  to  the  HP  treatment.  It  was  followed  by  Desul-
furomonadales  (12.06%),  Clostridiales  (11.00%),  Rhizobiales
(10.78%), and Selenomonadales (10.15%) (Fig. 4h). 

Alpha diversity
Alpha  diversity  index  results  showed  that  inoculation  with R.

solani ZS-1  treatment  significantly  reduced  (p <  0.05)  the  Chao1
index  of  rhizosphere  and  root  fungal  communities  as  well  as  root
fungal communities (Fig. 5a−c), but significantly increased (p < 0.01)
the Chao1 index of root bacterial communities (Fig. 5d). R. solani ZS-
1 inoculation significantly reduced (p < 0.05)  the Shannon index of
both the rhizosphere and root fungal communities (Fig. 5e, g), while
significantly  increasing the  Shannon index of  both the  rhizosphere
and  root  bacterial  communities  (Fig.  5f, h).  Contrasting  with  alpha
diversity  trends,  Simpson  indices  exhibited  inverse  response
patterns.  The  Simpson  index  of  the  rhizosphere  and  root  fungal
communities in the HP treatment was significantly lower (p < 0.05)
than that in the LP treatment (Fig. 5i, k), while the Simpson index of
its bacterial community in rhizosphere was significantly higher (p <
0.05) than that in the LP treatment (Fig. 5j),  and the Simpson index
of bacterial communities within the HP and LP root samples did not
exhibit a significant difference (p > 0.05; Fig. 5l). 
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Beta diversity
For rhizosphere soil fungi and bacteria, PCoA plots showed differ-

ent  clusters  for  the  LP  and  HP  treatments  (PCoA1  and  PCoA2
explained 76.8% and 8.9% of the variance for fungi, and PCoA1 and
PCoA2  explained  61.9%  and  20.9%  of  the  variance  for  bacteria,
respectively)  (Supplementary Fig.  S2a, b).  For root fungi and bacte-
ria,  PCoA  plots  showed  different  clusters  for  the  LP  and  HP  treat-
ments  (PCoA1  and  PCoA2  explained  55.3%  and  20.5%  of  the
variance  for  fungi,  and  PCoA1  and  PCoA2  explained  62.8%  and
12.2% of the variance for bacteria, respectively). (Supplementary Fig.
S2c, d). 

LEfSe
LEfSe  analysis  was  conducted  to  examine  the  effects  of  traffic

treatment on zoysiagrass (from phylum to genus);  their  LDA scores
were  greater  than  4.0.  The  longer  the  length  of  the  column,  the
more  apparent  the  differences  between  the  species.  For  rhizo-
sphere  fungal  community, Staphylotrichum,  Chaetomiaceae,  and
unidentified (five unidentified species were present in this result) of
HP  treatment,  Rhizophydiales,  Terramycetaceae, Boothiomyces,
Chytridiomycetes, Agaricales, Dothideomycetes, Basidiomycota, and
Agaricomycetes  of  LP  treatment  (Fig.  6a).  For  rhizosphere  bacterial
community,  Proteobacteria,  Geobacteraceae, Geobacter,  Desul-
furomonadales,  Deltaproteobacteria, Occallatibacter,  Alphapro-
teobacteria,  Acidobacteriaceae_Subgroup_1_,  Diplorickettsiales,
Diplorickettsiaceae,  Phycisphaerae,  and  Tepidisphaerales  of  HP
treatment, Anaerolineae,  Chloroflexi,  Anaerolineaceae,  Anaero-
lineales, Anaerolinea, Bacteroidetes, Bacteroidales, Betaproteobacte-
riales, Rhodocyclaceae, and Archangiaceae of LP treatment (Fig. 6b).
For  root  fungal  community,  Sordariomycetes,  unidentified,  Branch

06, unidentified, Branch06_sp, Magnaporthales,  Magnaporthiopsis_
sp, Magnaporthiopsis,  Magnaporthaceae  of  HP  treatment,  Chroma-
dorea, Acrobeloides,  and  Acrobeloides_sp  of  LP  treatment  (Fig.  6c).
For  root  bacterial  community,  Actinobacteria,  Proteobacteria,
Gammaproteobacteria,  Betaproteobacteriales,  Burkholderiaceae,
and  Actinobacteria  of  HP  treatment,  Acidobacteria,  Bacteroidetes,
Spirochaetes, Deltaproteobacteria of LP treatment (Fig. 6d). 

Redundancy analysis
The  first  and  second  RDA  axes  among  rhizosphere  soil  fungal

communities  and  plant  indicators  contributed  44.20%  and  15.92%
to the variance. The CAT activity was positively correlated with phyla
Ascomycota,  Anthophyta,  Basidiomycota,  Ciliophora,  and  Chytri-
diomycota. PAL activity was positively related to phyla Glomeromy-
cota (Fig. 7a). The first and second RDA axes among rhizosphere soil
bacterial communities and plant indicators contributed 62.29% and
12.67%  to  the  variance.  The  CAT  activity  was  positively  correlated
with phyla Actinobacteria and Acidobacteria. PAL activity was posi-
tively related to phyla Cyanobacteria, Bacteroidetes, and Chloroflexi
(Fig. 7b).

The first and second RDA axes among root soil  fungal communi-
ties  and  plant  indicators  contributed  86.46%  and  10.28%  to  the
variance. The CAT activity was positively correlated with Sordariales,
Branch06, Sordariomycetes, and Dothideomycetes. PAL activity was
positively  related  to  Chromadorea  (Fig.  7c).  The  first  and  second
RDA  axes  among  root  soil  bacterial  communities  and  plant
indicators  contributed  99.11%  and  0.09%  to  the  variance.  The  CAT
activity  was  positively  correlated  with  Gammaproteobacteria.  PAL
activity  was  positively  related  to  Deltaproteobacteria,  Alphapro-
teobacteria, Clostridia, and Actinobacteria (Fig. 7d).

 

a b
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Fig.  6    The taxonomic  differences  between treatments  based on ZS-1  strain  invasion in  zoysiagrass.  Linear  discriminant  analysis  Effect  Size  (LEfSe)  of
fungi and bacteria in (a), (b) rhizosphere soil, and (c), (d) root. LEfSe map is a linear discriminant analysis based on the composition of sample taxonomy
according to different grouping conditions. p < 0.05, LDA > 4 as the standard. ('LP' represents zoysiagrass grown with ZS-1 strain invasion; 'HP' represents
zoysiagrass grown without ZS-1 strain invasion).
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The  first  and  second  RDA  axes  among  rhizosphere  soil  fungal
communities  and  soil  properties  contributed  83.99%  and  12.27%
to the variance. The AK and TP were positively correlated with phyla
Glomeromycota.  TN  and  TP  were  positively  related  to  phyla  Cilio-
phora,  Ascomycota,  and  Basidiomycota  (Fig.  8a).  The  first  and
second RDA axes among rhizosphere soil bacterial communities and
soil properties contributed 83.68% and 11.82% to the variance. The
AK  was  positively  correlated  with  Bacteroidetes,  Chloroflexi,  and
Cyanobacteria.  TN and TP were positively  related to Actinobacteria
(Fig. 8b).

The first and second RDA axes among root soil  fungal communi-
ties  and  soil  properties  contributed  86.44%  and  7.05%  to  the
variance.  The  AK  was  positively  correlated  with  Chromadorea.  TN
and TP were positively related to Branch06,  Sordariales,  and Sorda-
riomycetes (Fig. 8c). The first and second RDA axes among root soil
bacterial  communities  and  soil  properties  contributed  98.89%  and
0.37%  to  the  variance.  The  AK  was  positively  correlated  with
Clostridia,  Actinobacteria,  Alphaproteobacteria,  and  Deltapro-
teobacteria. TN and TP were positively related to Gammaproteobac-
teria (Fig. 8d). 

Discussion

Large  Patch  is  the  primary  threat  to  the  quality  of  zoysiagrass
lawns.  In  our  study,  the  invasion  of  the  ZS-1  strain  had  adverse
effects on the growth of zoysiagrass.  Parameters such as Pn, Fv/Fm
ratio, ΦPSII,  qP,  qN,  chlorophyll,  and  carotenoid  contents  showed

significant  decreases  in  the  LP  treatment  group  (Supplementary
Table  S1).  Simultaneously,  the  plant's  defense  mechanisms  against
pathogens were activated,  as  indicated by the significant  increases
in  SOD,  POD,  CAT,  APX,  PAL,  PPO,  Chitinase,  and β-1,3-glucanase
activities  in  LP-treated  zoysiagrass  plants  compared  to  their  HP-
treated  counterparts.  In  addition,  the  LP  treatment  significantly
reduced AK content in rhizosphere soil,  which was positively corre-
lated  with  CAT  activity,  consistent  with  previous  research  findings
that  potassium  deficiency  suppresses  antioxidant  enzyme
activities[25].

Therefore,  there  is  an  urgent  need  to  mitigate  the  impact  of
Large  Patch  disease  on  zoysiagrass  turf.  Currently,  the  incomplete
genome  sequencing  of  zoysiagrass  and  the  challenges  associated
with genetic  transformation have hindered molecular  research and
genetic  engineering  in  zoysiagrass  to  some  extent.  It  has  been
reported that rhizosphere-associated microorganisms can influence
a  plant's  disease  resistance  mechanisms[26].  Investigating  the  colo-
nization  of  microbial  communities,  followed  by  the  screening  and
inoculation  of  beneficial  bacteria  or  fungi,  maybe  a  practical  and
meaningful  strategy  to  alleviate  the  impact  of  Large  Patch  disease
on  zoysiagrass  turf  quality.  In  our  current  work,  we  assessed  the
diversity of rhizosphere and root-associated microbial communities
in  zoysiagrass  under  the  invasion  of  the  ZS-1  strain  and  under
normal  conditions  using  high-throughput  sequencing  of  the  16S
rRNA  gene.  At  the  phylum  level,  our  findings  revealed  an  increase
in  Chytridiomycota  in  rhizosphere  samples  under  LP  treatment,
while  Ascomycota  and  Basidiomycota  consistently  had  the  highest

 

a

0.00

−0.25

−0.50

R
D

A
2 

15
.9

2%

−0.75

−1.0 −0.5 0.0
RDA1 44.20%

0.5
Glomeromycota

LP1

LP3
HP3

HP1

CAT HP2

Ascomycota

Ciliophora

Basidiomycota
Chytridiomycota

PAL

LP2

1.0

b

c

0.2

0.0

0.1

−0.2

−0.1

R
D

A
2 

12
.6

7%

−0.3

−0.5 0.0
RDA1 62.29%

0.5

ChloroflexiLP1

LP3
HP3

HP1

CAT HP2

Acidobacteria

Actinobacteria

Bacteroidetes

Cyanobacteria

PAL

LP2

1.0

0.00

−0.25

−0.50

R
D

A
2 

10
.2

8%

−1.0 −0.5 0.0
RDA1 86.46%

0.5

Chromadorea
LP1

LP3
HP3

HP1

CAT HP2
Sordariomycetes

Branch06
Sordariales

Dothideomycetes

PAL

LP2

1.0

0.0

0.1

−0.1

R
D

A
2 

0.
09

%

−0.5−1.0 0.0
RDA1 99.11%

0.5

AlphaproteobacteriaLP1

LP3
HP3

HP1

CAT
HP2

Actinobacteria
Clostridia

Gammaproteobacteria

Deltaproteobacteria

PAL

LP2

1.0

d

Fig. 7    Redundancy analysis (RDA) of relative abundance of fungi and bacteria in rhizosphere soil and root. and physiological indicators. (a) RDA between
relative  abundance  of  fungi  in  rhizosphere  soil  and  physiological  indicators;  (b)  RDA  between  relative  abundance  of  bacteria  in  rhizosphere  soil  and
physiological  indicators;  (c)  RDA  between  relative  abundance  of  fungi  in  root  and  physiological  indicators;  (d)  RDA  between  relative  abundance  of
bacteria in root and physiological indicators. (n = 3; 'LP' represents zoysiagrass grown with ZS-1 strain invasion; 'HP' represents zoysiagrass grown without
ZS-1 strain invasion. CAT = catalase activity; PAL = phenylalanine ammonia-lyase activity).
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relative abundance in both LP and HP treatments. There were minor
fluctuations in the relative distribution of species in the rhizosphere
fungal community at different taxonomic levels. The phyla Ascomy-
cota  and  Basidiomycota  are  the  two  major  branches  of  soil  fungi,
primarily  distributed  in  tropical  and  subtropical  regions[27].  The
reason  why  these  two  phyla,  Ascomycota  and  Basidiomycota,  are
more  abundant  in  tropical  and  subtropical  soil  compared  to  other
fungal  phyla  is  that  they  can  produce  regular  septa  with  central
pores  that  can  be  sealed  to  prevent  leakage,  thereby  improving
water  conservation  under  dry  conditions.  This  adaptation  makes
them more suitable for survival in low-latitude regions[28].

Taxonomic  analysis  revealed  that  the  fungal  community  struc-
ture  in  zoysiagrass  rhizosphere  soils  was  primarily  composed  of
genera  such  as Trichoderma, Boothiomyces, Staphylotrichum,  and
Penicillium under  both  HP  and  LP  conditions. Trichoderma species
are  widely  distributed  across  various  climatic  zones  and  play  a  sig-
nificant role in decomposing woody and herbaceous materials. They
are known for their rapid growth, ability to utilize diverse substrates
and  production  of  antimicrobial  compounds.  Recent  studies  have
demonstrated that Trichoderma spp. can establish synergistic inter-
actions with AMF, enhancing their biocontrol efficacy through joint
secretion  of  antifungal  metabolites[29]. Trichoderma strains  have
been utilized for enzyme and antibiotic production, bioremediation
of  xenobiotic  substances,  and  as  biological  control  agents  against
plant  pathogenic  fungi  and  nematodes.  Some Trichoderma species
can  establish  close  associations  with  plant  roots,  contributing  to
biological control and promoting plant growth by releasing soluble

mineral nutrients and growth-promoting compounds[30].  Both Peni-
cillium and Trichoderma genera  are  considered  to  possess  antifun-
gal  properties  against  plant  pathogens[31,32].  Furthermore,  the  acti-
vity  of  catalase  (CAT)  was  positively  correlated  with  phyla  such  as
Ascomycota, Anthophyta, Basidiomycota, Ciliophora, and Chytridio-
mycota. Phenylalanine ammonia-lyase (PAL) activity showed a posi-
tive relationship with the phylum Glomeromycota.  Available potas-
sium  (AK)  and  total  phosphorus  (TP)  are  significantly  positively
correlated  with  the  phylum  Glomeromycota,  which  is  consistent
with  previous  studies  showing  that  arbuscular  mycorrhizal  fungi
(AMF) enhance stress resistance by promoting the uptake of potas-
sium  and  phosphorus  by  host  plants[33,34].  The  total  nitrogen  (TN)
and  TP  were  positively  correlated  with  phyla  Ciliophora,  Ascomy-
cota,  and  Basidiomycota.  Arbuscular  mycorrhizal  fungi  (AMF),
belonging to the Glomeromycotina subphylum, can form symbiotic
relationships  with  approximately  80%  of  terrestrial  plants.  Some
researchers  suggest  that  mycorrhiza  enhances  plant  disease  resis-
tance by improving plant nutrition, resulting in stronger growth and
enhanced  disease  resistance[17,35].  There  is  indeed  evidence  that
mycorrhizal  plants  tend to have higher  phosphorus concentrations
in  their  tissues  compared  to  non-mycorrhizal  plants.  Some  studies
have  found  that  the  high  phosphorus  status  within  mycorrhizal
roots  reduces  root  exudates,  thereby  affecting  the  process  of
pathogen  infection[36].  Arbuscular  mycorrhizal  (AM)  fungi,  like
pathogens,  are  heterotrophic  and  require  carbon  nutrition  from
host plants. Competition for carbon resources by AM fungi reduces
the  opportunities  for  pathogens  to  acquire  carbon,  thus  inhibiting
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their  growth  and  reproduction[37,38].  However,  the  specific  mecha-
nisms of this interaction are not yet fully understood. AM fungi and
pathogens  compete  for  infection  sites  or  entry  points.  Once  plant
roots are colonized by AM fungi, it becomes challenging for patho-
gens  to  infect  the  roots.  It  has  been  observed  that  the  pathogenic
fungus Rhizoctonia  solani struggles  to  infect  maize  roots  that  have
been previously colonized by Glomus mosseae or Glomus versiforme,
whereas  maize  roots  without  AM  fungal  colonization  are  more
susceptible to R. solani infection[39]. AM fungi also interact with other
antagonistic  microorganisms  in  the  rhizosphere,  such  as  fungi  like
Trichoderma spp.  and Gliocladium spp.,  as  well  as  plant  growth-
promoting rhizobacteria  (PGPR)  like Pseudomonas spp.  and Bacillus
spp.,  resulting  in  mutualistic  relationships.  Increasing  the  diversity
and abundance of beneficial microorganisms in the rhizosphere can
reduce the chances of plant infection by pathogens, which could be
one  of  the  mechanisms  through  which  AM  fungi  enhance  plant
disease  resistance[40−42].  Therefore,  these  ZS-1  strain-induced  AM
fungi  may  interact  with  other  microorganisms  like Trichoderma,
regulating  plant  physiology  and  specific  mechanisms  to  promote
zoysiagrass  growth  and  enhance  its  resistance  to  Large  Patch
disease.  However,  further  research  is  needed  to  fully  understand
these interactions.

In soil ecosystems, bacterial communities display a wide range of
species abundances,  with some species being present at low levels
and  a  minority  of  species  dominating  the  community.  On  a  global
scale, Proteobacteria and Acidobacteria are the predominant bacte-
rial phyla in soils. In our study, we observed that Acidobacteria and
Proteobacteria  were the dominant  phyla  in  soil  samples  from both
HP and LP treatments,  together  accounting for  approximately  50%
of the total bacterial species in the soil samples. Proteobacteria play
vital roles in nutrient recycling, promoting plant growth, and enhanc-
ing  soil  fertility.  It  has  been  suggested  that  copiotrophic  bacteria,
including  some  Proteobacteria,  thrive  in  nutrient-rich  or  nutrient-
limited  environments[43].  However,  the  presence  of  the  ZS-1  strain
invasion  led  to  a  decrease  in  soil  organic  carbon  (SOC)  content,
potentially  reducing  the  support  for  the  growth  of  Proteobacteria.
Furthermore,  the  phyla  Chloroflexi  and  Actinobacteria  displayed
higher  abundances  in  turf  soils  under  LP  conditions.  This  observa-
tion  is  consistent  with  the  copiotroph/oligotroph  hypothesis[44],
positing that bacterial  phyla with oligotrophic traits  predominantly
occur  in  nutrient-impoverished  environments.  Taxonomic  analysis
has  revealed  that  the  bacterial  community  structure  in  zoysiagrass
rhizosphere  soils,  both under  high phosphorus  (HP)  and low phos-
phorus  (LP)  conditions,  is  predominantly  comprised  of  genera
Geobacter, Candidatus_Koribacter,  and Anaerolinea. Geobacter
species are widely distributed in soils and sediments and play signi-
ficant  roles  in  various  environmental  processes.  They  are  involved
in  global  carbon  and  iron  cycles,  contribute  to  bioremediation
efforts  by  facilitating  the  cleanup  of  contaminants,  and  participate
in  diverse  microbial  processes. Geobacter species  are  particularly
known  for  their  ability  to  engage  in  direct  electron  transfer  and
syntrophic  relationships  with  other  microorganisms,  impacting
processes such as methane generation, nitrate reduction, and anae-
robic  photosynthesis  within  different  microbial  communities[45].
Bacteroidetes  play  crucial  roles  in  recycling  organic  matter.  Com-
bined  with  the  RDA  result,  The  AK  was  positively  correlated  with
Bacteroidetes, Chloroflexi, and Cyanobacteria. TN and TP were posi-
tively  related  to  Actinobacteria,  and  they  have  been  shown
elsewhere  to  be  associated  with  soils  with  nutrient  deficiency[43].
Additionally,  the  fractions  of  dissolved  organic  matter  (DOM)
containing lignin-like and lipid-like compounds were strongly corre-
lated  with Anaerolinea,  contributing  to  net  nitrogen  mineralization
and  SOC.  Therefore,  the  rhizobacteria  induced  by  the  ZS-1  strain,

particularly Geobacter and Anaerolinea,  may  enhance  zoysiagrass
growth  and  improve  tolerance  to  Large  Patch  disease  through
specific  mechanisms  like  enhancing  the  nitrogen  cycle,  nutrient
uptake,  and  detoxification  of  harmful  substances  as  plant  growth-
promoting  rhizobacteria  (PGPRs).  While  our  correlation  analysis
suggests  potential  mechanisms,  targeted  metatranscriptomics  is
required to dissect causal relationships.

Microbial  community  restructuring  may  not  only  affect  plant
physiology but also feedback into soil chemistry via altered nutrient
cycling (Supplementary Table S1).  The interactions between micro-
organisms, soil, and plants play a crucial role in shaping the compo-
sition  of  underground  microbial  communities  and  ensuring  eco-
system  functionality.  These  interactions  ultimately  determine  the
normal growth of plants[46,47]. Therefore, when plants are exposed to
soil-borne  diseases,  the  microbial  communities  within  the  soil  and
root systems undergo varying degrees of change[48]. Such microbial
shifts  may represent  an evolutionary  conserved plant  defense stra-
tegy.  Through continuous evolution and adaptation,  certain micro-
organisms may emerge to resist disease-causing pathogens, thereby
ensuring that plants can continue to grow under similar conditions.
Venn diagrams provide a visual representation of shared and unique
information among multiple samples at a specific classification level.
In this study, the number of fungal and bacterial OTUs (Operational
Taxonomic  Units)  in  HP  samples  from  zoysiagrass  rhizosphere  soil
was  relatively  high  and  comparable.  However,  in  LP  samples,  the
number of bacterial OTUs was significantly higher than the number
of fungal OTUs. Analysis of shared OTUs between fungal and bacte-
rial communities revealed that the number of shared OTUs in bacte-
rial  communities  between  HP  and  LP  samples  was  significantly
higher  than  in  fungal  communities.  Additionally,  in  both  root  and
rhizosphere communities, the number of bacterial OTUs was signifi-
cantly  higher  than  the  number  of  fungal  OTUs.  Furthermore,  the
number  of  shared  OTUs  was  significantly  higher  in  bacterial  com-
munities  compared  to  fungal  communities.  Research,  such  as
Coleman-Derr et al.[49], on the rhizosphere microbiome of Arabidop-
sis  thaliana has  shown  that  plant  roots  have  a  selective  filtering
effect on the microorganisms that colonize within them. Root secre-
tions  can  attract  microorganisms  from  the  surrounding  soil,  and
after  undergoing  selection,  these  microorganisms  can  colonize  the
plant  roots.  In  the root  samples  of  zoysiagrass,  at  the class  level,  in
HP samples,  the highest  relative  abundance of  fungi  was  observed
in  the  class  Dothideomycetes  with  a  relative  abundance  of  up  to
62.90%.  At  the  order  level, Sordariales had  a  notably  high  relative
abundance  of  approximately  71.73%.  In  LP  samples,  Dothideomy-
cetes  still  maintained  the  highest  relative  abundance,  approxi-
mately 71.89%, while at the order level, Pleosporales dominated with
a  relative  abundance  of  around  66.86%. Pleosporales has  been
reported to exhibit resistance to pathogens[50].  The CAT activity, TN
(total nitrogen), and TP (total phosphorus) showed positive correla-
tions  with Sordariales, Branch06,  and Sordariomycetes.  It's  worth
noting  that Sordariales includes  several  thermophilic  taxa  asso-
ciated  with  the  production  of  thermostable  enzymes[51].  Additio-
nally,  CAT activity  was positively  correlated with Gammaproteobac-
teria.  PAL  activity  exhibited  positive  associations  with Deltapro-
teobacteria, Alphaproteobacteria, Clostridia,  and  Actinobacteria.  AK
(available  potassium) was positively  correlated with Clostridia,  Acti-
nobacteria, Alphaproteobacteria, and Deltaproteobacteria. TN and TP
were  positively  related  to Gammaproteobacteria. Deltaproteobacte-
ria has  been  implicated  in  sulfur  oxidation  and  carbon  fixation[52],
while Clostridia play a role in nutrient metabolism.

Hence,  these  beneficial  microorganisms  induced  by  the  ZS-1
strain  in  the  rhizosphere  soil  and  within  the  roots  may  enhance
zoysiagrass  growth  and  improve  its  resistance  to  diseases  through
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specific  mechanisms  such  as  enhancing  nitrogen  cycling,  nutrient
uptake,  and  modulating  plant  physiology.  While  16S/ITS  sequenc-
ing identified  key  taxa,  their  functional  gene expression and meta-
bolic  flux  require  multi-omics  integration.  Subsequent  studies
should  combine Geobacter isolation  with  gnotobiotic  systems  to
validate  disease-suppressive  roles.  The  interactions  between  rhizo-
sphere and root-associated bacterial communities could potentially
contribute  to  enhancing  plant  resilience[53].  Additionally,  during
the  ZS-1  strain  invasion  process,  robust  fundamental  biological
processes,  replication,  recombination,  and  repair  in  both  rhizo-
sphere soil and plant roots may also play a role in improving zoysia-
grass  resilience[4].  In  future studies,  we plan to cultivate and inocu-
late  beneficial  microorganisms  in  rhizosphere  soil,  while  also  ana-
lyzing  the  relationship  between  zoysiagrass  disease  resistance,
physiological  and  biochemical  processes,  and  soil  microbial  com-
munities.  Indeed,  managing  rhizosphere  and  root  microbes  and
ensuring  a  balanced  composition  of  beneficial  and  harmful
microbes  in  the  soil  and  around  plant  roots  is  a  crucial  aspect  of
enhancing plant resilience to both abiotic and biotic stresses. 

Conclusions

This study first reveals that R. solani exacerbates disease progres-
sion  by  reshaping  rhizosphere-root  microbiome  networks,  identi-
fying novel microbial targets (e.g., Geobacter-Anaerolinea functional
modules)  for  turfgrass  disease  management.  However,  it's  impor-
tant  to  note  that  this  study  provides  preliminary  findings  and
focuses  solely  on  the  interaction  between  the  pathogenic  ZS-1
strain  and  the  plant  host.  Further  research  involving  additional
microorganisms  is  necessary  to  comprehensively  analyze  their
potential  roles  in  mitigating  Large  Patch  disease.  This  research
contributes to a better understanding of the symbiotic relationship
between  dominant  microbial  communities  and  zoysiagrass,  laying
the  foundation  for  future  efforts  aimed  at  improving  zoysiagrass
resistance  to  Large  Patch  through  enhancements  in  soil  microbial
community and microbial colonization within the roots. 
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