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Editorial on the Research Topic

Innovative strategies for enhancing plant resilience to phytopathogenic
microbes

Plant diseases pose a significant threat to global food security, biodiversity, and
economic stability. Plants face constant attack from a diverse array of pathogens
including bacteria, fungi, viruses, and nematodes that collectively cause devastating
agricultural losses (Ristaino et al., 2021; Wang et al, 2022). The financial impact is
staggering, with annual crop yield losses from pathogens and pests estimated at $220 billion
worldwide. These losses don’t merely represent economic figures; they translate to real food
shortages, compromised regional economies, and cascading socioeconomic challenges
(Singh et al., 2023). The extensive use of traditional chemical pesticides and antibiotics
involving toxic substances has become more challenging due to severe ecotoxicological
challenges (Ahmed et al, 2023). Thus, there is an urgent need to develop effective and
robust eco-friendly plant disease management approaches to overcome global food crisis.

A recent Research Topic of “Frontiers in Plant Science” explores groundbreaking
research aimed to enhancing plant resilience to phytopathogenic microbes. The Research
Topic features nine original research papers and one comprehensive review that collectively
advances our understanding of sustainable agriculture through enhanced disease resistance.
The featured research illuminates several critical areas: the molecular interactions between
plants and pathogens, novel approaches to disease management, biotechnological
innovations for improved resistance, and the complex interplay between climate change
and disease dynamics. For example, Ayaz et al. showed that Bacillus subtilis BS-2301
exhibits strong antifungal activity against Sclerotinia sclerotiorum via ROS accumulation,
OA reduction, and hyphal damage. It also promotes plant growth, enhances antioxidant
defense, and upregulates disease-resistant genes. Overall, Bacillus subtilis BS-2301 is a
promising biocontrol agent for sustainable agriculture with broad-spectrum antagonism
and growth-promoting traits. In another study, Arbuscular mycorrhizal fungi (AMF)
Rhizophagus intraradices enhance Lycium barbarum resistance to Fusarium solani by
boosting phenylpropane metabolism, increasing lignin (141.65%) and flavonoids (44.61%),
and elevating defense-related enzymes and hormones. AMF symbiosis improves plant
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growth (24.83% height increase) and strengthens early pathogen
response, offering a sustainable biocontrol strategy against root rot
(Li et al.).

Chancellor et al. revealed that Gaeumannomyces hyphopodioides
controls take-all disease by locally modifying wheat root gene
expression, suppressing cell wall-related genes (CESA, XTH), and
forming lipid-rich subepidermal vesicles (SEVs). These findings
highlight a novel biocontrol mechanism, offering potential
strategies for enhancing wheat resistance against G. tritici in the
absence of resistant cultivars. Another study identifies PeVnl, a
novel protein elicitor from Verticillium nonalfalfae, which triggers
plant immune responses via NbBAKI1/NbSOBIR1-dependent cell
death, ROS burst, and defense activation. PeVnl enhances
resistance against multiple pathogens, offering potential for
developing protein-based biocontrol agents in sustainable agriculture
(Zhang et al.). Chen et al. demonstrated that LAZ1 and LAZ1H1 are
evolutionarily conserved positive regulators of SAR, modulating
CBP60g and SARDI expression and SA/NHP biosynthesis. Their
overexpression enhances pathogen resistance, highlighting their
potential as targets for improving plant immunity in crops.

The application of 0.3% tetramycin and reduced-dose
tebuconazole-azoxystrobin synergistically controls Taizishen leaf
diseases (90.03-90.46% efficacy), enhances physiological activity
(electrical signals, photosynthesis, nutrient transport), improves
growth/quality metrics, and reduces pesticide use, offering an
efficient and sustainable disease management strategy (Tian
et al.). Ahmed et al. demonstrated that Luteibacter pinisoli DP2-
30 effectively combats pine wilt disease through potent nematicidal
activity (>95% mortality), suppressed egg hatching (43-49%), and
microbiome modulation—notably enriching Rhodanobacteraceae.
Its dual-action mechanism (direct pathogen suppression and host
microbiota restructuring) offers promising eco-friendly PWD
control. Another recent study identified phage cocktails (BPC-1)
with exceptional bacterial wilt control efficacy (99.25%), combining
broad-host-range (YL1/YL4) and high-efficacy (YL2/YL3) phages.
Structural analyses of tail fiber proteins reveal key amino acid
determinants for host specificity, offering optimized phage-based
solutions for sustainable bacterial wilt management (He et al.). Yang
et al. revealed that P. polysora infection restructures maize
endophytic communities, reducing diversity and network
complexity while revealing key fungal associations (e.g.,
Alternaria-resistance correlation). Temperature-driven microbial
assembly and differential regional resilience offer new insights for
developing microbiome-based SCR management strategies. Last, a
review published by Masood et al. demonstrated that nano-enabled
immunomodulation offers a sustainable approach to enhance plant
disease resistance through engineered nanomaterials that trigger
immune responses, deliver bioactive compounds, and reshape
microbiomes. Additionally, this review systematically examines

current advances in nano-enabled immunomodulation
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approaches, explores their underlying mechanisms, and identifies
key research directions to address current limitations for eco-
friendly plant disease control. Together, these studies provide a
foundation for developing more resilient agricultural systems
capable of withstanding emerging pathogenic threats.
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Plant diseases caused by microbial pathogens pose a severe threat to global food
security. Although genetic modifications can improve plant resistance; however,
environmentally sustainable strategies are needed to manage plant diseases.
Nano-enabled immunomodulation involves using engineered nanomaterials
(ENMs) to modulate the innate immune system of plants and enhance their
resilience against pathogens. This emerging approach provides unique
opportunities through the ability of ENMs to act as nanocarriers for delivering
immunomodulatory agents, nanoprobes for monitoring plant immunity, and
nanoparticles (NPs) that directly interact with plant cells to trigger immune
responses. Recent studies revealed that the application of ENMs as nanoscale
agrochemicals can strengthen plant immunity against biotic stress by enhancing
systemic resistance pathways, modulating antioxidant defense systems,
activating defense-related genetic pathways and reshaping the plant-
associated microbiomes. However, key challenges remain in unraveling the
complex mechanisms through which ENMs influence plant molecular
networks, assessing their long-term environmental impacts, developing
biodegradable formulations, and optimizing targeted delivery methods. This
review provides a comprehensive investigation of the latest research on nano-
enabled immunomodulation strategies, potential mechanisms of action, and
highlights future perspectives to overcome existing challenges for sustainable
plant disease management.

KEYWORDS

agriculture, nanomaterials, immunomodulation, phytopathogens, disease resistance
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1 Introduction

Agriculture is the most important sector that plays a crucial role
in providing food, supporting economic stability, and maintaining
ecological balance worldwide (Hartmann and Six, 2023). Plant
pathogens, including fungi, bacteria, viruses, and other pathogens,
pose a severe threat to agricultural productivity and food security
worldwide (Kim et al., 2023). In the last few decades, due to trade
globalization, climate change, and other factors, new pathogens are
constantly emerging, and existing diseases are also spreading,
posing a serious threat to agricultural production (Singh et al,
2023). Moreover, since the Green Revolution the global population
has dramatically raised by more than 5 billion people, and the
shortage of typical agricultural methods has critically restrained our
capability to conserve food safety (Conway, 1998). Traditional
methods such as broad-spectrum antibiotics and chemical
pesticides provide some support; however, they also pose adverse
effects to the environment and human health and can also lead to
drug resistance in plant pathogens (Ahmed et al., 2022). To address
these issues, traditional breeding and modern biotechnology are
expected to significantly improve plant resilience to various
pathogens by improving crop resistance genes and immune
signaling pathways (Conway, 1998; Munaweera et al., 2022).

Although genetic modifications of plants offer promising
advantages, these require risk assessment and careful
consideration to confirm their safety and sustainability (Anders
et al., 2021). Therefore, it is important to find new strategies for
environmentally friendly and sustainable plant disease
management. Enhancing crop resilience to pathogens is one of
the key strategies to control plant diseases and maintain agricultural
sustainability, while minimizing the reliance on traditional
pesticides (Hannan Parker et al., 2022; Ngou et al., 2022).
Notably, the innate immune system of plants provides a strong
defense against pathogen invasion (Ma et al., 2021), but how to
effectively regulate and enhance plant immunity remains to be
established. In recent years, the application of nanotechnologies in
agriculture has attracted increasing attention, due to their unique
nanoscale-specific properties such as high efficiency, large surface
area, small size, targeted delivery, and controlled release (Beckers
et al., 2021).

Nano-enabled immunomodulation involves the use of
engineered nanomaterials (ENMs) as nanoscale agrochemicals to
modulate the immune response of plants to improve disease
resistance (Ahmed et al.,, 2024; Zhang et al., 2024). ENMs can be
used as nanocarriers to efficiently and precisely deliver immune
signaling molecules or genes to specific locations in cells, thereby
regulating the plant immune system (Zhang et al, 2021b).
Additionally, nanoprobe technology is also used to monitor key
biomolecular changes in plant immunity, and biotic and abiotic
stress responses in real-time (Son et al., 2023). Recent studies have
demonstrated that ENMs application strengthens the plant
immunity and tolerance against biotic stress by enhancing
systemic acquired resistance (SAR) and induced systemic
resistance (ISR), and modulating antioxidative defense systems.
For example, the foliar application of silica nanoparticles (SiNPs)
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100 mg L™" improved the disease resistance in Arabidopsis thaliana
plants against bacterial pathogen Pseudomonas syringae by
inducing the SAR in a dose-dependent manner. SAR-inducing
phytohormone such as SA successfully enhances stress tolerance
by upregulating the expression of pathogenesis-related genes (El-
Shetehy et al., 2021). In another recent study, Noman et al. (2024)
reported that salicylic acid (SA) coated biogenic iron nanoparticles
(bio-FeNPs) at 100 mg Kg™' concentration significantly suppressed
Fusarium wilt disease in watermelon (Citrullus lanatus L.) caused
by a fungal pathogen Fusarium oxysporum f. sp. niveum by
improving SAR response via triggering antioxidative defense
systems and SA signaling pathway genes. These findings suggest
that nano-enabled immunomodulation might be an alternative way
for enhancing plant resilience against phytopathogens; however,
mechanistic insights and translation of these approaches from
laboratory to the field scale involves significant challenges.

The aim of this review is to provide a comprehensive overview
of the latest research progress in nano-enabled immunomodulation
for enhancing plant resilience against phytopathogens threats. We
aim to elucidate the potential mechanisms by which ENMs can
modulate plant immune responses, critically evaluate the latest
research advances, and highlight future challenges and
opportunities for translating these approaches into sustainable
agricultural practices.

2 Dynamics of immunomodulation in
plants against phytopathogens

The coevolution of plants and microbial pathogens has led to an
intricate interplay of defense and attack mechanisms (Fields and
Friman, 2022; Harris and Mou, 2024). Microbial pathogens have
developed strategies for evading or suppressing plant immune
systems; however, plants employ various sophisticated defense
mechanisms in response (Sun and Zhang, 2021). Notably,
effector-triggered immunity (ETI) and pattern-triggered
immunity (PTI) are two primary defense mechanisms of innate
plant immunity against phytopathogens. In plants, NOD-like
receptors (NLRs) constitute sensor and helper NLRs, which are
responsible for ETT (Laflamme et al., 2020; Nabi et al., 2024). For
example, Wang et al. (2023) reported that MPK3 and MPK6
suppression in Arabidopsis can potentially reduce pre-PTI-
mediated ETI suppression (PES) through inhibition of two
protein phosphatases genes (AP2CI and PP2C5). Furthermore,
recognition of conserved microbial features such as microbe-
associated molecular patterns (MAMPs) through plant pattern
recognition receptors (PRRs) can initiate PTI. However,
phytopathogens can evade PTI by shielding or modifying
MAMPs, inhibition of PRRs or downstream signaling
components by secreting effectors (Lii et al., 2022; Loo et al,
20225 Totsline et al., 2023). Lee et al. (2024) reported that
AVRDIb2 pathogen effector forms a complex with calmodulin-like
(CML) and calmodulin (CaM) proteins to interact with
NbCNGC18 to disrupt PAMP-triggered immunity signaling.
These mechanisms can potentially hijack plant defense systems,
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driven by the coevolutionary relationship between plants and
phytopathogens (Sood et al., 2021; Harris and Mou, 2024).

Pathogen effectors can also play a central role in modulating
plant immunity (Dou and Zhou, 2012), which target various
components of plant immune system, from early recognition
events to downstream signaling and defense responses (Figure 1).
Effectors can prevent release, binding, or perception of MAMPs, or
inhibit key signaling hubs such as receptor-like cytoplasmic kinases,
interfere with PRR complexes, MAPK cascades, and phytohormone
signaling pathways (Ceulemans et al., 2021; Iswanto et al., 2022). In
a recent study, Qiu et al. (2023b) reported that inhibition of
GmLHPI-2/GmPHDG6 complex transcriptional activity in soybean
due to suppressing effect of PsAvh110 nuclear effector from
Phytophthora sojae can potentially evade plant immunity
response. In another study, Shang et al. (2024) reported that
CfEC12 (a fungal effector) from Colletotrichum fructicola binds to
MANIMIN?2 and disrupting its interaction with MANPR1 leading to
suppression of salicylic acid defense pathway.

Pathogens create a favorable environment for infection by
rewiring plant immune signaling networks. In addition to
suppressing immune signaling pathways, pathogens also target and

10.3389/fpls.2024.1445786

manipulate the downstream defense outputs of the plant immune
system (Mishra et al,, 2021; Singh et al., 2023). Effectors and secreted
enzymes help pathogens overcome physical and chemical barriers in
the plant, such as cell wall reinforcements, antimicrobial
compounds, and hydrolytic enzymes. Some pathogens produce
toxins or phytohormone mimics that further manipulate plant
physiology and development to their advantage (Kaur et al., 2022;
Wang et al., 2022). The dynamics of plant-pathogen interactions are
further shaped by the spatiotemporal regulation of immunity and
infection processes (Konig et al, 2021). Plants must balance the
allocation of resources between growth and defense, while pathogens
face the challenge of avoiding detection and preserving host viability.
Therefore, timing and localization of immune responses and
pathogen colonization are critical determinants of disease
outcomes (Li et al., 2020; Monson et al, 2022). Taken together,
the dynamics of plant immunomodulation against phytopathogens
involve an intricate interplay of recognition mechanisms that detect
PAMPs, DAMPs and effector molecules, subsequent signaling
cascades that transmit this detection, and the activation of diverse
defense responses. Furthermore, the application of ENMs to
modulate plant immune responses has emerged as a promising
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alternative strategy for enhancing plant disease resistance and
management (Liu et al., 2024; Zhang et al., 2024).

3 Nano-enabled technologies for
plant immunomodulation

The plant immune system is essential for maintaining plant
health and responding to pathogen invasions. However, the
traditional methods (conventional breeding, crop rotation
chemical fertilizers and pesticides) for activating or regulating
plant immunity have shortcomings such as low efficiency and
poor targeting (Raymackers et al., 2020; Ma et al,, 2021). Nano-
enabled agriculture provides a new idea for the precise regulation of
plant immunity and reducing the dependence on chemical
pesticides (Fiol et al, 2021). Nano-enabled immunomodulation
mechanisms lies in the ability of ENMs to act as nanoscale delivery
platform for immunomodulatory agents (Noman et al., 2023b).
Notably, ENMs as nanoscale carrier can efficiently carry immune
signaling molecules (such as protein, enzymes, hormones, and
RNA, etc.) into plant cells and activate immune responses (Vega-
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Vasquez et al., 2021; Liu et al,, 2024). ENMs can be divided into
different groups (metal based or inorganic ENMs, carbonaceous
ENMs, polymer ENMs and hybrid ENMs) based on their unique
nanoscale properties including size, shape, crystalline structure,
chemical composition (Figure 2) (Saleh, 2020). Metal-based or
inorganic ENMs mainly including zinc (Zn), gold (Au), silver
(Ag), copper (Cu), titanium (Ti) and silica, which shown great
potential for enhancing plant immunity against pathogens and
environmental stresses (Mitchell et al., 2021). These inorganic
ENMs can be produced to desired properties, geometries, sizes,
and with desired functionalization/coatings to optimize benefit. Ma
et al. (2020) reported that nanoscale Cu (250 mg L") amendments
significantly suppressed soybean sudden death syndrome by
activating plant immunity and enhancing the phytohormone
contents, photosynthetic endpoints, antioxidant enzymes and
nutritional status.

Carbon-based ENMs including carbon dots (CDs), carbon
nanotubes (CNTs) and graphene NPs have been shown to promote
plant growth and resilience against pathogens (Li et al., 2023). For
example, Adeel et al. (2021) demonstrated that foliar exposure of
CNTs at 200 mg L™ significantly suppressed tobacco mosaic virus
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Schematic illustration of the current engineered nanomaterials (ENMs) toolbox to improve plant immunity against microbial pathogens. ENMs can be
divided into different groups based on their unique physiochemical properties. nanoparticles (NPs), metal-organic framework (MOFs), nanocapsules
(NCs), mesoporous silica nanoparticles (MSNs) chitosan (Cs), pectin (Pt), cellulose (Cl), alginate (A), quantum dots (QDs), graphene nanosheets
(GNSs), carbon nanotubes (CNs), iron (Fe), copper (Cu), gold (Au) and zinc (Zn).
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infection by activating of the defense system in tobacco (Nicotiana
benthamiana) plants. Additionally, CNTs application enhanced the
plant immunity by triggering defense-related phytohormones,
antioxidant enzymes and improving photosynthetic performance.
Polymeric ENMs such as polylactic acid, chitosan, pectin,
carboxymethyl cellulose and alginate have attracted recent attention
for controlled and sustained release of amicrobial agents and protect
plants against pathogens (Shakiba et al,, 2020; Vemula and Reddy,
2023). In a recent study, Hafeez et al. (2024) reveled that biologically
produced chitosan NPs enhanced the rice blast disease resistance by
improving antioxidant defense system (SOD, APX and CAT), nutrient
uptake, photosynthesis efficiency and reducing the cellular oxidative
stress (MDA and H,05) in rice (Oryza sativa L.) plants. Nanohybrid,
such as liposomes, nanocapsules (NCs), nanoemulsions and
mesoporous silica nanoparticles (MSNs) can be engineered to carry
pesticides, nutrients, enzymes and phytohormones for targeted
delivery. Abdelrasoul et al. (2020) demonstrated that monoterpenes-
based nanoemulsions at 100 mg L™ concentration inhibited the
Pectobacterium carotovorum and Ralstonia solanacearum pathogens
growth and induced systemic resistance in potato (Solanum
tuberosum L.) leaves by improving antioxidant enzymes activity.
Overall, ENMs are able to modulate plant immune responses
through multiple pathways, not only enhancing plant resistance to
pathogens, but also promoting crop growth and increasing yields
(Figure 2). However, there is still little understanding of the
translocation, transformation, residue, and long-term environmental
impact of ENMs in plants, and further research needs to be explored
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FIGURE 3

Schematic representation of nano-enabled immunomodulation to revolutionize plant health through several mechanisms. On the left, the diseased
plant shows symptoms due to various pathogen-induced mechanisms, which inhibit plant growth. On the right, foliar and soil exposure to ENMs
enhance plant growth by activating systemic responses, enhancing antioxidant enzyme activity, inducing hormone signaling, and maintaining

ROS homeostasis.

Frontiers in Plant Science

10.3389/fpls.2024.1445786

the potential mechanisms. In addition, the development of more
environmentally friendly, efficient, and biodegradable ENMs
formulations is also a key direction in future research.

4 Mechanisms of nano-enabled
immunomodulation in plants

4.1 Nano-enabled activation of
phytohormone signaling

Phytohormone signaling pathways are involved in inducing a
variety of defense responses against biotic and abiotic stresses. Plant
hormones such as jasmonic acid (JA), salicylic acid (SA), ethylene
(ET) and abscisic acid (ABA) play an important role in the plant
immune response against pathogens (Huang et al., 2020; Zhao et al,,
2021). In recent years, nano-enabled activation of plant hormone
signaling represents an innovative approach in plant disease
management (Figure 3). ENMs can design too slowly release
hormones in a controlled manner, thus activating signaling
pathways and enhancing the plant resistance to microbial
pathogens (Tripathi et al, 2022; Liu et al, 2024). For example,
Noman et al. (2024) observed that soil-application with SA-doped
FeNPs suppressed the Fusarium wilt disease in watermelon through
inhibiting the fungal invasive growth and improving the
antioxidative capacity, and primed a SAR response via activating
the SA signaling genes (Figure 4B). In another study, lanthanum
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Examples of engineered nanomaterials (ENMs) used for plant disease management through immunomodulation. (A) The figure illustrates the
synthesis of berberine-loaded ZnO-Z (Ber@ZnO-Z) nanosphere to synergistically control the bacterial wilt disease in tomato plants through direct
pathogen inhibition and modulating antioxidant enzymes. Adapted with permission from reference (Liang et al., 2022). Copyright 2022 American
Chemical Society. (B) Therapeutic delivery of salicylic acid-coated biogenic iron nanocomposites (BINCs) suppressed Fusarium wilt damages in
watermelon plants by inducing systemic acquired resistance (SAR) and modulating antioxidative defense system. Adapted with permission from
reference (Noman et al., 2024). Copyright 2024 Elsevier. (C) Schematic representation of the proposed mechanism of moringa chitosan
nanoparticles (M-CsNPs) to control bacterial rice blast disease of rice. M-CsNPs act as nanofungicides that inhibit the pathogen Magnaporthe oryzae
infection and improve defense responses by improving biochemical attributes and regulating transcriptional traits and modulating plant-associated
microbiome. Adapted with permission from reference (Hafeez et al.,, 2024). Copyright 2024 Elsevier.

oxide NMs at 200 mg L' with different surface modifications
significantly suppressed cucumber wilt disease by 12.50-52.11%
by improving total amino acids, vitamin contents, and activating
2023a).
Similarly, elemental sulfur NPs increase resistance against

SA-dependent systemic acquired resistance (Cao et al,

Fusarium wilt disease, caused by a fungal pathogen Fusarium
oxysporum f. sp. lycopersici. Notably, sulfur NPs 30-100 mg L'

Frontiers in Plant Science

13

suppressed pathogen infection by regulating the SA-dependent
systemic acquired resistance pathway and modulating of the
expression of antioxidase-related and pathogenesis-related genes.
Polymeric ENMs have also demonstrated excellent ability to
regulate plant hormone signaling (Table 1). For example, Giri et al.
(2023) reported that chitosan fabricated AgNPs control the
bacterial leaf spot disease in tomato plants by inducing SAR
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TABLE 1 Potential applications of engineered nanomaterials (ENMs) for improving immunomodulatory mechanisms and enhancing disease resilience
in agricultural crops.

ENMs Target Mechanisms References
concentrations pathogens
Chitosan NPs 200 mg L™ Magnaporthe Rice Enhanced disease resistance by improving antioxidant enzymes, (Hafeez
oryzae photosynthesis pigments and reshaping the et al., 2024)
rhizosphere microbiome
Chitosan-coated = 200 mg L™ Fusarium Soybeans Reduced disease incidence by improving chlorophyll and (O’Keefe
silica NPs virguliforme micronutrient contents et al., 2024).
Chitosan coated | 200 pg mL™" Pseudomonas Tomato Suppressed bacterial speck disease by improving (Esserti
zinc oxide NPs syringae photosynthesis parameters et al., 2024)
pv. tomato
Chitosan coated = 250 mg L™ Xanthomonas Rice Reduced disease incidence by inducing plant antioxidative defense (Ahmed
iron NPs oryzae pv. oryzae mechanisms, and modulating microbiome et al,, 2022)
Copper 0.16% w/v Curvularia lunata | Maize Enhanced defense responses by regulating antioxidant enzymes (Choudhary
chitosan NPs activity and photosynthesis profile et al, 2017)
Copper 10-50 ppm Fusarium Chickpea Enhanced disease resistance by increasing photosynthetic rate, (Tiwari
oxide NPs oxysporum. f. protein, tannin, phenolics, and flavonoid and enzyme contents et al,, 2024)
sp. ciceris
Copper NPs 3125 mg L™ Rhizoctonia solani | Tomato Suppressed disease progression by activating antioxidative defense (Shen
response and improving chlorophyll contents et al., 2020)
Copper NPs 100 pg mL™ Acidovorax citrulli | Watermelon | Activated antioxidant enzymes and stomatal immunity for (Noman
disease suppression et al., 2023¢)
Zinc oxide NPs | - Fusarium Tomato Enhanced disease resistance by inducing plant defense responses (Bougellah
oxysporum et al., 2024)
Zinc oxide NPs | 500 pg mL™" Fusarium Eggplant Reduced disease incidence by activating plant biochemical (Abdelaziz
oxysporum defense mechanisms et al,, 2022)
Sulfur NPs 200 mg L™ Fusarium Tomato Preserved the enrichment of plant beneficial bacteria (Steven
oxysporum f. et al., 2024).
sp. Lycopersici
Sulfur NPs 100 mg L™* Fusarium Tomato Reduced disease incidence by activating SA-mediated disease (Cao
oxysporum f. resistance mechanisms et al., 2021)
sp. Lycopersici
Sulfur NPs 100 mg Lt Pectobacterium Lettuce Decreased the disease occurrence by activating SA- and JA- (Cao
carotovorum dependent pathways et al., 2023b)
Lanthanum 100 mg L™! Rhizoctonia solani | Rice Enhanced disease resistance by regulating SAR immune responses (Cao
silicate NPs et al., 2023a)
Selenium 5mg L Rhizoctonia solani | Rice Suppressed disease by promoting flavonoid biosynthesis, (Chen
antioxidative system and SA -dependent acquired disease resistance et al, 2024)
SA-coated 100 mg Kg L™ Fusarium Watermelon | Suppressed Fusarium wilt by inducing SAR response via activating (Noman
iron NPs oxysporum f. antioxidative capacity and SA signaling pathway et al,, 2024)
sp. niveum
Iron NPs 0.25 mM Fusarium Cucumber Reduced the disease incidence by improving morphological traits (El-Batal
oxysporum and photosynthetic pigments et al., 2023)
Silver NPs 20 ppm Alternaria solani Tomato Inhibited disease incidence by activating antioxidant enzymes and (Narware
maintaining ROS homeostasis et al., 2024)
Silver NPs 100 mg L™! Xanthomonas Rice Decreased disease occurrence by regulating plant antioxidative (Ahmed
oryzae pv. oryzae defense system et al,, 2020)
Manganese NPs | 100 pg mL™" Fusarium Watermelon = Suppressed disease progression by activating antioxidative defense (Noman
oxysporum f. response, phytohormones and modulating microbial community et al., 2023a)
sp. niveum
Manganese NPs | 500 pg mL ™" Fusarium Watermelon = Decreased disease occurrence by regulating the expression of (Elmer

oxysporum f.
sp. niveum

defense-related genes

et al., 2018)
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N Target Mechanisms References
concentrations pathogens
Titanium Ralstonia Tomato Increased disease resistance by regulating antioxidative (Pan
dioxide NPs solanacearum immune responses et al., 2023)
Quantum dots 50mg L™ Verticillium Cotton Suppressed disease by maintaining ROS homeostasis (Qiu
dahliae et al,, 2023a)
Silica NPs 25-1600 mg L™ Pseudomonas Arabidopsis | Increased disease resistance by inducing SAR immune responses (El-Shetehy
syringae thaliana et al., 2021)
MOFs NPs 5-15mg L' Phytophthora Wheat Controlled release of fungicide significantly inhibited the fungal (Shan
infestans pathogen and improved the plant growth et al., 2020)
MOFs NPs ImgL™" Rhizoctonia solani | Rice In vitro studies showed the antifungal activity of MOFs, while also Huang
enhancing plant growth et al., 2023)

mechanism through upregulating stress hormones responsive genes
(PRI, NHOI, NPR1, MYC2, JARI, ERFI). Taken together, these
previous studies confirm that ENMs can precisely regulate plant
immune responses by influencing hormone concentrations and
regulating signaling pathways. However, the mechanism of action
of different ENMs is different, and the specific effect may also vary
depending on the plant species and the type of pathogen. In the
future, it is necessary to study the interaction between ENMs and
molecular networks in plants and explore new strategies to improve
the specificity of immune mechanisms.

4.2 Nano-enabled stimulation of
antioxidant defense system

Nano-enabled stimulation of the plant antioxidant defense
system offers a promising approach to mitigating the deleterious
effects of oxidative stress induced by pathogens (Pan et al., 2023).
This system is designed to neutralize reactive oxygen species (ROS)
generated during pathogen attacks or other stress conditions. ROS
can cause oxidative damage to cellular components, including
lipids, proteins, and DNA, ultimately leading to cell death and
tissue dysfunction (Chen et al, 2023). The antioxidant defense
enzymes (CAT, SOD, POD, APX, PPO) acts as a frontline defense,
mitigating the detrimental effects of ROS and protecting plant cells
from oxidative stress (Dvorak et al., 2021). ENMs with their unique
physicochemical properties, have demonstrated the ability to
modulate the plant antioxidant defense system. Notably, ENMs
can interact with plant cells and trigger specific signaling pathways
(Figure 3), leading to the upregulation of antioxidant enzymes and
the biosynthesis of non-enzymatic antioxidants (Abdelrhim et al,
2021; Tiwari et al., 2024). For example, Noman et al. (2023c)
investigated that foliar exposure of biogenic CuNPs at 100 ug
mL™" concentration substantially suppressed bacterial fruit blotch
disease in watermelon plants by triggering antioxidants enzymes
(CAT, SOD and POD), modulating stomatal immunity, and
reducing the ROS activity.

In another study, biologically synthesized AgNPs improved
early blight disease resistance by enhancing antioxidant enzymes
(CAT, LPX, PO, SOD), and maintaining ROS (H,O, and O7,)
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homeostasis in tomato plants (Narware et al., 2024). Similarly, FeO
nanocomposites control the cucumber wilt disease caused by
Fusarium oxysporum by stimulating morphological performances,
total phenol, soluble protein contents, photosynthetic pigments and
antioxidant enzymes (POD and PPO) (El-Batal et al., 2023). Liang
et al. (2022) demonstrated that berberine loaded ZnO NMs at 100-
1000 ug mL™" significantly reduced the tomato bacterial wilt disease
severity by 45.8% by improving the plant growth and antioxidant
enzymes (SOD, PPO, PPO) (Figure 4A). Previous studies primarily
focused on the mitigation of pathogen-induced oxidative stress by
enhancing antioxidant activity (Table 1). However, ongoing
research exploring biocompatible ENMs formulations and
targeted delivery methods holds immense potential for
sustainable agriculture and food security.

4.3 Nano-enabled regulation of
photosynthesis and nutritional profile

Photosynthesis is an important process that drives plant growth
and development, is often disrupted by pathogen infections (Yang
and Luo, 2021). Phytopathogens can negatively impact
photosynthesis by disrupting the structure and function of
photosynthetic apparatus, reducing the efficiency of light
harvesting, and impairing carbon fixation. Consequently, this can
lead to reduced plant productivity, compromised nutrient
acquisition, and an overall decline in plant health (Parveen and
Siddiqui, 2021; Karpagam et al, 2023). In recent years, ENMs
mediated regulation of photosynthesis and the nutritional profile
of plants represents a promising strategy in sustainable agriculture,
offering a multifaceted approach to mitigating the impacts of
pathogens on crop productivity and quality (Figure 3).
Importantly, ENMs can interact with plant cells and trigger
specific signaling pathways, leading to the upregulation of
photosynthetic enzymes, the biosynthesis of pigments, and the
modulation of nutrient uptake and assimilation (Ahmed et al,
2022; Parveen and Siddiqui, 2022). For example, the foliar
application of ZnONPs at 0.20 mL™" concentrations significantly
enhanced the plant growth and photosynthesis efficiency (Total
chlorophyll and carotenoids contents) of tomato plants under

frontiersin.org


https://doi.org/10.3389/fpls.2024.1445786
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Masood et al.

several bacterial and fungal pathogens infection (Parveen and
Siddiqui, 2021).

In another recent study, Esserti et al. (2024) chitosan embedded
ZnONPs effectively control the bacterial speck disease of tomato by
improving the plant growth, photosynthetic pigments (Chlorophyll
a, Chlorophyll b, carotenoids), and gas exchange parameters such as
internal CO, concentration, net photosynthesis rate, transpiration
rate and stomatal conductance. Notable, this study showed that
bacterial speck disease significantly affected plant biomass and
photosynthetic performance; however, NP applications mitigate
the negative impact of phytopathogens. Likewise, Mogazy et al.
(2022) reported that Ca and FeNPs at (100 and 200 ppm) positively
regulate innate immune responses in strawberry (Fragaria
ananassa) plants against gray mold disease caused by a fungal
pathogen Botrytis cinerea. This study revealed that foliar exposure
of NPs significantly increased the vitamin, phenolics, and
flavonoids contents, and nutritional profile (Zn>", Mg>*, Ca*", Fe,
N, P, and K") in strawberry plants as compared to infected control.
Likewise, chitosan coated mesoporous SiNPs treatment significantly
reduced the sudden death syndrome by 30% and increased the
micronutrient (Zn, Mn, Mg, K, B) content, and chlorophyll
efficiency in soybean plants (O’Keefe et al., 2024). Taken together,
previous studies demonstrated that nano-enabled regulation of
nutritional profiles and photosynthesis shows great promise in
mitigating pathogen impacts on crops (Table 1). However further
research on ENMs toxicity, application methods, and biosafety is
recommended for sustainable agricultural applications.

4.4 Nano-enabled modulation of
microbiome and metabolites

The plant-associated microbiome (bacteria, fungi, viruses) plays
a crucial role in plant health, growth, and resistance against
pathogens (Trivedi et al, 2020; Steven et al, 2024). The plant-
associated microbiome serves as a frontline defense against
pathogens, conferring protection through various mechanisms,
such as competitive exclusion, antimicrobial compound
production, and the induction of systemic resistance pathways in
plants (Fitzpatrick et al., 2020; Wang et al., 2022). Additionally, the
intricate network of metabolites produced by plants and their
associated microbiomes acts as a defensive arsenal against
invading pathogens (Liu et al., 2020; Rangel and Bolton, 2022).
However, microbial pathogens can disrupt the delicate balance of
the plant microbiome, leading to dysbiosis and compromising plant
health (Zhang et al., 2021a). Nano-enabled microbiome engineering
has recently emerged as a powerful platform to enhance plant
resilience against pathogenic threats (Ahmed et al., 2023; Hussain
et al,, 2023). In recent years, several studies have demonstrated the
potential impact of ENMs plant-associated microbiome under
biotic stress condition. The application of biogenic chitosan-Fe
nanocomposite (BNCs) at 250 ug mL~! concentration
significantly reduced the bacterial leaf blight (BLB) disease
incidence (67.1%) by enhancing the relative abundance of
beneficial bacterial community such as Allorhizobium,
Ochrobactrum, Pseudolabrys, Sphingomonas, Devosia,
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Bradyrhizobium and Methylobacterium in rice plants (Ahmed
et al., 2022).

Additionally, BNCs amendments also enhanced the rice plant
growth by modulating antioxidant enzymes, enhancing
photosynthesis efficiency, and reducing ROS activity. Similarly,
Noman et al. (2023a) revealed that soil application of biologically
synthesized manganese (Mn) NPs control the Fusarium wilt disease
in watermelon by enhancing SAR mechanism via triggering
antioxidative defense machinery, SA signaling pathway, and
modulating the soil bacterial community (Sphingomonas,
Gemmatimonadaceae, Nocardioides, and Burkholderiaceae) and
fungal community (Penicillium, Botryotrichum, Conocybe, and
Mortierella). The foliar spray of nitrogen-doped CDs (10 mg L")
alleviated tomato bacterial wilt disease induced damage by 71.2%
through indirect resistance activation (SAR activation) and ROS
scavenging. Moreover, metabolomics profile revealed that nitrogen
doped CDs significantly improved the fatty acid and tricarboxylic
acid synthesis in tomato plants (Luo et al, 2021). Similarly, the
application of sulfur NMs at 10-100 mg L™ significantly decreased
the occurrence of bacterial soft rot disease in lettuce (Lactuca sativa
L.) plants by improving the chlorophyll contents, antioxidant
enzymes and regulating the defense-related genes expression. In
addition, metabolomics analysis showed that sulfur NMs enhanced
the tricarboxylic acid cycle and also regulated SA and JA metabolite
biosynthesis, thereby enhancing the bacterial soft rot disease
resistance in lettuce (Cao et al, 2023b). Taken together, nano-
enabled modulation of microbiome and metabolites profile to
enhance plant disease resistance has the potential to serve as
highly sustainable, efficient, sustainable, and non-toxic alternative
for the management of plant diseases (Figure 3).

4.5 Nano-enabled activation of defense
related genetic pathways

Plants have evolved intricate defense mechanisms to protect
themselves against a wide range of microbial pathogens. These
defense responses are governed by complex genetic pathways that
involve the coordinated expression of numerous genes encoding
various proteins, enzymes, and signaling molecules (Kaur et al,
2022). After pathogens attack, specific defense-related genes are
activated, triggering a cascade of events that ultimately lead to the
production of antimicrobial compounds, the reinforcement of
physical barriers, and the activation of systemic resistance
pathways (Nishad et al., 2020; Dodds et al., 2024). Nano-enabled
activation of defense-related genetic pathways represents a
promising strategy in sustainable agriculture, offering a targeted
and efficient approach to enhancing plant resilience against
pathogenic threats (Cao et al., 2023a). For example, selenium (Se)
NMs application 5 mg L™ decreased the disease severity (68.8%) by
enhancing the organic Se content (44.8%), nutritional quality by
(7.2%) and rice yield up to (31.1%). Additionally, metabolomic and
transcriptomic analyses confirmed that SeNMs simultaneously
boosted the SA and JA dependent acquired disease resistance
pathways, flavonoid biosynthesis and antioxidative defense
system. Notably, Importantly, SeNMs significantly upregulated
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the expression of genes LOX2, LOX3, LOX6, OPRI, PRI, PR3, AOC,
and JAR while reducing the expression level of genes POD, CAT,
and SOD2 in rice plants compared to the infected controls,
indicating overall stimulation of SAR in SeNM-treated rice (Chen
et al., 2024).

Similarly, Hafeez et al. (2024) revealed that foliar exposure of
biogenic chitosan NPs at 200 mg L' significantly control the rice
blast disease by triggering defense related genes expression such as
(OsNPP1, OsGRF9, WRKY71, OsAPX, OsSOD, OsCAT, OsNPRI,
OsPRI, OsPRY, and MoCUT2) in rice plants (Figure 4C). In
another study, seed primed with AgNPs enhanced the rice blast
disease resistant by triggering transcriptional and metabolic
reprogramming in rice seeds. In this study, KEGG pathway of
transcriptomics data demonstrated that AgNPs-priming activated
stress signaling and defense related pathways, such as MAPK
signaling pathway, flavonol biosynthesis, glutathione metabolism,
plant hormone signal transduction, and plant—pathogen interaction
(Yan et al, 2022). Similarly, the application of ROS-generating
AgNPs as nano-stimulants significantly triggered plant immune/
stress responses against rice blast disease. The disease resilience
mechanisms showed that AgNPs mediated “stress memory”
induced considerable transcriptional reprogramming in rice leaves
by modulating the expression of defense genes, including pathogen-
plant interaction genes, cell membrane lipid metabolism genes,
specialized metabolite biosynthesis-related genes, and other genes
related to biosynthesis. These studies have demonstrated the potential
of nanotechnology-mediated activation of defense-related gene
expression in enhancing crop resilience against pathogens.
However, further research is needed to explore the molecular
signaling pathways involved in the interactions between ENMs and
plant pathogens, as well as their co-stimulating impact on plant
defense against phytopathogens.

5 Concluding remarks and
future outlook

The promising field of nano-enabled immunomodulation has
demonstrated exceptional opportunities to enhance plant resilience
against a multitude of phytopathogenic threats (Zhang et al., 2024).
The unique physicochemical properties of ENMs, coupled with
their ability to interact with and modulate intricate plant defense
mechanisms, have positioned them as promising tools in
sustainable disease management strategies (Singh et al., 2024).
However, as this domain continues to evolve, several critical
considerations and future research directions must be addressed
to harness the full potential of these innovative approaches. Firstly,
while significant progress has been made in elucidating the
underlying mechanisms through which ENMs influence plant
immune responses, a comprehensive understanding of the
complex interplay between ENMs and the intricate molecular
networks governing plant defense remains elusive (Zhang et al,
2020; Kumar et al,, 2024). Future endeavors should focus on
unraveling the intricate signaling cascades, transcriptional
regulation by ENMs, enabling the development of more targeted
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and efficient immunomodulatory strategies (Ma et al., 2023b; Zhang
et al., 2024).

Additionally, the transformation of nano-enabled
immunomodulation from laboratory-scale studies to field
applications necessitates rigorous investigations into the
environmental fate, behavior, and potential risks associated with
the use of ENMs in agricultural settings (Ahmed et al., 2023; Ma
etal., 2023a). Comprehensive assessments of the long-term impacts
on soil health, nutrient cycling, and ecosystem dynamics are
imperative to ensure the responsible and sustainable integration
of these technologies into agricultural practices (Ijaz et al., 2023).
Furthermore, the development of environmentally friendly,
biodegradable, and biocompatible ENM formulations should be a
priority, minimizing potential adverse effects on non-target
organisms and ensuring compatibility with diverse plant species
and environmental conditions (Balusamy et al., 2023; Wahab et al,,
2024). Interdisciplinary collaborations between material scientists,
plant biologists, and ecotoxicologists could facilitate the design and
synthesis of tailored nanomaterials that balance efficacy,
sustainability, and biosafety considerations (Shelar et al., 2023;
Zain et al., 2023).

Another crucial aspect that warrants attention is the
optimization of ENM delivery methods and application
techniques. Developing efficient and targeted delivery systems,
such as nanocarriers or nanoemulsions, could enhance the
bioavailability and site-specific delivery of immunomodulatory
agents, minimizing potential off-target effects and maximizing the
desired immune responses (Ma et al., 2023¢; Jeon et al.,, 2024). By
addressing these critical considerations and leveraging the
transformative potential of nanotechnology, researchers and
agricultural stakeholders can revolutionize plant disease
management practices, contributing to a more resilient,
sustainable, and secure global food system.
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Sclerotinia sclerotiorum (Lib.) de Bary is the causative agent of stem white mold
disease which severely reduces major crop productivity including soybean and
rapeseed worldwide. The current study aimed to explore plant growth-
promoting traits and biocontrol of new isolated Bacillus subtilis BS-2301 to
suppress S. sclerotiorum through various mechanisms. The results indicated that
the BS-2301 exhibited strong biocontrol potential against S. sclerotiorum up to
74% both in dual culture and partition plate experiments. The BS-2301 and its
crude extract significantly suppressed S. sclerotiorum growth involving excessive
reactive oxygen species (ROS) production in mycelia for rapid death.
Furthermore, the treated hyphae produced low oxalic acid (OA), a crucial
pathogenicity factor of S. sclerotiorum. The SEM and TEM microscopy of S.
sclerotiorum showed severe damage in terms of cell wall, cell membrane
breakage, cytoplasm displacement, and organelles disintegration compared to
control. The pathogenicity of S. sclerotiorum exposed to BS-2301 had less
disease progression potential on soybean leaves in the detached leaf assay
experiment. Remarkably, the strain also demonstrated broad-range
antagonistic activity with 70%, and 68% inhibition rates against Phytophthora
sojae and Fusarium oxysporum, respectively. Furthermore, the strain exhibits
multiple plant growth-promoting and disease-prevention traits, including the
production of indole-3-acetic acid (IAA), siderophores, amylases, cellulases and
proteases as well as harboring calcium phosphate decomposition activity. In
comparison to the control, the BS-2301 also showed great potential for
enhancing soybean seedlings growth for different parameters, including shoot
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length 31.23%, root length 29.877%, total fresh weight 33.45%, and total dry weight
27.56%. The antioxidant enzymes like CAT, POD, SOD and APX under BS-2301
treatment were up-regulated in S. sclerotiorum infected plants along with the
positive regulation of defense-related genes (PR1-2, PR10, PAL1, AOS, CHS, and
PDF1.2). These findings demonstrate that the BS-2301 strain possesses a notable
broad-spectrum biocontrol potential against different phytopathogens and
provides new insight in suppressing S. sclerotiorum through various
mechanisms. Therefore, BS-2301 will be helpful in the development of

biofertilizers for sustainable agricultural practices.

KEYWORDS

Bacillus subtilis, stem white mold, growth promotion, ROS, oxalic acid

1 Introduction

White stem mold, caused by the devastating fungus Sclerotinia
sclerotiorum, globally affects major crop productivity. The pathogen
is highly notorious, affecting nearly 500 plant species, including
rapeseed, sunflower, cabbage, soybean, beans, and carrot. Studies on
S. sclerotiorum-infected plants show reduced growth, leaf lesions,
and wilting, which can lead to plant death (Massawe et al., 2018;
Farzand et al, 2019a). The development of sclerotia and mycelial
growth has been identified as pathogenicity factors in S.
sclerotiorum, but oxalic acid (OA) is mainly considered a major
influencer of pathogenicity in plants (Massawe et al., 2018; Farzand
et al., 2019a). Polygalacturonases, pectinolytic cell wall-degrading
enzymes (CWDE), have also been identified as important
pathogenicity factors (Smolinska and Kowalska, 2018; Farzand
et al., 2019a). These enzymes become active when the OA
establishes a low pH environment (pH 3-4). A mutant of S.
sclerotiorum lacking OA exhibits less pathogenicity against
susceptible plants, based on previous studies (Liang et al., 2015;
Massawe et al., 2018). S. sclerotiorum produces sclerotia to survive
in harsh environments for long time, but under favorable
conditions, it germinate to form apothecia containing ascospores
and spread the disease (Foley et al., 2016; Taylor et al., 2018).

Many control strategies, such as breeding resistant crops,
moisture monitoring, and crop rotation are considered less effective
for managing S. sclerotiorum due to sclerotia formation in the soil and
its potential to infect multiple crops. Applying synthetic fungicides is
the most effective control strategy (Jones et al., 2014; Zhai et al., 2023).
However, the use of excessive chemicals has raised serious issues
regarding environmental pollution and human health. Recently,
researchers have shown more interest in biological control as a
successful strategy to manage plant diseases without negatively
impacting the environment (Ayaz et al., 2021). It has been shown
that biological control agents (BCAs), particularly Bacillus
endophytes, can protect plants from multiple phytopathogens such
as fungi, bacteria, and nematodes (Fira et al., 2018; Ayaz et al., 2023).
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Many plant-associated microorganisms have been screened for their
ability to suppress phytopathogens both in vitro and in plant
experiments, providing direction for novel BCAs identification. To
date, the well-known antagonistic bacteria identified from the
rhizosphere of various plants are Pseudomonas and Bacillus species
(Chen et al., 2009; Wang et al., 2018).

Bacillus spp. produces a wide range of compounds that promote
plant growth, promotion, and control diseases. They can regulate
phytohormones and defense-related genes during biotic stress (Wu
et al, 2019; Gu et al, 2022). Bacillus spp. suppress pathogens by
regulating plant antioxidant enzymes, such as superoxide dismutase
(SOD), catalases (CAT), peroxidase (POD), phenylalanine ammonia-
lyase (PAL), ascorbate peroxidase (APX) and polyphenol oxidase
(PPO) (Xu et al, 2008; Rais et al, 2017). Studies have shown
positive regulation of defense-related genes, such as PRI-2, PRIO,
CHS, PALI, and PDFI.2 in soybean plants infected with pathogens
under plant growth promoting rhizobacteria treatment (Xu et al., 2012;
Zhai et al,, 2023). Bacillus spp. can also stimulate plant growth by
solubilizing soil nutrients and nitrogen fixation. For example, B.
velezensis FZB42 enhances tomato growth by regulating
phytohormone production, nutrient absorption, and root
development under biotic stress (Borriss, 2011; Wu et al, 2014). It
was also observed that Bacillus spp. in the rhizosphere effectively
colonizes roots for biofilm formation to control Ralstonia
solanacearum (Chen et al., 2013). Bacillus spp. can produce resistant
endospores and a wide range of antimicrobial compounds. Introducing
novel Bacillus strains in biocontrol strategies could reduce the need for
chemical fertilizers and support sustainable agriculture (Xu et al., 2008;
Wang et al., 2018).

The agriculture industry could greatly benefit from the discovery of
novel BCAs. The objective of the current study is to examine the plant
growth-promoting traits and biocontrol potential of the newly isolated
B. Subtilis BS-2301 in soybean plants, with a focus on its ability to
suppress S. sclerotiorum through various mechanisms. The BS-2301
exhibited broad-spectrum antagonistic activity and effectively
suppressed S. sclerotiorum by reducing sclerotia formation,
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decreasing oxalic acid production, inducing excessive ROS production,
and causing structural deformities in the pathogen hyphae.
Additionally, the strain was found to regulate antioxidant enzymes,
plant growth, and defense-related genes in infected soybean plants. The
present work provides new insights related to the biocontrol potential
of the BS-2301 strain using various mechanisms to combat S.
sclerotiorum. These findings suggest that BS-2301, with its strong
biocontrol potential against S. sclerotiorum, could be utilized in
different formulations to develop biopesticides for sustainably
managing white mold disease in agriculture sector.

2 Material and methods

2.1 Strain identification, plant pathogens,
and growth conditions

The BS-2301, isolated from the rhizosphere of a soybean plant was
provided by Dr. Zhao Wei in the Institute of Plant Protection and
Agro-product Safety, Anhui Academy of Agricultural Sciences, Hefei
(31° 50’ 54.2328” N and 117° 16’ 20.5032” E) China. All fungal and
oomycetes plant pathogens, such as S. sclerotiorum, Fusarium
oxysporum, and Phytophthora sojae, were supplied by Prof. Dr.
Rende Qi from the same institute. The strain BS-2301 and DH50
were grown in Luria Bertani (LB) broth overnight at 25°C and stored in
a60% (v/v) glycerol solution at -80°C for future use (Ayaz et al., 2022).
The fungal pathogens were maintained on PDA, while the Oomycetes
phytopathogens were grown in V8 juice at 25°C for 5-7 days to obtain
fresh cultures (Farzand et al, 2019a; Yu et al, 2023). The BS-2301
strain was identified as a B. subtilis based on 16S rRNA sequencing.
Universal primers 27F (5-AGAGTTTGATCMTGGCTCAG-3") and
1492R (5-TACGGYTACCTTGTTACGACTT-3") were used to
amplify the 16S rRNA of BS-2301 (Jo et al, 2020). A Basic Local
Alignment Tool (BLAST) for the 16S rRNA sequence was performed
to determine its similarity with closely related bacterial strains (Ki et al.,
2009). Subsequently, the strain was sent to “Novogene, Beijing, China”
for whole genome sequencing. The local cultivar of soybean (Zheng
1307) seed was surface serialized for 3-5 minutes with 5% sodium
hypochlorite and 70% ethanol solutions, respectively, then rinsed with
ddH,O thrice. The seeds were air-dried on a clean bench before being
used for in vitro and in planta experiments (Zubair et al., 2019).

2.2 Plant growth promoting traits

The newly isolated BS-2301 was evaluated for plant growth-
promoting traits, including TAA production, phosphate
solubilization, siderophore production, and biofilm formation
described below.

2.2.1 Indole acetic acid production

Briefly, the Salkowski method was used to detect TAA
production by BS-2301. After inoculating 5 pL of a fresh
overnight culture of BS-2301 into 5 mL of LB medium
supplemented with 2.5 mg/mL of tryptophan, the mixture was
cultured for 7 days at 28°C. Subsequently, 2 mL of the supernatant
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was collected and mixed with 4 mL of Salkowski reagent (12 g/L of
FeCl; and 8 M H,SO,) and incubated for 30 minutes at room
temperature in the dark. The presence of pink color in the BS-2301
sample indicated IAA production (Khan et al., 2023).

2.2.2 Siderophores production

The BS-2301 strain was used for siderophore production on
chromeazurol-S (CAS) agar medium. The first 5 uL of fresh
overnight BS-2301 culture was spotted on the CAS agar plate for
siderophore production. After 7 days of incubation at 28°C, the
appearance of an orange translucent zone indicated positive activity
in siderophore formation by the strain (Xu et al., 2019).

2.2.3 Biofilm formation

The strain was also analyzed for its potential to form a stable
biofilm following a previous protocol (Zhai et al., 2023). The bacterial
cells from overnight culture 1x10° CFU mL™" were collected and
washed thrice with sterilized water. Subsequently, 1 mL of fresh LB
medium and 100 UL of the bacterial culture were added to a 24-well
polystyrene plate (Jiang et al, 2013). As a control, a bacteria-free
sterilized LB medium was used. The plate was then incubated for 12,
24, 48, 72, 96, and 120 hours at 28°C. After incubation the developed
biofilm was stained for 20 minutes using a 0.1% crystal violet aqueous
solution. It was then rinsed three times with sterile distilled water and
instantly decolorized for 20 minutes using a 1 mL solution of 95%
ethanol. The crystal violet absorbance was measured at ODs;, to
evaluate the biofilm formation by BS-2301 (Peeters et al, 2008).
Additionally, 2 mL of fresh LB medium was added to a polystyrene
6-well plate with sterile 1 cm cover glasses. Afterward, 20 uL (1x10°
CFU mL™") of BS-2301 bacterial suspension was added to the LB
medium and then stained with crystal violet. The cover glass was rinsed
off the unbound dye solution and left to air dry. The biofilm developed
on the glass cover was examined under an optical microscope with 10x
and 40x magnifications at various time intervals. The experiment was
performed thrice with at least five replicates (Zhai et al., 2023).

2.2.4 Phosphate solubilization assay

The phosphate solubilization activity was screened for BS-2301
on LB media supplemented with Ca3(PO4)2 (Pi medium) following
the previous protocol (Chen and Liu, 2019). The BS-2301 capacity
to solubilize phosphate was determined by the formation of clear
zones surrounding the colony.

2.3 Extracellular enzymes production

The strain was also screened for extracellular enzymes such as
proteases, cellulases, and amylases using previously published protocols.

2.3.1 Proteases activity

Briefly, to assess the protease activity, the BS-2301 was
incubated at 28°C for 4 days on Nutrient Agar (NA) enriched
medium with 1% skim milk. The presence of transparent, white-
background zones surrounding the colony indicated proteolytic
activity (Artha et al., 2019).
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2.3.2 Amylase activity

For amylase activity, the BS-2301 strain was grown on an NA
medium supplemented with 1% starch and incubated at 28°C for 4
days. After that, Lugol’s iodine solution (1%) was added to Petri
plates, and the development of clear zones around the colony
demonstrated the presence of amylase activity (Artha et al., 2019).

2.3.3 Cellulases activity

The medium supplemented with CMC was used for the cellulase
enzyme production activity assay. The BS-2301 strain was inoculated
on a CMC-enriched NA medium. To detect cellulolytic activity, the
Petri plates were covered with congo red solution. Clear zones from
pink to yellow around the BS-3201 colony, indicated the presence of
cellulase enzyme activity (Artha et al., 2019).

2.4 Dual culture and partition petri plates
antagonistic assay

A dual-culture and partition plate assays were carried out to
observe the inhibition potential of BS-2301 against fungal and
oomycete pathogens directly or indirectly (Massawe et al., 2018;
Farzand et al,, 2019a). In brief, for the direct antagonistic assay, small
plugs (0.5 cm) of the selected pathogens (S. Sclerotiorum, F.
oxysporum, and P. sojae) were placed in the center of each petri
plate filled with PDA or V8 media. Subsequently, on a sterilized filter
paper disc, 3 cm away from the pathogen plug, 5 uL of BS-2301
overnight culture (10° CFU mL") and its crude extract (15uL) were
inoculated. After sealing the Petri plates with parafilm, they were
incubated for 4-6 days at 28°C (Farzand et al, 2019a). Using the
partition plate approach, the antifungal efficacy of BS-2301 was
investigated to prevent direct contact with the tested pathogens
(Massawe et al., 2018). Briefly, 0.5 cm paper discs were
impregnated with 5 uL of the overnight BS-2301 culture (10° CFU
mL™) on one side of the partition plate containing LB media.
Subsequently, a 0.5 cm diameter plug of each pathogen was placed
on the other side with PDA or V8 media required for fungal and
oomycetes pathogens respectively. The parafilm-sealed plates were
incubated at 28°C for up to 6 days. The pathogen’s mycelium growth
inhibition (%) was calculated using the formula below:

Rate of Inhibition (%) = [(C—T)/C] x 100

where C and T represent the mycelial growth length of each
pathogen in the control (without BS-2301) and treatment
(inoculated with BS-2301) from the center to the edges of the
plate, respectively. The experiments were conducted four times,
with at least five replicates for each treatment.

2.5 The impact of BS-2301 on sclerotia
amount, development, and viability
The sclerotia assay was conducted using the dual-culture

method. Briefly, S. sclerotiorum mycelial plugs (0.5 cm) from a
fresh culture were sliced and placed on a PDA in the middle of a
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plate. The BS-2301 overnight culture (10° CFU mL™) or its crude
extract (15 uL) was impregnated on a paper disc 3 cm away from the
fungal plugs. The plates were then tightly sealed with parafilm and
incubated at 25°C. The number, mean weight, texture, and interior
color of the sclerotia were visually examined at 14 days post-
inoculation (dpi) under different treatments (Massawe et al., 2018).

2.6 Assessment of reactive oxygen species

Excessive production of ROS in the hyphae causes severe damage
to the fungus, leading to rapid death. ROS accumulation was evaluated
in S. sclerotiorum mycelia treated with BS-2301 using fluorescence
microscopy and the probe dichloro-dihydro-fluorescein diacetate
(DCFH-DA) (Ayaz et al, 2021). Untreated hyphae were used as a
control. Briefly, S. sclerotiorum was cultured at 25°C for 96 hours and
exposed to BS-2301 and its crude extract. The treated mycelia were
collected and transferred to 10 mM sodium phosphate buffer (pH 7.4)
into Eppendorf tubes (1.5 mL). Subsequently, 10 uL of DCFH-DA
(Solarbio® CAT No: D6470) was added to the samples for staining and
incubated at 25°C in the dark for 30 minutes. The DCHF-DA stained
damaged mycelia produced green fluorescence were examined using
an image-pro express software (6.2) Olympus 1 x 71 microscope
(Olympus, Tokyo, Japan).

2.7 Morphological and ultrastructural
changes in S. sclerotiorum mycelia

The damage in S. sclerotiorum mycelia was observed using
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) under different treatments compared with
control. The collected mycelia were washed three times in a 100
mM phosphate buffer after being treated with 2.5% glutaraldehyde
to prepare them for SEM. Subsequently, the samples were
dehydrated using an ethanol gradient and post-fixed for three
hours in an osmium tetroxide (1%) solution. After that, the
samples were coated on gold particles and analyzed at a 5 kV
voltage using a Hitachi S-3000 N SEM (Hitachi). The prefixed
samples were divided into pieces with an ultra-microtome, placed
inside an Epon 812 for TEM analysis, and observed under a Hitachi
H-600 TEM (Farzand et al., 2019a; Ali et al., 2023).

2.8 Oxalic acid production assay in
BS-2301 treated S. sclerotiorum mycelia

S. sclerotiorum was assessed for its oxalic acid production in
PDA media supplemented with bromophenol, an indicator of oxalic
acid production. To study the impact of BS-2301 and its crude
extract on oxalic acid production of S. sclerotiorum during the
antagonistic assay, fungal plugs (0.6 cm) were sliced from the edge
of the inhibitory zone and placed on the bromophenol blue-
modified PDA plates (Massawe et al., 2018). These plates were
then incubated at 25°C for 96 hours. The width of the yellow
acidification zone, indicating OA production, was measured at 24-
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hour intervals following a previously established protocol (Massawe
etal., 2018; Farzand et al., 2019a). The experiment was repeated five
times, with three replicates for each treatment.

2.9 Biocontrol efficacy of BS-2301 against
S. sclerotiorum on detached leaves

To evaluate the biocontrol efficacy of BS-2301 against Sclerotinia
stem rot on detached leaves, a local soybean cultivar (Zheng 1307)
susceptible to the disease was used. Leaves from 30-day-old rapeseed
and soybean plants were surface sterilized using 75% ethanol for 3
minutes, rinsed three times in sterile distilled water, and air-dried on
sterile filter paper. S. sclerotiorum mycelial plugs (0.6 cm) from the
edge of the inhibition zones were excised and inoculated on detached
leaves. Untreated S. sclerotiorum served as the control (not exposed to
BS-2301) (Cao et al., 2023). Additionally, in partition plates, detached
leaves with healthy fungal plugs (0.6 cm) were exposed to BS-2301
volatiles grown in the second compartment on the LB medium. The
sealed parafilm plates were kept at 25°C, 85% RH an 8-h light and 16-
h dark photoperiod for 5 days. Lesion sizes were measured to assess
the biocontrol efficacy of different BS-2301 treatments against S.
sclerotiorum on detached leaves (Massawe et al., 2018). The
experiment was repeated five times, with three replicates of
each treatment.

2.10 Plant defense enzymes and
malondialdehyde analysis

Soybean seedlings (V2 stage) were inoculated with BS-2301
overnight fresh culture (10® CFU mL™), with H,O used as a control
(Zhaietal., 2023). After 72 h of inoculation, S. sclerotiorum mycelial
plugs (0.6 cm) were placed on the stem of each plant, which had
been previously wounded with a sterilized razor. Leaves samples
were collected at 4 dpi for analysis of defense enzymes. The activity
of four key antioxidant enzymes such as ascorbate peroxidase
(APX), superoxide dismutase (SOD), catalase (CAT), and
peroxidase (POD) was determined using kits (Nanjing Jiancheng
Bioengineering Institute) protocols (Yong et al., 2008). Briefly,
frozen leaf samples (0.3 g) were crushed in a phosphate buffer
solution (pH 7.8) containing 1 mM EDTA over an ice bath. The
resulting mixture was centrifuged at 1200 x g for 30 minutes at 4 °C,
and the supernatant was collected as the final enzyme extract. The
absorbance activity of SOD, APX, CAT, and POD was measured at
450, 290, 405, and 420 nm respectively, with ddH,O serving as a
reference. The malondialdehyde (MDA) was determined following
the protocol previously reported (Ali et al., 2023).

2.11 Growth promotion and induction of
systemic resistance in soybean plants
by BS-2301

In vitro experiments were conducted to observe the direct and
indirect effects of the BS-2301 on soybean seedling growth (Ali
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et al,, 2023; Khan et al, 2023). Briefly, surface sterilization for 5
minutes of soybean seeds was carried out with sterilized sodium
hypochlorite (5%) followed by ethanol (70%) solutions, then
washed 4 times with sterilized water (ddH,O) and placed in an
overnight culture of BS-2301 (10® CFU mL™) for 15 minutes. After
air drying on a clean bench, the seeds were transferred to sterilized
9 cm Petri plates containing 0.8% MS medium. For the indirect
effect, the partition plates approach was utilized to observe the
impact of BS-2301-VOCs on soybean growth promotion. The
partition plate was set up with three soybean seeds on one side
and LB agar medium having BS-2301 on opposite side were kept for
12 days at 25°C under 16 h light/8 h dark photoperiod in a
growth chamber.

A Pot experiment was conducted to validate the in vitro
findings, demonstrating BS-2301 role in enhancing plant growth
and disease suppression. Soybean seeds were surface sterilized with
70% ethanol and 5% sodium hypochlorite solutions, followed by
rinsing with ddH,O. The effectiveness of the sterilization process
was confirmed by incubating LB plates with the wash water at 37°C
for 4 days which showed no bacterial growth. Three soybean seeds
were grown in plastic glasses (6 x 3 cm) containing sterilized soil
and at the V2 stage the plants were inoculated with an overnight
culture of BS-2301 (10° CFU mL™). After 72 h, S. sclerotiorum plugs
were placed on the soybean stems, which were previously wounded
and wrapped with parafilm. Disease severity was assessed at 10 dpi
by measuring lesion size compared to the control (Farzand et al,
2019a; Zhai et al., 2023). The experiment was repeated thrice with at
least four replicates for each treatment.

2.12 Expression profiling of defense-
related genes

The expression profiling of defense-linked genes (PRI-2, PR10,
PALI, AOS, CHS, and PDFI.2) in soybean plants was evaluated in a
pot experiment. The experiment included four treatments (i)
soybean plants treated with water (CK), (i) soybean plants treated
with BS-2301 only, (ii) soybean plants inoculated with S.
sclerotiorum (S.s), and (iii) soybean plants containing both BS-
2301 and S. sclerotiorum (S.s+BS-2301) following a previously
reported protocol (Zhai et al., 2023). Leaves from different
treatments were collected 96 h after S. sclerotiorum inoculation.
Leaf samples were used for total RNA extraction using the Trelief ™
RNAprep pure Plant kit (Lot Number: TSP411, China) and cDNA
synthesis was performed using the Goldenstar " RT6 cDNA
synthesis Kit ver.2 (Beijing TsingKe Biotech Co., Ltd). Gene
sequences (Supplementary Table S1) were obtained from NCBI
on January 15, 2024, and primers were designed using the Primer
Quest online application (https://sg.idtdna.com/PrimerQuest/
Home/Index). The housekeeping actin-3 (Gene ID=100798052)
was used as a reference. The selected gene expression was
determined using a Bio-RAD thermal cycler (CFX96TM Real-
time system, USA) with the following PCR program: 30 seconds
of initial denaturation at 95°C, 40 cycles at 95°C for 5 seconds, and
34 s at 60°C. Finally, 224" C comparative was exploited for relative
quantification (Zubair et al., 2019).
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2.13 Statistical analysis

Each experiment was carried out with a completely randomized
design. Standard deviations (SD) were used to express the results
based on at least four replications (n = 4). An analysis of variance
(ANOVA) was performed, followed by the Tukey Honestly
Significant Difference (HSD) to determine significant differences
at p < 0.05. The experimental data were analyzed using Statistix 8.1
software, and the graphics were generated using Origin’s graphics
and analysis program (Version 2022, Origin Lab Corporation).

3 Results

3.1 BS-2301 genetic features and plant
growth promoting traits

Based on 16S rRNA and whole-genome sequencing data, the
newly isolated strain belongs to B. subtilis. The 16S rRNA sequence
of BS-2301 closely matched with B. subtilis (Figure 1B) using NCBI
blast analysis. The 16S rRNA of BS-2301 is submitted to GenBank
(Accession: PQ013083). The strain was further sequenced using
PacBio Sequel II and Illumina NovaSeq PE150 platforms, resulting
in a 4.21 Mb circular chromosome with 43.51% GC content. The
total genome contains 4,674 predicted genes grouped into different
categories. Anti-smash software analysis revealed 14 secondary
metabolite clusters (Figure 1A) including surfactin, fengycin,
plipastatin, bacillaene, sactipetide, ranthipeptide, bacilysin and
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bacillibactin. BS-2301 exhibits various plant growth-promoting
traits, involving the production of IAA for plant growth
promotion. The strain also produces extracellular enzymes, such
as cellulase, protease, amylase, and siderophore that mostly play an
important role in the biocontrol of phytopathogens and plant
growth promotion. Inoculation of BS-2301 on the agar medium
showed positive halos for siderophore, cellulase, protease, and
amylase production. Additionally, BS-2301 exhibited phosphate
solubilization ability, as indicated by a clear halo zone on
Pikovskaya (PVK) agar medium (Figure 2).

3.2 Broad spectrum biocontrol potential
against different phytopathogens

The broad-spectrum biocontrol potential of BS-2301 against
various phytopathogens, including S. sclerotium, P. sojae, and F.
oxysporum were observed in the present work. The results indicated
that BS-2301 and its crude extract showed significant antagonistic
activity against S. sclerotium, followed by P. sojae and F. oxysporum,
with growth inhibition rates of 74%, 70%, and 68%, respectively.
The antagonistic effect of BS-2301 varied among the selected
phytopathogens, ranging from 68% to 75%, with the highest
inhibition observed against S. sclerotiorum (Figures 3A, C).

Furthermore BS-2301-VOCs, demonstrated strong broad-
spectrum antagonistic activity against the selected pathogens in
partition Petri plate experiments compared to DH50 and the
control. BS-2301-VOCs were most effective against S. sclerotium,
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FIGURE 1

Detail of various gene clusters prediction resposible for antimicrobial compounds synthesis in BS-2301 genome and phylogenetic analysis of
BS-2301 based on 16S rRNA (A) Prediction of gene clusters for diffeent antimicrobial compounds synthesis (a-k) in BS-2301 genome through
antiSMASH bacterial version online tool (B) Phylogenetic tree conntructed from 16S rRNA using neighbour joining method comaparison with closely
related Bacterail strains. The phylogentic tree is made through MEGA 11 software and the bootstrap value are mentioned at each node point.
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is, transport and

Genetic features and plant growth-promoting traits of B. subtilis strain BS-2301. (A) BS-2301 circular chromosome map in GC view and COG
function classification (B) Secondary metabolites gene clusters (C) amylase (D) protease (E) cellulase (F) phosphate solubilization (G) siderophore
production and (H) Indole Acetic Acid (IAA) assay. Each experiment was repeated thrice with five replicates.

followed by P. sojae and F. oxysporum, with growth inhibition rates
of 72%, 67%, and 65%, respectively (Figures 3B, D). Overall, the
findings suggest that BS-2301 possesses strong broad-spectrum
biocontrol potential, with the highest inhibitory effect observed
against S. sclerotiorum in both dual culture and partition

plate experiments.

3.3 Evaluation of oxidative damage in S.
sclerotiurum mycelia

S. sclerotiorum hyphae exposed to BS-3201, crude extract, and
BS-2301-VOCs accumulated ROS that led to oxidative stress and
rapid cell death. The results indicated that BS-2301 and crude
extract significantly induced oxidative damage in the treated
mycelia compared to BS-2301-VOCs (Figure 4). The untreated
control plates showed no damage to hyphae under green and white
light fluorescence. Overall, the findings demonstrated that BS-2301
in the dual culture method significantly increased oxidative stress in
S. sclerotiorum, followed by the crude extract and BS-2301-VOCs.

3.4 Reduction in S. sclerotiorum disease
progression on soybean detached leaves

The efficacy of BS-2301 in controlling S. sclerotiorum was
evaluated using a soybean detached leaf assay. Results showed a
significant decrease in disease severity on soybean leaves treated
with BS-2301 and crude extract compared to control. The lesion
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diameter on leaves treated with BS-2301 and crude extract was
notably smaller than on control leaves inoculated with healthy
fungal plugs. The control group exhibited more severe symptoms,
with an average lesion diameter of 3.2 c¢cm, while BS-2301 and
crude extract groups had diameters of 1.6 cm and 1.9 cm,
respectively (Figure 5A). Furthermore, the indirect impact of
BS-2301-VOCs on S. sclerotiorum progression indicated a
significant reduction in disease progression on soybean leaves
compared to DH50 and the control (Figure 5B). Overall BS-2301,
crude extract, and BS-2301-VOCs effectively inhibited S.
sclerotiorum disease progression on soybean leaves compared to
the control and DH5a..

3.5 S. sclerotiorum oxalic acid production,
sclerotia number, and mycelia morphology

Various experiments, including the OA production assay,
sclerotia number assessment, and examination of mycelial
morphological and ultrastructural changes, were conducted to
evaluate the detrimental effects of BS-2301 and its crude extract
on S. sclerotiorum. The results of the bromophenol blue
acidification assay showed that BS-3201 and the crude extract
significantly reduced OA production of S. sclerotiorum compared
to the control (untreated fungal plugs). Healthy untreated fungal
plugs exhibited yellow coloration at 48 and 72 hpi and grew faster
than those treated with BS-2301 and the crude extract. Treated
fungal plugs failed to acidify the medium at 72 hpi, indicated by the
retention of blue color compared to the control. Some slight
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using Tukey's HSD test

acidification was observed in BS-2301 and crude extract-treated
fungal plates at 72 hpi, along with reduced myecelial
growth (Figure 6A).

Following the observed inhibition of S. sclerotiorum mycelial
growth, the impact of BS-3201 and the crude extract on sclerotia
production and viability was investigated. The results revealed a
significant decrease in sclerotia formation in treated S. sclerotiorum
compared to the control. The number and weight of sclerotia were
reduced by up to 50% in both BS-2301 and crude extract-treated
fungal plates, with smaller and softer sclerotia formed in the treated
groups (Figures 6B, D, E).

Morphological and ultrastructural changes in S. sclerotiorum
mycelia were examined using SEM and TEM. Control hyphae
appeared long, dense, and cylindrical under SEM, while BS2301
and crude extract-treated fungal hyphae displayed deformities, such
as plasmolysis, curling, shrinkage, pore formation, and distortion.
TEM analysis breakdown of the cell wall and membrane, loss of
cellular integrity, cell shrinkage, membrane damage, uneven cell
thickness, displacement of cellular contents, and leakage of
cytoplasmic material in BS-2301 and crude extract-treated S.
sclerotiorum, contrasting with the intact structure of untreated
fungal mycelia. (Figure 6C).

Frontiers in Plant Science

3.6 Biofilm formation by BS-2301

The ability of BS-2301 to produce biofilm was determined
under different time intervals using an optical microscope
(Figures 7A-F). The results showed that BS-2301 cells were
dispersed and had low adhesion before 24 h. After 48 h, some
cells began to cluster and form distinctive biofilm structures.
Over time, the number of bacteria adhering to the cover glass
increased significantly, and reached at peak after 120 hours.
Biofilm formation was quantified using an ultraviolet
spectrophotometer at ODs;o (Figure 7G), showed a steady
increase in biofilm production over time, with the highest levels
observed after 120 h

3.7 In vitro plant growth promotion in
soybean seedlings by BS-2301

Soybean seeds inoculated with BS-2301 exhibited higher
germination rates and increased seedling growth compared to
DH5a and the control (Figure 8A). The findings demonstrated
that both direct application of BS-2301 and indirect exposure to
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Formation of Reactive oxygen species (ROS) using bright and green field microscopy in S. sclerotiorum mycelia treated with BS-2301, crude extract,
and BS-2301-VOCs. Using DCFH-DA staining, ROS in the mycelia after different treatments was observed. The scale bar represents 40 um.

BS-2301-VOCs enhanced soybean seedling growth leading to
increased shoot length (up to 35%), root length (up to 29%),
total fresh weight (up to 33%) and total dry weight (up to 28%).
Additionally, it was observed that the direct impact of BS-2301 on
soybean seedling growth was slightly greater than the indirect
effect of BS-2301-VOCs (Figure 8B).
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3.8 In planta biocontrol efficacy of
BS-2301 against S. sclerotiorum in
soybean plants

Pot experiment showed that BS-2301 significantly enhanced
soybean growth and reduced disease severity caused by
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Detached leaf assay for analyzing the biocontrol efficacy of BS-2301, crude extract, and BS-2301-VOCs against S. sclerotiorum disease on soybean
leaves. (A) Reduction in S.sclerotiorum disease progression treated with BS-2301 and crude extract compared to control (healthy fungal plugs) on
soybean leaves (B) The indirect effect of BS-2301-VOCs on S. sclerotiorum disease progression on soybean leaves compared to DH5a and control.
The experiment was repeated three times with five replicates for each treatment. The lowercase letters above the columns indicate significant
differences among the treatments, following Tukey's HSD test.
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The effect of BS-2301 and crude extract on S. sclerotiorum oxalic acid production, sclerotia formation, and mycelial morphology (A) Illustration of
the bromophenol blue acidification assay for oxalic acid production in treated and untreated S. sclerotiorum (B) Illustration of sclerotia formation in
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significant differences among the treatments, following Tukey's HSD test.
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S. sclerotiorum in soybean plants. Soybean plants inoculated with
BS-2301 exhibited maximum growth compared to the control
group (Figure 9A). BS-2301 treatment led to increased shoot
length, root length, total fresh weight, and total dry weight in
soybean plants, including those with S. sclerotiorum plugs on the
stem (S.s + BS-2301) (Figure 9A). The growth promotion rate under

BS-2301 treatment were 37% for shoot length, 30% for root length,
33% for total fresh weight, and 28% for total dry weight. The results
indicated significant growth promotion in healthy soybean plants
treated with BS-2301, followed by those with S. sclerotiorum (S.s +
BS-2301) as shown in Figure 9A. Plants with S. sclerotiorum plugs
on the stem without BS-2301 treatment (S.s) exhibited larger lesion

Control

T -
S 10 E 12
- ~10
5 £ b
= 20 8
5 56

—
2 o 4

°
= g 2
@n [~

0
Control DH5a BS-2301 Control DH5a BS-2301
- 3.0
s . c) a
-
= E 25
204 =)
[ 3 2.0
z b
=3 b Z s
Z, g b b
= E 1.0
— <
81 s 05
o =
=0 0.
Control DH5a BS-2301 Control DHS5a BS-2301
FIGURE 8

=10 —_
g s
=10
=] b =
%n tn 8 b
5} =
- 56
-
o - 4
£ S
7 & 2
0
Control DH50 BS-2301-VOCs Control DH5a BS-2301-VOCs
—5
& . CPE a
-
4 -
) <20
'5 -
z3 b b [
215 b
= > b
wn
o2 = 1.0
£ =
ER Eo0s
1= =]
=0 = 0
Control  DHS5a BS-2301-VOCs Control  DH5a BS-2301-VOCs
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of soybean seedling growth directly influenced by BS-2301, DH50, and control. (B) Visual presentation of the impact of BS-2301-VOCs on soybean
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based on Tukey's HSD test at P < 0.05.
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treatments, following Tukey's HSD test at P < 0.05

sizes and high disease severity while BS-2301-treated soybean plants
(S.s + BS-2301) exhibited reduced disesse severity and small lesion
szie on stem (Figure 9B). These findings demonstrate the strong
biocontrol efficacy of BS-2301 against S. sclerotiorum disease
progression in soybean plants.

3.9 Defence enzymes regulation
by BS-2301

Compared to plants infected with S. sclerotiorum alone, soybean
plants treated with BS-2301 showed a significant increase in the
activity of plant defense enzymes. Specifically, SOD activity
increased by 34%, CAT by 30%, POD by 27%, and APX by 25%
(Figures 10A-D). These findings suggest that BS-2301 may regulate
defense enzymes in soybean plants to reduce the excessive oxidative
stress caused by S. sclerotiorum infection. The results also showed a
significant reduction (35%) in MDA levels in infected plants treated
with BS-2301 (S.s + BS-2301), indicating a reduction in oxidative
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stress (Figure 10E). Overall, the findings demonstrate that BS-2301
plays a crucial role in regulating soybean defense enzymes to
mitigate oxidative stress in S. sclerotiorum-infected plants.

3.10 Profiling of defense-related genes in
soybean plants

Soybean disease resistance could be associated with six genes:
PRI10, PRI-2, PDF1.2, CHS, AOS, and PALI. The results revealed a
3-5 fold up-regulation of these genes in soybean plants treated with
BS-2301 under S. sclerotiorum infection (S.s + BS-2301) compared
to infected plants without BS-2301 (S.s) (Figure 11). The relative
expression data indicated a significant upregulation of defense
genes in infected soybeans plants under BS-2301 (S.s + BS-2301)
compared to the S.s group. These results suggest that B. subtilis BS-
2301 can enhance soybean resistance to S. sclerotiorum by triggering
signaling pathways associated with PR proteins, plant defensins,
and secondary metabolites.
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4 Discussion

The safe and eco-friendly nature of biocontrol for plant
diseases has sparked interest among researchers in studying
beneficial microbes from various regions. Bacillus species are
considered highly effective biocontrol agents of various

Bacillus strains exhibit numerous plant growth-promoting traits
and suppress plant pathogens through various mechanisms.
Previous research has identified several biocontrol agents for
managing white stem mold disease in rapeseed plants (Chen
2014; Ribeiro et al, 2021). The current study aimed to
explore plant growth-promoting traits and biocontrol potential of

et al.,

phytopathogens (Farzand et al, 2019b; Ayaz et al., 2022).  the newly isolated strain BS-2301 against S. sclerotiorum in
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Expression profiling of six defense-related genes (PR1-2, PR10, CHS, AOS, PAL1, and PDF1.2) in soybean under different treatments. The significant
difference among treatments was indicated by lowercase letters above the columns through Tuckey's HSD test at P < 0.05.
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soybean plants. BS-2301 was identified as a B. subtilis strain based
on 16S rRNA and whole genome sequencing. Previous studies
have shown that B. subtilis inhibits a wide range of
phytopathogens under laboratory conditions (Zhu et al., 2020).
In the current study, BS-2301 exhibited broad-spectrum
biocontrol efficacy against S. sclerotiorum (75%), P. sojae (72%),
and F. oxysporum (70%) in dual culture and partition plate
experiments. The direct inhibitory effect of BS-2301 and its
crude extract was strongest against S. sclerotiorum, followed by
P. sojae and F. oxysporum. Additionally, BS-2301 volatiles showed
an indirect suppressive effect on the pathogens in partition plate
experiments. Overall, BS-2301 exhibited strong biocontrol
potential against S. sclerotiorum with a maximum growth
inhibition rate of up to 74% compared to the control.

This study provides new insight into suppressing S.
sclerotiorum through various mechanisms under BS-2301
treatments. The S. sclerotiorum hyphae were challenged with
severe oxidative stress by exposure to BS-2301 or crude extract
in direct contact or indirectly through BS-2301-VOCs. The results
align with previous studies showing high ROS production in
fungal mycelia exposed to biocontrol agents (Massawe et al,
2018; Ali et al, 2023). Our findings are consistent with
(Massawe et al,, 2018) who established a link between severe
oxidative stress with negative effects on fungal cellular
components, including DNA. BS-2301 induced severe oxidative
stress in S. sclerotiorum like extreme temperatures, heavy metal
stress, and UV radiation, leading to ROS accumulation surpassing
the organism’s antioxidant defense capacity. The morphological
and ultrastructural changes in treated S. sclerotiorum observed
under TEM and SEM microscopy match the findings from
previous studies, including breakdown of cell membranes, cell
breakage, plasmolysis, cytoplasm displacement, and organelle
disintegration (Giorgio et al., 2015; Ntalli et al.,, 2017).
Oxalic acid (OA) production is a key factor in S. sclerotiorum
pathogenicity, facilitating the creation of a conducive
environment for hydrolytic enzymes (Massawe et al., 2018;
Farzand et al, 2019a). Our study hypothesized that BS-2301
could affect OA production in S. sclerotiorum. The bromophenol
blue assay showed reduced acidification, indicating lower OA
production in S. sclerotiorum challenged with BS-2301 and
crude extract than in the control. The Bacillus VOCs have been
demonstrated to modify S. sclerotiorum OA in reduced
pathogenicity, suggesting that decreased production of OA may
weaken the host-pathogen interaction (Massawe et al., 2018; Zhu
et al., 2022). Furthermore, BS-2301 markedly reduced sclerotia
development, which is a resilient structure that can survive harsh
conditions for years before germinating into infective hyphae
(Hegedus and Rimmer, 2005; Ordofiez-Valencia et al., 2015).
The interference of BS-2301 with fungal mycelia likely
contributed to the reduction in sclerotia formation. The studies
by (Kai et al.,, 2009) and (Massawe et al., 2018) have shown that
Bacillus species VOCs can inhibit sclerotia germination. Our
findings suggest that BS-2301 and its crude extract may disrupt
sclerotia melanin synthesis by interacting with tyrosin oxidation
products and dehydroxyphenol compounds, the key components
of melanin found in sclerotia.
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The PGPR has been shown to support plant growth in harsh
conditions through extracellular enzymes, siderophores and IAA
production (Zubair et al., 2021; Ali et al., 2022). Bacillus spp.
produce enzymes like chitinase, protease, B-1,3-glucanase, and
cellulase (Ajuna et al., 2023). Researchers have extensively
studied Bacillus due to its remarkable characteristics (Patel
et al., 2023). For example, B. cereus YN917 produces various
enzymes and exhibits mineral phosphate decomposition activity
(Zhou et al., 2021). Bacillus velezensis NKG-2 has been shown to
produce cellulase, B-glucanase, chitinase, IAA, and siderophore
(Myo et al.,, 2019). The B. subtilis BS-2301 in the present study
produced extracellular enzymes such as amylase, cellulases, and
proteases and exhibited PGP traits such as siderophores
production, IAA synthesis, and phosphorus-solubilizing
activity. These traits may help soybean plants survive infections
with S. sclerotiorum. Additionally, different gene clusters in BS-
2301 genome were predicted for important antimicrobial
compounds like bacilysin, fengycin, and surfactant. Previous
studies have demonstrated the remarkable potential of fengycin
produced from B. amyloliquefaciens FZB42 in managing S.
sclerotiorum. It was found that fengycin triggered ISR in
infected tomato plants and downregulated the pathogenicity
genes in S. sclerotiorum (Farzand et al., 2019a). Surfactin is an
important antimicrobial lipopeptide with antifungal activities
against multiple plant pathogenic fungi and might have
potential uses in agriculture. The surfactin isolated from
Brevibacillus brevis KN8(2) has been evaluated for its antifungal
activity against F. moniliforme. The study suggested that surfactin
might be an effective bio-fungicide for controlling plant diseases
(Krishnan et al,, 2019). Previous studies showed bacilysin an
effective biocontrol agent for Xanthomonas disease suppression
in rice plant. The expression of genes related to Xanthomonas
pathogenicity, cell division and cell wall synthesis was
downregulated under bacilysin treatment (Wu et al., 2015). In
present study, the BS-2301 genome was also found to possessed
surfactin, fengycin and bacilysin gene clusters that might
suppress S. sclerotiorum through various mechanisms.

The scientific community has shown considerable interest in
identifying novel beneficial microbes to control phytopathogens
and improve plant health (Ayaz et al., 2023). The study by (Khan
et al., 2020) reported B. subtills KSU-110 reduced Fusarium wilt
disease of tomato in greenhouse experiments. In present studies,
BS-2301 was found to make soybean resistant to S. sclerotiorum
under pot experiment. Our study revealed that soybean leaves in
BS-2301 treated plants exhibited enhanced activity of POD, SOD,
CAT, and APX compared to the control. It was previously reported
that PGPR in host plants regulates antioxidant enzymes like POD,
SOD, and CAT which help in removing excessive ROS and
preventing pathogen invasion (Ali et al., 2023; Zhai et al,, 2023).
Our results showed up-regulation of antioxidant enzymes in
infected soybean plants, possibly involved in reducing excessive
ROS production after S. sclerotiorum infection. The active
antioxidant enzyme system plays a crucial role in maintaining
normal plant cell growth. Pathogen and abiotic stressors can
damage plant cells, leading to MDA production, and indicating
cell death or degeneration (Liu et al., 2021). Soybean treated with
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the BS-2301 strain had lower MDA content compared to S.
sclerotiorum-infected soybeans, suggesting reduced cellular
damage in treated plants. This indicates that BS-2301 can trigger
defense-related enzyme activities in soybeans, reducing S.
sclerotiorum infection. our findings support previous research
showing up-regulation of antioxidant enzymes and reduced MDA
content in rice infected with Xanthomonas oryzae and Ralstonia
solani under Bacillus VOCs treatment (Ali et al., 2023). Moreover,
PGPR may trigger ISR by interacting with plant defense genes and
signaling pathways to minimize plant pathogen infection (Salwan
et al., 2023). Gene expression profiling revealed increased
expression of defense-related genes (PRI-2, PR10, PDFI1.2, CHS,
PALI, and AOS) in soybean plants treated with BS-2301, indicating
significant up-regulation of plant defense genes. Our results align
with previous research showing that Klebsiella variicola FH-1 strain
activated ISR against S. sclerotiorum in soybeans by positively
regulating defense-related genes (Zhai et al., 2023). In conclusion,
our study demonstrates that the newly isolated B. subtilis BS-2301
exhibits a plethora of plant growth-promoting traits and biocontrol
potential to suppress different plant pathogens, trigger ISR, reduce
stem lesions, enhance antioxidant enzymes, and regulate plant
defense genes to control S. sclerotiorum disease in soybean plants.

5 Conclusion

The present study identified a newly isolated B. subtilis BS-2301
with potent broad-spectrum biocontrol potential against S.
sclerotiorum, P. sojae, and F. oxysporum. The findings shed light on
BS-2301 biocontrol mechanism against S. sclerotiorum involving
excessive ROS production leading to pathogen cell death. The BS-
2301 induced morphological and ultrastructural changes in S.
sclerotiorum mycelia, including cell wall and membrane breakage,
cytoplasmic displacement, and organelle disintegration. Treatment
with BS-2301 resulted in reduced oxalic acid production and sclerotia
formation which are considered key pathogenicity factors in S.
sclerotiorum infection. Additionally, BS-2301 promoted soybean
plant growth and inhibited S. sclerotiorum disease progression on
soybean leaves and stem in both in vitro and pot experiments. The
plant-growth-promoting and biocontrol efficacy of BS-2301 may be
attributed to extracellular enzymes, secondary metabolites, VOCs,
TAA synthesis, and stable biofilm formation. BS-2301 induced
systemic resistance in soybean plants by regulating antioxidant
enzymes and defense-related genes during S. sclerotiorum infection.
Overall, B. subtilis BS-2301 exhibited plant growth-promoting
potential and effectively suppressed S. sclerotiorum through various
mechanisms. This study lays the foundation for managing S.
sclerotiorum disease in soybean plants, with further research need
to evaluate BS-2301 efficacy in field trials.
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Arbuscular mycorrhizal

fungi improve the disease
resistance of Lycium barbarum
to root rot by activating
phenylpropane metabolism
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Yupeng Wang®, Ruiyun Li*, Yuke Yan' and Jing He***

'College of Forestry, Gansu Agricultural University, Lanzhou, China, ?Wolfberry Harmless Cultivation
Engineering Research Center of Gansu Province, Lanzhou, China

Root rot is one of the common diseases of Lycium barbarum. Pathogens can
cause devastating disasters to plants after infecting host plants. This study
investigated the effect of arbuscular mycorrhizal fungi (AMF) Rhizophagus
intraradices inoculation on phenylpropane metabolism in L. barbarum and
evaluated its resistance to root rot. The experiment was set up with AMF
inoculation treatments (inoculated or not) and root rot pathogen-Ffusarium
solani inoculation treatments (inoculated or not). The results showed that AMF
was able to form a symbiosis with the root system of L. barbarum, thereby
promoting plant growth significantly and increasing plants’ resistance to disease
stress. The plant height of AMF-colonized L. barbarum increased by 24.83%
compared to non-inoculated diseased plants. After inoculation with AMF, the
plant defense response induced by pathogen infection was stronger. When the
enzyme activity of the leaves reached the maximum after the onset of
mycorrhizal L. barbarum, phenylalanine ammonia-lyase, cinnamic acid-4-
hydroxylase, and 4-coumaric acid-CoA ligase increased by 3.67%, 31.47%, and
13.61%, respectively, compared with the non-inoculated diseased plants. The
products related to the lignin pathway and flavonoid pathway downstream of
phenylpropane metabolism such as lignin and flavonoids were also significantly
increased by 141.65% and 44.61% compared to nonmycorrhizal diseased plants.
The activities of chitinase and -1,3-glucanase increased by 36.00% and 57.96%,
respectively. The contents of salicylic acid and jasmonic acid were also 17.7% and
31.63% higher than those of nonmycorrhizal plants in the early stage of plant
growth, respectively. The results indicated that AMF significantly promoted plant
growth and enhanced disease resistance by increasing enzyme activities and the
production of lignin and flavonoids.

KEYWORDS

root rot of Lycium barbarum, Rhizophagus intraradices, phenylpropane metabolism,
pathogenesis-related protein, disease resistance
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1 Introduction

Lycium barbarum L. is a deciduous shrub belonging to the
genus Lycium of the Solanaceae family. It is mainly distributed in
the arid and semi-arid environments in northwest and north China,
as well as Eurasia, Africa, and North and South America (Gong
et al, 2022). It has a wide range of cultivation scales in China,
mainly concentrated in Nei Monggol, Gansu, Ningxia, Shaanxi, and
Qinghai provinces (Zhang et al., 2018). As an excellent shrub for
soil and water conservation, L. barbarum has significant ecological
value, including drought resistance, windbreak and sand fixation
capabilities, and soil improvement properties. Its roots, stems and
leaves are used as medicine, and its fruits are rich in bioactive
substances (polysaccharides, minerals, carotenoids, and
polyphenols), making them excellent functional food and natural
medicine (Gao et al,, 2017; Wang et al., 2018; Yu et al., 2023).

With the continuous expansion of the cultivation scale of
L. barbarum, the occurrence of L. barbarum diseases is becoming
more and more serious. Root rot is one of the common diseases in
L. barbarum, mainly caused by Fusarium solani. Pathogenic fungi
can bring devastating disasters to plants after infecting host plants,
which not only seriously affects the quality of L. barbarum, but also
poses a huge threat to local economic development. In the early stages
of the disease, the roots swell, and the swelling intensifies in the
middle stage with a small amount of defoliation. In the later stage, the
roots completely rot and show reddish brown, and the plants shed a
large amount of leaves until they wither and die (He et al., 2023;
Zhang et al,, 2023a). In the main cultivation areas of L. barbarum, the
incidence of root rot can reach 50%, resulting in serious yield and
income reduction, drastically hindering the development of the
L. barbarum industry (Zhu et al, 2023). So far, chemical control
remains the most important method for managing this disease.
However, long-term use of chemical agents can lead to increased
resistance in pathogenic fungi and environmental pollution.
Biological control has attracted more and more attention because
of its safety, environmental protection, no residue, and other
advantages that chemical control can’t surpass. At present, the use
of biocontrol microorganisms instead of synthetic fungicides has
become a hot topic for many scholars, progressive farmers,
cultivators, and even end users.

Arbuscular Mycorrhizal Fungi (AMF) are a group of widely
distributed soil fungi that typically form symbiotic relationships
with about 85% of terrestrial plants (Khaliq et al., 2022). In forestry
production and ecological restoration and protection, AMF, as a
ubiquitous symbiotic microorganism with plants, has a high
application value and potential production and development
prospects (Qu et al.,, 2022b). Studies have shown that AMF can
respond to biotic stresses such as diseases (Devi et al., 2022) and
pests (Wang et al., 2023b), and abiotic stresses such as drought (Zou
et al, 2021), waterlogging (Xu et al., 2024), low temperature (Li
et al., 2020) and salinity (Li et al., 2024) by changing root
morphological structure, competing with pathogens for
photosynthetic products and living space, activating disease-
related defense enzyme systems, and regulating the formation of
secondary metabolites of host plants. Aseel et al. (2019) found that
after inoculation with AMF, the gene expression level of the

Frontiers in Plant Science

10.3389/fpls.2024.1459651

phenylpropane synthesis pathway in diseased tomatoes was up-
regulated, which reduced the severity of tomato mosaic disease. Pre-
inoculation with Glomus versiformme significantly alleviated
Fusarium wilt caused by Fusarium oxysporum (Pu et al., 2022).
Wang et al. (2022) studied the differentially expressed genes of apple
plants inoculated with AMF at the transcriptional level after
infection with F. solani compared with non-inoculated plants, and
found that MdWRKY40 played an important role in the resistance
of mycorrhizal apple seedlings to pathogen infection. At the same
time, it was also found that inoculation of AMF significantly
increased the resistance of apples to Neonectria ditissima
(Despina et al., 2018). Therefore, in the context of sustainability
of ecosystem health, the application of AMF is expected to be a
promising biocontrol method due to their ability to promote plant
growth and enhance disease resistance (George and Ray, 2023).

The phenylpropane pathway (PPP) is one of the important
defense pathways in plants (Despina et al., 2018). A large number of
studies have shown that the activity of key enzymes in the PPP, the
content of phenylpropanoid compounds, and their derivatives are
closely related to the strength of plant disease resistance (Dong and
Lin, 2021). At the same time, PPP is also involved in the synthesis of
plant disease-resistant hormones. For example, the accumulation of
salicylic acid (SA) can activate plant disease-resistant immune
signaling pathways and comprehensively regulate plant disease-
resistant immune systems (Vlot et al., 2009). Wei et al. (2017) found
that hot air treatment induced resistance to Alternaria alternata and
Botrytis cinerea by activating the PPP in cherry tomato fruits. Ge
etal. (2018) confirmed that e-poly-L-lysine treatment enhanced the
resistance of apple fruits to Penicillium expansum by activating
reactive oxygen species (ROS) metabolism and PPP. Qu et al. (2022)
found that melatonin enhances the postharvest resistance of
blueberry fruits to Valsa canker by mediating the jasmonic acid
(JA) signaling pathway and PPP (Qu et al., 2022a). At present, the
research on L. barbarum root rot mainly focuses on the
pathogenesis (Gao et al., 2022), antagonistic fungi screening and
so on (Wang et al, 2023a). Our previous study found that
Rhizophagus intraradices can form a good symbiotic system with
L. barbarum and enhance the resistance to root rot (Li et al., 2022).
However, how R. intraradices influences the PPP of L. barbarum
and thereby induces it to improve disease resistance has not been
reported. Therefore, this study mainly focused on the PPP, growth
parameter measurements, PPP pathway-related enzyme activities,
pathogenesis-related proteins, related enzyme activities in signal
substances, and key substance contents of L. barbarum, to reveal the
mechanism of AMF-induced L. barbarum resistance to root rot
from the perspective of PPP, and provide a theoretical basis for the
biological control of L. barbarum root rot.

2 Materials and methods

2.1 Materials

The tested AMF agent was Rhizophagus intraradices BGC-
BGO09, which was provided by the Institute of Plant Nutrition and
Resources of Beijing Academy of Agriculture and Forestry
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Sciences. Maize was used as the host for propagation, and the
propagated substrate was used as inoculum which contained
spores, hyphae, and fine root segments. Subsequently, we
isolated and screened the spores using wet sieving and sucrose
centrifugation, stained them following the method described by
Kumar et al. (2008), and then observed and counted them under a
somatic microscope to determine the number of viable spores
present in the inoculum.

F. solani was isolated from the diseased plants of typical
L. barbarum root rot, and preserved in the forest protection
laboratory of Forestry College of Gansu Agricultural University
after a pathogenicity test. Before inoculation, the isolated fungus
was activated by sub-culturing on a PDA plate and stored at 4°C. 10
mL of sterile water and two drops of Tween-80 was added to the
purified F. solani after multiple cultures and gently shook it to
ensure the conidia were completely dislodged. The spore count was
then performed using a hemocytometer. When using the
hemocytometer, the number of spores in each small square was
first measured and then converted to the number of spores per
milliliter of the fungal suspension. Based on the counting results,
the suspension was diluted to 1x10” spores/mL for later use.

2.2 Experimental design

The pot experiment was carried out in the economic forest
teaching and scientific research practice base of Forestry College
of Gansu Agricultural University from March 2023 to September
2023. To avoid the presence of native AMF, sterilized soil was
used in all the treatments. The one-year-old seedlings of
L. barbarum of the same size were selected and transplanted
into a 35 cm X 24 cm pot (disinfected with 0.5% sodium
hypochlorite) for treatment. In the inoculation group, 10 g of R.
intraradices inoculum (approximately 100 viable spores per
gram) was evenly spread in the pot at the base of root contact
before L. barbarum transplantation ensuring full contact with the
roots. In the non-inoculation group, the same amount of
inactivated R. intraradices inoculum (autoclaved at 121°C for 2
h) was added following the method used for inoculated pots. and
10 mL microbial filtrate (0.2 pm microporous membrane) of the
R. intraradices inoculum was added to ensure the consistency of
microbial flora. After transplantation, normal watering and
fertilizer management were performed. L. barbarum seedlings
were allowed to grow for 30 d of disease-free stress period to
establish a good symbiotic relationship with R. intraradices. Later
F. solani was inoculated after determining the formation of
mycorrhiza. The pathogen was inoculated by the root-injury
method. 100 mL of F. solani spore suspension with a
concentration of 10 CFU-mL™ was directly injected into the
root, and the same amount of sterile water was added into the
control group (CK). The environmental conditions during
seedling growth were as follows: temperature range of 20-26°C,
relative humidity of 65% -90%, and natural light. Maintain a
regular supply of water during seedling growth.
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A total of 4 treatments were set up: T1 control: neither
R. intraradices nor F. solani inoculation (-R.i-F.s); T2: inoculated
with only R. intraradices (+Ri-F.s); T3: inoculated with only F. solani
(-R.i+F.s); T4: double inoculation with R. intraradices and F. solani
(+R.i+F.s), and replicated 24 pots per treatment totaling to 96 pots.
During the experiment, normal watering and fertilizer management
of each plant was maintained. The plant growth indices (including
leaf number, plant height, stem diameter, etc.) were observed and
recorded at 15 d (leaf expansion period), 30 d (flowering period), 60 d
(initial fruit period), 90 d (full fruit period) and 120 d (final fruit
period) after F. solani inoculation. Leaves were collected at different
growth stages to determine physiological and biochemical indexes
such as disease resistance-related enzyme activity, JA, and SA.

2.3 Determination of mycorrhizal
colonization rate

Staining was carried out using the Trypan Blue staining
method (Eke et al., 2020). Root samples of different periods
were collected and cut into root segments of about 1 cm. The
root segments were placed in a centrifuge tube, and 3 mL of 0.5%
KOH (immersed root segments) was added and kept in a water
bath at 90°C for 15 mins. The root samples were dispersed by
gently shaking. Later, the root samples were washed with water 3-
5 times until the water flow remained no longer yellow. The
cleaned root samples were soaked in 1% HCI for 2 min and
removed. To the acidified roots in the centrifuge tube, 0.05%
Trypan Blue staining solution (distilled water: glycerol: lactic
acid=1:1:3) was added to soak and kept in a water bath at 90°C
for 30 min, Later the roots in the tubes were soaked again with 1:1
lactic acid glycerol solution for 12 h (to remove excess stain in
roots) and mycorrhizal colonization in roots was observed for
mycorrhizal colonization under microscope and estimated
according to below equation by.

Root colonization rate

number of infected root segments
= x 100 %

" number of detected root segments

2.4 Determination of morbidity, disease
index, and growth parameters

After the inoculation of F. solani, a real-time investigation of
L. barbarum plants was carried out. After L. barbarum shows
symptoms of disease, the number of diseased L. barbarum leaves
was investigated at different growth periods, respectively. The
number of diseased leaves was recorded, and the incidence and
disease index were calculated according to the corresponding
grading standards (Gu et al., 2009).

The plant height and basal diameter of seedlings were measured
by tape and vernier caliper, respectively. After the leaves were picked,
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fresh weight was weighed, dried to constant weight at 65°C in the
oven and dry weight was weighed.

Number of diseased plants

morbidity = x 100 %

Investigate the number of plants

disease index

Number of diseased plants at all levels x The disease grade value

- 100
2 Total number of survey plants x The highest level value x
control effect(%)
Control disease index — treatment disease index 100
= X

Control disease index

The determination of chlorophyll content referred to the
method of Ronen and Galun (1984). 0.2 g fresh leaves were
quickly frozen in liquid nitrogen and ground into powder.
Dimethyl sulfoxide (analytical purity) was used to extract the
powder in a constant temperature water bath at 60°C for 1 h in
the dark. The supernatant was collected and the absorbance of
chlorophyll a and b was determined at 663 and 645 nm.

2.5 Determination of SA and JA

The content of SA and JA was determined using the
corresponding enzyme-linked immunosorbent assay (ELISA) Kkits.
The corresponding item numbers are YX-22154P and YX-21810P.
The kits were all from Shanghai Youyou Biotechnology Co., Ltd.

2.6 Determination of pathogenesis-related
protein in L. barbarum leaves

The extraction method of enzyme solution was referred to as 2.5.1.
Chitinase activity was measured using the corresponding ELISA Kkit.
The corresponding item number of the kit is YX-E22624P, which was
obtained from Sino Best Biological Technology Co., Ltd. The
extraction of B-1,3-glucanase was determined according to the
method of Zhang et al. (2013). The amount of enzyme required for
the reaction system to change the absorbance value at 540 nm by 0.01
per hour was an enzyme activity unit (U). The polygalacturonase (PG)
was determined according to the method of Cao et al. (2007). The mass
of polygalacturonic acid hydrolyzed into galacturonic acid (mg-h™.g™")
was expressed as per gram of plant tissue sample (fresh weight) per
hour at 37°C. Determination of pectin methylgalacturonase (PMG)
was based on the method of Cao et al. (2007), expressed as the mass
per gram of plant tissue sample per hour at 37°C catalyzed substrate
hydrolysis to produce galacturonic acid (mgh™.g™).

2.7 Determination of enzyme activities
and products related to PPP in
L. barbarum leaves

Phenylalanine ammonia-lyase (PAL) activity was determined
according to the method of Khumalo et al. (2017). The amount of
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enzyme required to change the absorbance value at 290 nm by 0.01
per minute of the reaction system was used as an enzyme activity
unit (U). The activity of cinnamic acid-4-hydroxylase (C4H) was
determined according to the method of Ackah et al. (2022), the
method of enzyme solution extraction was referred to as 2.5.1, and
the amount of enzyme required to change the absorbance value at
340 nm by 0.01 per minute of the reaction system was taken as an
enzyme activity unit (U). Determination of 4-coumaric acid-CoA
ligase (4CL) activity according to the method of Ackah et al. (2022),
the amount of enzyme required to change the absorbance value at
333 nm by 0.01 per minute of the reaction system was taken as an
enzyme activity unit (U). Determination of chalcone isomerase
(CHI) activity according to the method of Latunde-Dada et al.
(1987), the amount of enzyme required to change the absorbance
value at 290 nm by 0.01 per minute of the reaction system was used
as an enzyme activity unit (U). The activities of chalcone synthase
(CHS), flavanone hydroxylase (F3H), hydroxycinnamic acid
transferase (HCT), cinnamoyl-CoA reductase (CCR), and
cinnamyl alcohol dehydrogenase (CAD) were determined using
the corresponding ELISA kits. The corresponding item numbers of
the kits are YX-E21833P, YX-E22631P, YX-E22626P, YX-E22625P,
and YX-E21912P. All of the above kits were derived from Sino Best
Biological Technology Co., Ltd. Lignin content was determined by
A280 nm-mg protein according to the method of Bonawitz et al.
(2014). Contents of flavonoids and total phenols were determined
according to the method of Cao et al. (2007). The flavonoid content
was expressed as ODs,5 nm/g, and the total phenol content was
expressed as the absorbance value of fresh weight per gram plant
tissue at 280 nm, and calculated by gallic acid standard curve,
expressed as mg g’

2.8 Data processing and analysis

SPSS 26.0 was used to test the homogeneity of variance on the
original data. When the Sig value was > 0.05, the variance was
considered to be homogeneous, and then one-way ANOVA analysis
of variance was performed. Duncan’s method was used for specific
post-hoc tests, and the significance level was set as o = 0.05. The data
were expressed as mean * standard error (SE). Origin 2021 was
used for plotting.

3 Results and analysis

3.1 R. intraradices colonization and
infection in L. barbarum roots

The colonization rate gradually increased with the change in the
plant growth period. The colonization rate of mycorrhizal diseased
plants in the middle and late stages was lower than that of plants
inoculated with only R. intraradices, indicating that the presence of
F. solani had a negative effect on the colonization of R. intraradices
(Figure 1A). The colonization structure of R. intraradices, such as
hyphae, arbuscular and vesicles, could be observed after
R. intraradices inoculation (Figures 1B-D). In contrast, no
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Mycorrhizal colonization rate and infection structure of L. barbarum roots at different growth stages. (A) Mycorrhizal infection rate;
(B—E) R. intraradices infection structure: ih, intraradical hyphae; eh, exogenous hyphae; v, vesicles; ar, arbuscule.

R. intraradices colonization was observed in the non-inoculated
treatment (Figure 1E), the colonization rate of control plants was 0.

3.2 Effect of R. intraradices on growth
parameters, incidence, and disease index
of L. barbarum under different
inoculation treatments

Whether inoculated with R. intraradices or not, the L. barbarum
plants inoculated with F. solani would develop disease in the later
growth stages. However, the colonization of R. intraradices could
significantly reduce the incidence and disease index of L. barbarum,
indicating that the inoculation of R. intraradices to the roots of L.
barbarum plants could significantly enhance the resistance of plants
and reduce the occurrence of root rot (Table 1).

With the change in the growth potential of L. barbarum plants,
there was a significant difference between the L. barbarum plants
colonized by R. intraradices and the L. barbarum plants in the
control group. At the same time, due to the presence of R.
intraradices, the height of mycorrhizal plants was significantly
higher than that of plants only inoculated with F. solani at the
later stage (Figure 2).

3.3 Effects of R. intraradices on PPP
metabolic pathway in L. barbarum leaves
under different inoculation treatments

3.3.1 Enzyme activities related to the PPP

The two treatments of only inoculation with R. intraradices and
only inoculation with F. solani could induce the increase of PAL
activity in leaves (appeared in different periods). After pre-
inoculation with R. intraradices, PAL activity could be enhanced
under F. solani stress to alleviate the damage caused by F. solani.
The treatment of inoculated F. solani showed a trend of increasing
first and then decreasing, reaching the maximum at 60 days. The
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enzyme activity of mycorrhizal diseased plants was 3.67% higher
than that of non-mycorrhizal diseased plants (Figure 3A).

Mycorrhizal L. barbarum significantly increased C4H activity
by 22.64%, 17.64%, 26.61% and 31.47% under F. solani stress. The
C4H activity of mycorrhizal plants increased gradually in five
periods and reached the maximum at 120 d, which was 41.4%
and 33.0% higher than that of non-mycorrhizal diseased plants and
mycorrhizal diseased plants, respectively. Because of the inoculation
of F. solani, the mycorrhizal plants had the opposite trend with the
treatment of R. intraradices alone in the later stage, which was
consistent with the trend of single inoculation of F. solani
(Figure 3B). Under the condition of inoculation with F. solani,
the 4CL activity of mycorrhizal plants was 3.44%, 24.34%, 15.97%
and 13.61% higher than that of non-mycorrhizal plants within 15-
90 days (Figure 3C).

With the increase in treatment time, the activity of CHS
inoculated with F. solani showed a decreasing trend. After
inoculation with R. intraradices, the trend of F. solani inoculation
treatment was opposite to that of non-F. solani inoculation
treatment in the later stage, which was consistent with the trend
of single F. solani inoculation treatment. The enzyme activity of
mycorrhizal plants in the mid to late stage (60-120 d) was
significantly higher than that of single inoculation of F. solani by
11.03%, 17.83% and 12.21%. It can be seen that R. intraradices can
play a better role in improving CHS activity under disease stress
(Figure 3D). After inoculation with F. solani, the CHI activity of
mycorrhizal and non-mycorrhizal seedlings showed a gradual
downward trend. Under disease stress, compared with non-
inoculated R. intraradices, the enzyme activity of AMF-inoculated
leaves increased significantly by 19.7%, 19.2%, 33.2%, 20.1% and
15.5% in five periods (Figure 3E). The enzyme activity of the
treatment only inoculated with R. intraradices showed a trend of
increasing first and then decreasing, reaching the maximum at 60 d
(Figure 3E). The F3H activity of the four treatments showed a trend
of increasing first and then decreasing as a whole. Under the
treatment of F. solani inoculation, the difference between R.
intraradices inoculation and non-AMF inoculation was not
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TABLE 1 Effects of different inoculation treatments on growth parameters of L. barbarum.

Treatment

10.3389/fpls.2024.1459651

+R. i+F. s

stem thickness/mm

7.93 + 0.57b

7.07 + 0.46¢

11.77 £ 0.81a 12.35 £ 0.57a

plant height/cm

number of leaves

60.42 + 14.63b

121.53 + 17.53b

59.37 + 17.37b

119.33 + 23.64b

80.62 + 11.63a 85.73 + 14.63a

169.78 + 29.83a 179.63 + 27.47a

leaf aspect ratio 3.03 £ 0.71b 3.56 + 1.85a 3.07 £ 0.54b 3.56 + 0.47b
leaf area/cm® 6.53 + 1.39bc 5.19 + 1.49¢ 8.13 + 1.74ab 8.04 + 1.32a
leaf expansion period leaf blade girth/cm 13.19 + 1.96bc 12.49 + 1.22¢ 15.62 + 1.93ab 16.26 + 0.68a
leaf index 0.15 + 0.01a 0.13 + 0.0la 0.13 + 0.06a 0.12 + 0.01a
leaf water content 0.82 +0.0la 0.78 + 0.02a 0.82 + 0.05a 0.83 + 0.02a

Morbidity 0 8.33% 0 4.17%

disease index 0 833 0 4.17

control effect % / / / 50

stem thickness/mm 9.1 +1.39b 7.07 + 1.02b 13.17 + 1.99a 15.15 + 1.83a

plant height/cm

74.42 £ 16.67bc

69.67 + 21.13¢

87.83 + 15.75ab 91.92 + 14.63a

number of leaves

183.92 £ 21.1b

167.33 £ 29.77b

219.58 + 29.83a 222.42 + 4593a

leaf aspect ratio 342 +0.71b 4.54 + 1.85a 3.56 + 0.54b 3.66 + 0.47b
leaf area/cm® 7.14 + 1.59bc 6.1 = 1.48¢ 8.23 + 2.1ab 8.96 + 1.41a
flowering period leaf blade girth/cm 13.97 + 1.52bc 13.12 + 1.36¢ 15.07 + 1.81ab 16.14 + 0.91a
leaf index 0.14 + 0.01a 0.14 + 0.01a 0.15 + 0.06a 0.14 + 0.01a
leaf water content 0.81 +0.01a 0.81 + 0.02a 0.81 + 0.05a 0.82 + 0.02a
Morbidity 4.17% 16.67% 0 8.33%

disease index 4.17 10.42 0 8.33

control effect % / / / 20
stem thickness/mm 9.19 £ 0.81c 7.25 + 0.82d 14.57 + 1.01a 12.67 + 1.58b

105.7 + 17.74ab 93.8 + 24.01b 118.2 + 27.96a 104.4 + 26.13ab

plant height/cm

number of leaves

147.1 + 34.08b

104.3 + 30.77¢

191.3 £ 23.00a 176.8 + 40.93ab

initial fruit period

leaf aspect ratio

leaf area/cm®

3.65 + 0.51a

8.25 + 292.10b

4.06 + 0.74a

7.12 + 238.91b

3.68 + 0.44a 3.71 £ 0.31a

9.06 + 203.81ab 10.85 + 215.98a

leaf blade girth/cm 14.92 + 26.37b 14.44 £ 19.96b 15.78 + 15.36b 1748 + 18.4a
leaf index 0.15 + 0.01a 0.13 + 0.02¢ 0.14 £+ 0.01ab 0.14 £ 0.01ab
leaf water content 0.82 + 0.01a 0.81 + 0.05a 0.82 + 0.04a 0.83 + 0.04a
Morbidity 8.00% 29.17% 0 16.67%
disease index 8.33 20.83 0 16.67
control effect % / / / 20
stem thickness/mm 11.1 + 1.72ab 9.93 + 0.56b 12.59 + 1.23a 12.52 + 2.26a

plant height/cm

107.00 + 19.52ab

96.00 + 21.89b

131.33 + 20.47a 102.17 + 27.71b

number of leaves

169.33 + 18.79a

107.67 + 37.58b

187.17 + 29.92a 169.00 + 15.31a

full fruit period

Frontiers in Plant Science

leaf aspect ratio 3.93 + 0.45a 4.02+0.97a 3.72 £ 0.53a 3.84 +0.71a

leaf area/cm’ 7.48 + 0.81b 6.09 + 1.28b 10.25 + 0.75a 9.54 +2.97a

leaf blade girth/cm 14.9 + 1.07bc 13.65 + 1.35¢ 16.96 + 0.75ab 16.44 + 2.14a
(Continued)
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TABLE 1 Continued

10.3389/fpls.2024.1459651

final fruit stage

Treatment +R.i+F. s
leaf index 0.14 = 0.01a 0.13 + 0.02a 0.14 + 0.01a 0.14 + 0.01a
leaf water content 0.77 + 0.01b 0.8 £+ 0.01ab 0.81 + 0.03ab 0.85 + 0.1a
Morbidity 8.33% 45.83% 4.17% 20.83%
disease index 8.33 23.61 4.17 12,5
control effect % / / / 47
stem thickness/mm 10.75 + 1.21ab 9.75 + 0.43b 12.73 + 1.41a 12.48 + 2.25a

plant height/cm

113.00 + 17.74a

102.00 + 21.89b

127.33 + 20.26a

110.17 + 24.41a

number of leaves

153.31 + 18.79a

89.37 + 37.58b

169.27 + 17.94a

154.00 + 14.91a

leaf aspect ratio 424 +0.14a 4.3 £ 0.26a 3.74 + 0.57ab 3.46 + 0.08b
leaf area/cm’® 5.24 + 1.17bc 3.98 £ 0.61c 7.76 + 1.58a 7.12 + 0.5ab
leaf blade girth/cm 12.55 + 1.25bc 11.07 + 0.71¢ 14.32 £ 0.77a 13.8 + 0.47ab
leaf index 0.13 + 0.00ab 0.13 £ 0.01b 0.15 + 0.02a 0.15 + 0.00a
leaf water content 0.79 + 0.04a 0.72 + 0.08a 0.72 + 0.08a 0.77 + 0.02a
Morbidity 12.50% 54.17% 4.17% 29.17%
disease index 12,5 29.17 4.17 16.67
control effect % / / / 43

The values are mean * standard error (SE); Different lowercase letters represent significant differences between data in the same column (P<0.05),-R. i-F. s: neither inoculated with R. intraradices
nor F. solani; +R. i-F. s: inoculated R. intraradices but not with F. solani; -R. i+F. s: not inoculated with R. intraradices but with F. solani; +R. i+F. s: Double inoculation with R. intraradices and

F. solani.

significant in the early stages and was significant in the middle and
late stages, which was in line with the trend of CHS. R. intraradices
increased F3H activity as a whole, higher than the other three
treatments (Figure 3F).

After R. intraradices inoculation, HCT activity showed a
gradual downward trend regardless of whether the F. solani was
inoculated or not (Figure 3G). Regardless of R. intraradices
inoculation status, both treatments inoculated with F. solani
showed a trend of increasing first and then decreasing. Under the
stress of disease, the activity of L. barbarum inoculated with R.
intraradices was significantly increased by 20.24%, 5.58%, 11.20%,
13.63% and 11.47% compared with that without R. intraradices
inoculation (Figure 3G). CAD activity was significantly increased by
5.92%, 31.56%, 7.46%, 11.32%, and 26.88% (Figure 3T). CCR activity
showed a decreasing and then increasing trend in all three
treatments except the control (Figure 3H). Under disease stress,
compared with non-AMF inoculation, the CAD activity of AMF-
inoculated plants was significantly increased by 45.76%, 37.00%,
47.67%, 54.20%, and 58.65%.

3.3.2 Products related to the PPP

The flavonoid content showed a trend of increasing first and
then decreasing as a whole. In the first three periods, compared
with non-inoculated R. intraradices, the flavonoid content in L.
barbarum leaves inoculated R. intraradices under disease stress
was significantly increased by 64.59%, 141.65%, and 30.81%

Frontiers in Plant Science

(Figure 4A). In contrast, in the first three periods, there was no
significant difference in lignin content between mycorrhizal and
non-mycorrhizal plants, and increased significantly by 34.13%
and 44.61% only in the latter two periods (Figure 4B). The total
phenol content of the F. solani inoculation treatment showed a
gradual downward trend, while the content in mycorrhizal plants
showed a trend of increasing first and then decreasing due to the
infection of F. solani. At 15 d, there was no significant difference
between the two treatments inoculated with F. solani. The total
phenol content of mycorrhizal plants was significantly higher than
that of non-mycorrhizal plants by 35.79%, 27.01%, and
18.97% (Figure 4C).

3.4 Effects of R. intraradices on the content
of plant signaling substances in leaves of

L. barbarum under different

inoculation treatments

With the prolongation of treatment time, the SA content of each
treatment showed a gradual downward trend. The SA content of
mycorrhizal plants in the early stage (15 d, 30 d) was 11.7% and
17.7% higher than that of only inoculated F. solani treatment
(Figure 5A). The JA content of all treatments, except for the
treatments double inoculated with R. intraradices and F. solani,
showed a general trend of decreasing and then increasing (Figure 5B).
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+R.i+F.s

FIGURE 2

10.3389/fpls.2024.1459651
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e

20cm

Growth status of L. barbarum in different periods. (A) 15 d (leaf expansion period); (B) 30 d (flowering period); (C) 60 d (first fruit stage); (D) 90 d (full fruit

stage); (E) 120 d (final fruit stage).

3.5 Effects of R. intraradices on
pathogenesis-related proteins of
L. barbarum leaves under different
inoculation treatments

In general, chitinase showed a decreasing trend. Under disease
stress, compared with non-inoculated treatment, the chitinase
activity of mycorrhizal L. barbarum increased significantly by
13.0% and 36.0% in the first two periods, and there was no
significant difference in the middle and late periods. However, the
mycorrhizal L. barbarum plants were treated at a high enzyme
activity level in five periods, which was higher than that of the
mycorrhizal plants treated with pathogenic fungi by 26.74%, 2.31%,
10.39%, 13.67% and 8.73%, respectively ( ).

At the same time, the 3-1,3-glucanase activity of the F. solani
treatment showed a gradual downward trend. After inoculation with
R. intraradices, the B-1,3-glucanase activity showed a trend of
increasing first and then decreasing with or without inoculation
with F. solani. The enzyme activity of the five periods was higher
than that of the treatment inoculated with F. solani ( ). The
activity of pectin methylgalacturonic acid enzyme in different

Frontiers in

treatments showed a gradual downward trend. The enzyme activity
of mycorrhizal diseased plants in the early stage was higher than that
of the other three treatments, while the enzyme activity of
mycorrhizal plants without F. solani inoculation increased in the
later stage ( ). R. intraradices inoculation significantly
increased the activity of polygalacturonase, R. intraradices
inoculation significantly increased the activity of polygalacturonase,
and the enzyme activity of R. intraradices and pathogen inoculation
treatment was higher than that of pathogen inoculation treatment

( ) in five periods.

In this study, pot experiments were conducted to investigate the
effects of R. intraradices on the growth, related physiological
changes and root rot resistance of L. barbarum. The results
showed that the colonization rate of mycorrhizal plants increased
gradually with the change of treatment time, but the presence of F.
solani showed a negative effect on the colonization of R.
intraradices. The reason may be that there was a direct
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Effects of R. intraradices on the activities of PAL (A), C4H (B), 4CL (C), CHS (D), CHI (E), F3H (F), HCT (G), CCR (H), CAD (I) in L. barbarum leaves
under different inoculation treatments. Different lowercase letters indicated significant differences between the control and treatments (p < 0.05).

interaction between the two, or the infection of F. solani caused
poor growth of L. barbarum plants and reduced the nutrient supply
to R. intraradices, which slowed down the growth of R. intraradices,
thus resulting in a decrease in mycorrhizal infection rate. In
addition, the biomass and chlorophyll content of mycorrhizal L.
barbarum increased at different degrees, indicating that R.
intraradices promoted the growth of plants by facilitating the
uptake of water and nutrients from the soil, which was consistent
with the results with other reports showing that R. intraradices
increasing the absorption of nutrients by host plants through
mycelium, thereby promoting the growth of Ambrosia

artemisiifolia and colonization in the roots of Cinnamomum
migao seedlings and promoting their growth and thereby
reducing the incidence and disease index of root rot, and
indirectly enhance the resistance of L. barbarum to root rot (Liao
et al,, 2021; Kong et al. 2021).

Phenylalanine is one of the final products of the shikimic acid
pathway. Phenylpropanoid metabolism produces more than 8000
aromatic compounds. The reaction of the PPP is catalyzed by PAL,
C4H, and 4CL. The three-step catalytic reaction is considered to
be the core reaction of the entire metabolic pathway and
directly determines whether the PPP can proceed smoothly

Treatment Time
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Effects of R. intraradices on the content of SA (A), JA (B) in L. barbarum leaves under different inoculation treatments. Different lowercase letters

indicated significant differences between the control and treatments (p < 0

(Fraser et al., 2011). There are many downstream branches of the
PPP, among which the lignin and flavonoid metabolic pathways are
the two main branches studied in this paper. PAL is a key enzyme
and rate-limiting enzyme in phenylpropanoid metabolism, which
plays an important role in plant growth and development, disease
resistance and stress resistance (Zhang et al., 2023b). C4H catalyzed
the hydroxylation of cinnamic acid to p-coumaric acid. Then p-
coumarate coenzyme A was formed under the catalysis of 4-
coumarate-CoA ligase. These compounds were transformed into
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various phenylpropanoids as substrates for the next reaction. Our
study found that the PAL, 4CL and C4H of mycorrhizal diseased
plants were significantly higher than those of non-mycorrhizal
diseased plants, indicating that R. intraradices inoculation could
activate the PAL, 4CL and C4H activities in L. barbarum root rot
plants, thus accelerating the process of PPP. This was consistent
with the results of AMF inoculation increased PAL activity in
pepper leaves and mechanically damaged tomato leaves (Song
et al., 2018; Oliveira et al., 2022).

-R.i-F.s +R.i-F.s -R.i+F.s +R.i+F.s
1.6
z B
‘é 2 12 . a
g & a? b a
gL s L ab a 3
£Z o08bb ¢ e pl L opH b
= ‘o I8 1 1 = I b ! c
o = 1
@ 2 ¢ ¢
K 0.4+ = I d
nl. S
0.0
15d 30d 60 d 90d 120 d
- 6
3 D
e a
g St b a
g2 i a .l a_a a
£ = c a s 2 a
$E | BN LY ] R
5_'00 I I i I D I ¢
= 4r .
w =
Sy
£E
<~
3..
: y
g 0.0
& 15d  30d 60d 90d 120d

Treatment Time

polygalacturonase (C), pectin methylgalacturonic (D) in L. barbarum leaves
ignificant differences between the control and treatments (p < 0.05).
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Other catalytic enzymes in the PPP of plants, such as HCT, are
considered to be a key factor in controlling the direction of
downstream metabolism of monophenolic compounds, and CHI
and CHS serve as key enzymes in the downstream branching
flavonoid metabolic pathway. Our study found that the activities
of HCT, CHI and CHS in L. barbarum plants inoculated with R.
intraradices were significantly higher than those of non-inoculated
plants. Studies have found that C4H, CHI, 4CL, and PAL activities
and PtPALI and Pt4CL expressions were induced by Funneliformis
mosseae under water stress (Liu et al., 2022), which was similar to
the results of this study. At the same time, the plant PPP generally
participates in disease resistance immunity through two aspects. On
the one hand, synthesizing lignin promotes the degree of cell
lignification and forms a physical barrier to prevent the invasion
of pathogenic fungi. On the other hand, it produces a variety of
metabolites such as phenols and flavonoids to inhibit the growth of
pathogenic fungi (Shang et al., 2022).

The products after the above reaction are used as precursors to
produce total phenols, flavonoids and lignin under the catalysis of
enzymes. Our study found that R. intraradices inoculation increased
the content of lignin, total phenols and flavonoids in L. barbarum
within a certain treatment time range, and enhanced its disease
resistance. However, the lignin content in the leaves was not
significantly different in the early stage. It was speculated that it
may be related to the infection of F. solani and the fact that the
disease site of the plant is in the root, which has little effect on the
above-ground part. In the later stage, the accumulation of lignin
inhibited the reproduction of F. solani. The increase in flavonoid
content is of great significance to improve the disease resistance of
L. barbarum. Phenolic substances can further oxidize polyphenols
into quinones that are highly toxic to pathogens and have a certain
inhibitory effect on pathogen production (Hua et al., 2017). This
was consistent with the results of Pichia guilliermondii promoting
the accumulation of total phenols, total flavonoids and main
monomeric phenolic compounds by increasing the enzyme
activity and gene expression level of phenylalanine ammonia-
lyase and 4-coumaric acid-CoA ligase, and inducing the resistance
of peach fruit soft rot caused by Rhizopus stolonifer (Li et al., 2023).

Phytohormones play an important role in plant immunity and
defense mechanisms. SA, as a phenolic plant hormone, initiates the
expression of disease-related genes and participates in the synthesis
of defensive compounds involving local resistance and systemic
acquired resistance. It can regulate a variety of plant growth and
development phenotypes, including seed germination, fruit
ripening, senescence, and defense responses to biotic and abiotic
stresses (Wani et al., 2017). This study showed that the SA level of L.
barbarum plants increased. When infected by F. solani, the SA level
of mycorrhizal L. barbarum plants was significantly higher than
that of non-mycorrhizal plants, indicating that the content of
endogenous hormones was significantly affected after F. solani
infected plants. However, the presence of R. intraradices can
increase the content of plant hormones, and is more effective in
controlling soil-borne pathogens. The trend of JA content in the
later stage was slightly different from that of SA, probably because as
an important signal molecule in plant defense response, SA and JA-
mediated pathways were relatively independent and antagonistic at
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some sites. However, SA and JA are not opposite, and there are still
intersections in the process of regulating plant disease resistance.
Ambarwati et al. (2022) found that mycorrhiza enhanced the
resistance of tropical pepper to Ralstonia solanacearum by
increasing the relative gene expression levels of JA and SA. Fujita
et al. (2024) showed that mycorrhizal colonization activated the
tomato immune system, resulting in higher expression levels of SA
and JA-related defense genes, which were similar to our study.

In the plant-activated defense system, in addition to activating
the defense enzyme protection system, it also includes the induction
of pathogenesis-related proteins. Chitinase is a pathogenesis-related
protein, and its hydrolysate chitin oligosaccharides can be used as
an elicitor to induce defense responses in plants, thereby inhibiting
the growth of pathogens (Chen et al., 2022). Pathogenic fungal
infection can induce the rapid accumulation of B-1,3-glucanase in
plants, which is one of the main defense responses of plants. When
plants are invaded by pathogens, the secreted chitinase and B-1,3-
glucanase can decompose chitin and B-1,3-glucan exposed to the
tips of fungal hyphae, thus directly participating in the process of
plant disease resistance (Li et al, 2004). The production of
polygalacturonase and pectin methylgalacturonase can not only
form complexes with pectin, an important component of the cell
wall but also specifically recognize cell wall degrading enzymes of
pathogens, thereby eliminating pathogens and reducing the damage
of pathogens to plants (Davidsson et al., 2017). In this study, when
the pathogen invaded the plant, the activities of chitinase and 3-1,3-
glucanase in mycorrhizal L. barbarum were significantly higher
than those in diseased plants, which was consistent with the results
of Pu et al. (2022) and Wang et al. (2021). At the same time, the
activities of pectin methylgalacturonase and polygalacturonase were
also significantly different. Zhang and Tang (2021) showed that
inoculation with AMF could increase the activity of
polygalacturonase in P. cathayana to inhibit the growth of
mycelia, reduce the damage of pathogens to P. cathayana, and
improve the disease resistance of P. cathayana, which was similar to
this study.

The mechanisms by which AMF improve plant disease
resistance include competing with pathogens for nutrients,
regulating host endogenous hormones, and activating host
defense systems (increasing host defense enzyme activity,
inducing the synthesis of pathogenesis-related proteins and
secondary metabolites). In this paper, through the determination
of the above indicators, it is helpful to better understand the growth-
promoting effect and disease resistance mechanism of R.
intraradices as a biocontrol microorganism on L. barbarum plants
and to evaluate the role and value of R. intraradices to a certain
extent. In summary, mycorrhizal colonization can enhance the
ability of L. barbarum to resist root rot by inducing the activation
of the phenylpropane metabolic pathway and increasing the content
of pathogenesis-related proteins and plant signaling substances. It is
suggested that R. intraradices plays a beneficial role in sustainable
agriculture by symbiotically associating with L. barbarum.
However, the internal molecular mechanism of how R.
intraradices induces and activates the PPP in L. barbarum plants
is still unclear. The differential gene expression of L. barbarum
plants treated with R. intraradices can be further studied by
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transcriptomics technology, to analyze the roles of key differential
genes and key pathways, find the relationship between key
differential genes, and verify the mechanism of R. intraradices
treatment to improve the resistance of L. barbarum plants to root
rot at the molecular level.

5 Conclusion

R. intraradices could establish a stable symbiotic relationship
with the roots of L. barbarum, promote the accumulation of
biomass, increase the chlorophyll content, reduce the incidence
and disease index of root rot, and enhance the activity of
phenylpropanoid metabolism-related enzymes, the content of
pathogenesis-related proteins and the content of plant signal
substances in the leaves of L. barbarum. The results showed that
R. intraradices inoculation treatment increased the activity of
phenylpropanoid metabolism-related enzymes and the content of
resistant substances in L. barbarum plants, thereby enhancing the
resistance of L. barbarum plants to root rot.
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resistance in wheat roots
against take-all disease
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Take-all disease, caused by the Ascomycete fungus Gaeumannomyces tritici, is one
of the most important root diseases of wheat worldwide. The fungus invades the
roots and destroys the vascular tissue, hindering the uptake of water and nutrients.
Closely related non-pathogenic species in the Magnaporthaceae family, such as
Gaeumannomyces hyphopodioides, occur naturally in arable and grassland soils and
have previously been reported to reduce take-all disease in field studies. However,
the mechanism of take-all protection has remained unknown. Here, we
demonstrate that take-all control is achieved via local but not systemic host
changes in response to prior G. hyphopodioides root colonisation. A time-course
wheat RNA sequencing analysis revealed extensive transcriptional reprogramming in
G. hyphopodioides—colonised tissues, characterised by a striking downregulation of
key cell wall-related genes, including genes encoding cellulose synthases (CESA),
and xyloglucan endotransglucosylase/hydrolases (XTH). In addition, we characterise
the root infection biologies of G. tritici and G. hyphopodioides in wheat. We
investigate the ultrastructure of previously described “subepidermal vesicles”
(SEVs), dark swollen fungal cells produced in wheat roots by non-pathogenic G.
hyphopodioides, but not by pathogenic G. tritici. We show that G. hyphopodioides
SEVs share key characteristics of fungal resting structures, containing a greater
number of putative lipid bodies and a significantly thickened cell wall compared to
infection hyphae. We hypothesise that SEVs are fungal resting structures formed due
to halted hyphal growth in the root cortex, perhaps as a stress response to locally
induced wheat defence responses. In the absence of take-all resistant wheat
cultivars or non-virulent G. tritici strains, studying closely related non-pathogenic
G. hyphopodioides provides a much needed avenue to elucidate take-all resistance
mechanisms in wheat.

KEYWORDS

wheat root transcriptome, root endophyte, root pathogen, wheat defences, cell-wall
modifications, fungal biocontrol
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1 Introduction

Wheat (Triticum aestivum) is one of the most important cereal
crops worldwide, providing around 20% of human caloric intake
globally. Sustaining excellent root health is critical for the acquisition
of water and essential nutrients. As global temperatures continue to
rise, root health is predicted to face increasing threats from various
soil-borne fungal pathogens (Delgado-Baquerizo et al,, 2020). The
necrotrophic fungal pathogen Gaeumannomyces tritici, belonging to
the Magnaporthaceae family, is responsible for take-all disease, one of
the most important root problems of wheat crops worldwide
(Freeman and Ward, 2004; Palma-Guerrero et al., 2021). The
disease drastically diminishes grain yields during heavy infection
episodes. However, due to the genetic intractability of G. tritici, both
the pathogen and the cereal-pathosystem remain understudied by the
molecular plant-microbe interaction community. Root-confined
vascular infection by G. tritici results in the development of
characteristic necrotic lesions originating from the stele, which
severely disrupt root functions, causing premature crop ripening
and reduced grain yield/quality (Asher and Shipton, 1981; Huang
et al,, 2001). Take-all fungal inoculum builds up in the soil following
consecutive wheat crops, and, although recent surveys of take-all
disease levels are lacking, yield losses of up to 60% have been reported
in the UK (McMillan et al.,, 2011). At present, take-all resistant wheat
cultivars are not commercially available, and current fungicide seed
treatments do not provide complete protection (Freeman et al., 2005).
For a comprehensive review on our current understanding of the G.
tritici-wheat pathogen system, including detailed spatial and
temporal descriptions of the G. tritici life cycle and infection
process, please see the work of Palma-Guerrero et al. (2021).

Understanding root immunity is essential for the development of
take-all resistant cultivars. However, the classical model of immunity,
characterised by the concerted effect of pathogen-associated
molecular pattern (PAMP)-triggered immune responses and
effector-triggered immune responses, is predominantly based on
foliar pathogens (Boller and Felix, 2009; Jones and Dangl, 20065
Pok et al., 2022). Roots must constantly interact with a diverse soil
microbiome and distinguish pathogenic microbes from, sometimes
closely related, non-pathogenic endophytes or beneficial symbionts
(Thoms et al., 2021). How plants engage with beneficial
microorganisms while restricting damaging pathogens is regarded
as one of the top 10 unanswered questions by the molecular plant-
microbe interaction (MPMI) research community (Harris et al,
2020). The selective response of plants to microbes with different
lifestyles can be partly explained by the compartmentalisation of
localised immune responses in roots (Zhou et al., 2020), and the
recognition of microbe-associated molecular patterns (MAMPs),
damage-associated molecular patterns (DAMPs), and PAMPs by
multiple receptors (Thoms et al, 2021). However, further
comparative studies into endophytic and pathogenic plant infecting
microbes are sorely needed.

Several members of the Magnaporthaceae family are classified
within the Gaeumannomyces-Phialophora complex (Hernandez-
Restrepo et al., 2016). Phialophora species, such as
Gaeumannomyces hyphopodioides, occur naturally in grasslands and
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arable field sites although do not cause disease symptoms in arable
crops (Deacon, 1973; Ulrich et al., 2000; Ward and Bateman, 1999).
For this reason, such species have been described as “non-pathogenic.”
Wheat root colonisation by non-pathogenic Magnaporthaceae species
can be easily distinguished from wheat root infection by pathogenic G.
tritici due to the inability of non-pathogenic species to infect the
vascular tissues and due to the production of dark swollen fungal cells
by non-pathogenic species in the root cortex. The swollen cells
measure between 12 pm and 30 pum in diameter, depending on the
fungal species, and may be formed following growth cessation of a
hyphal apex (Deacon, 1976a). These enigmatic structures have been
previously described as pigmented cells (Holden, 1976), growth
cessation structures (Deacon, 1976a), or subepidermal vesicles
(SEVs) (Osborne et al, 2018). The closely related rice leaf blast
pathogen Magnaporthe oryzae is also reported to form SEV-like
structures in cereal roots. M. oryzae can infect rice root tissues,
producing brown spherical structures resembling SEVs in epidermal
and cortical cells (Dufresne and Osbourn, 20015 Marcel et al., 2010).
SEV-like structures are also common among dark septate endophytes
(DSEs), a diverse group of root colonising ascomycete fungi with
elusive functions, often found inhabiting stressful environments. The
DSEs are morphologically characterised by the production of highly
melanised septate hyphae which grow intraradically, producing
structures referred to as “microsclerotia,” but which bear striking
similarities to the SEVs of the Magnaporthaceae species (Ban et al.,
2012; Knapp et al,, 2018). The function of these “microsclerotia” in the
fungal life cycle of the DSE remains unknown, and their ultrastructure
has yet to be investigated. Thus, SEVs appear to be specific to root
colonising/infecting fungi, although little is known about SEV
formation, SEV ultrastructure, or the involvement of SEVs in root
infection processes.

Prior colonisation by certain non-pathogenic Magnaporthaceae
species is reported to provide protection against take-all disease in
field studies (Wong et al., 1996). Furthermore, Osborne et al. (2018)
demonstrated that certain elite winter wheat varieties have an
improved ability to promote G. hyphopodioides populations in field
soils, suggesting that careful cultivar choice during wheat rotations
could provide a natural level of biocontrol. However, as far as we are
aware, disease protection by non-pathogenic Magnaporthaceae
species has not been reported in any recent publications, and the
mechanisms underlying disease control remain unknown.

Root endophytes can provide protection against plant pathogens
directly or indirectly. Direct antagonism may be achieved by
mycoparasitism, antibiosis, or competition for nutrients, whereas
indirect antagonism can be achieved via host-mediated defence
responses. Importantly, the exact mechanisms underpinning host-
mediated defence can differ between the endophyte species and the
host plant in question. The two most well characterised forms of
induced resistance, induced systemic resistance (ISR) and systemic
acquired resistance (SAR), can be distinguished by the type of elicitors
involved and the signalling pathways that are induced (Pieterse et al.,
2014). SAR can be triggered by plant detection of both MAMPs and
DAMPs and is dependent on salicylic acid (SA) signalling. Conversely,
ISR is generally induced via the plant detection of MAMPs and results
in the priming of jasmonic acid (JA)/ethylene (ET)-responsive genes,
resulting in a faster and stronger defence response against subsequent
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pathogen attacks (Choudhary et al, 2007). However, induced
resistance mechanisms are not restricted to SAR and ISR. Non-
pathogenic strains in the Fusarium oxysporum species complex are
known to provide protection against Fusarium wilt disease, a major
disease caused by pathogenic F. oxysporum strains (de Lamo and
Talkken, 2020). This phenomenon, termed by the authors as
endophyte-mediated resistance (EMR), is reportedly independent of
JA, ET, and SA signalling, although little else is known about the
mechanisms responsible for EMR (Constantin et al., 2019).
Serendipita indica (= Pirisformospora indica), an endophyte with a
diverse host range, is known to provide disease resistance against a
large number of fungal pathogens via multiple defence pathways
(Qiang et al,, 2012). In wheat, pre-treatment with S. indica provided
effective protection against root rot disease caused by Fusarium
graminearum (Li et al, 2022). Although the mechanism of
protection is likely to be complex, transcriptomic analyses suggested
that the activation of mitogen-activated protein kinase (MAPK)
cascades involved in immunity, and the upregulation of
phenylpropanoid biosynthesis genes may play a role in the observed
disease resistance (Li et al., 2022). In summary, EMR mechanisms are
species-specific and highly complex. Detailed in vitro, in planta, and
transcriptomic analyses are needed to determine the mode(s) of EMR
in specific plant species.

In this study, we set out to elucidate the mechanism of take-all
disease control by G. hyphopodioides in wheat using in vitro and in
planta assays combined with detailed host transcriptome profiling. In
addition, we aimed to better characterise the infection/colonisation
processes of G. tritici and G. hyphopodioides. Finally, we aimed to
study the ultrastructure of fungal SEVs produced by G.
hyphopodioides. We provide the first comparative analysis of wheat
transcriptional responses to G. tritici and G. hyphopodioides across
key stages of early fungal infection. We characterise the different
fungal structures produced and some of the wheat cell-wall changes
occurring during root infection. Our findings shed light on the
distinct plant responses to these two closely related root infecting
fungi with contrasting lifestyles and help to pinpoint localised
mechanisms for the control of take-all disease by G.
hyphopodioides. Together, our findings contribute to an improved
understanding of wheat root resistance against take-all disease.

2 Materials and methods
2.1 Fungal isolation and culture

G. hyphopodioides (taxon id: 1940676) and G. tritici (taxon id:
36779) strains were isolated from field soils at Rothamsted Farm
using the soil baiting method (McMillan et al., 2011; Osborne et al.,
2018). Fungal isolates (see Table 1) were maintained on potato
dextrose agar (PDA) plates at 21°C in the dark.

2.2 Seedling infection pot assays

For seedling pot experiments, plastic pots (7.5-cm wide x 11-cm
tall) were filled with damp horticultural sand, and 10 untreated wheat
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seeds cv. Hereward were sown on the surface. Hereward was chosen
due to its strong susceptibility to take-all disease and its ability to build
high levels of take-all inoculum (McMillan et al., 2011). Seeds were
covered with a thin layer of grit and pots were placed in a controlled
environment growth room for 2 weeks (16-h day, light intensity of 250
pmols, 15°C day, 10°C night). G. tritici (isolate 16.NZ.1d) and G.
hyphopodioides (isolate NZ.129.2C.17) inocula were prepared by
placing 10 fungal plugs (7-mm diameter) taken from the leading
edge of each colony into a 1-L flask containing 400 mL of potato
dextrose broth. Flasks were placed in an orbital incubator for 7 days at
25°C, 120 revolutions per minute (RPM). Liquid cultures were
homogenised by passing through a 2.8-mm sterile sieve.
Homogenised cultures were diluted with sterile distilled water in a
2:3 ratio. The first inoculum treatment was added into the pots after 2
weeks of plant growth. Inoculum (50 mL) was poured directly onto the
root system using a funnel inserted into the sand. All seedlings were
harvested 3 weeks after the final inoculum addition to allow take-all
disease symptoms to develop (see Supplementary Figure S1A). Five
replicates were prepared per treatment, and the experiment was
repeated twice. An additional experiment using wheat cv. Chinese
Spring was also carried out due to the availability of an annotated
genome (IWGSC RefSeq v2.1) (Zhu et al,, 2021).

For split-root experiments, roots from 2-week-old wheat seedlings
(cv. Chinese Spring) were split across two pots (pot A and pot B) joined
at one side. Pots were filled with sand and covered with grit. Roots in
pot A received G. hyphopodioides liquid inoculum (isolate
NZ.129.2C.17), using the method described above. Plants were left to
grow for one week before inoculating with G. tritici liquid inoculum
(isolate 17LH(4)19d1). To investigate whether G. hyphopodiodes
provides local control against take-all disease, G. tritici inoculum was
added to G. hyphopodioides—colonised roots in pot A. To investigate
whether G. hyphopodiodes provides systemic control against take-all
disease, G. tritici inoculum was added to uninoculated roots in pot B
(see Supplementary Figure SI1B). Plants were harvested 3 weeks later.
Five replicates were prepared per treatment, and the experiment was
repeated three times.

2.3 Disease quantifications

Visual disease assessments were carried out as previously described
(McMillan et al,, 2011), and qPCR quantification of G. tritici fungal
biomass was performed by targeting a 105-bp partial DNA sequence of
the translation elongation factor 1-alpha (EFI-cx) gene, using primers
GtEFF1 (5'-CCCTGCAAGCTCTTCCTCTTAG-3') and GtEFR1 (5'-
GCATGCGAGGTCCCAAAA-3') with the TagMan probe (5’-6FAM-
ACTGCACAGACCATC-MGB-3') (Thermo Scientific' ", USA)
(Keenan et al., 2015).

2.4 Plant growth, inoculation, and root
sampling for RNA sequencing
and bioimaging

A precision inoculation method was developed to enable the
investigation of local plant responses to fungal infection (see
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TABLE 1 Full list of fungal isolates used in the present study.

Rothamsted ITS
research field species

Year
isolated

Isolate
name

10.3389/fpls.2024.1444271

Experiment

identification

NZ.129.2C.17 2016 New Zealand

G. hyphopodioides

Seedling pot infection assays, split-root experiment, and fungal
confrontation assay

63B-1 2018 Delafield G. hyphopodioides Fungal confrontation assay

NZ.24.2A.15 2015 New Zealand G. hyphopodioides Fungal confrontation assay

S.03.13 2013 Summerdells I G. hyphopodioides Fungal confrontation assay

P.09.13 2013 Pastures G. hyphopodioides Fungal confrontation assay

105C-1 2018 Delafield G. hyphopodioides Fungal confrontation assay

P.10.13 2013 Pastures G. hyphopodioides Fungal confrontation assay

16.NZ.1d 2016 New Zealand G. tritici Seedling pot infection assays, Split-root experiment, and fungal
confrontation assay

17LH(4)19d1 2017 Long Hoos G. tritici Seedling pot infection assays, split-root experiment, and fungal
confrontation assay

17LH(4)8d 2017 Long Hoos G. tritici Fungal confrontation assay

17LH(4)9d2 2017 Long Hoos G. tritici Fungal confrontation assay

17LH(4)23d 2017 Long Hoos G. tritici Fungal confrontation assay

17LH(4)4e 2017 Long Hoos G. tritici Fungal confrontation assay

Supplementary Figure S2). Wheat seeds cv. Chinese Spring were
surface sterilised with 5% (v/v) sodium hypochlorite for 5 min and
pre-germinated in a controlled environment growth chamber
cabinet (20°C day, 16°C night, 16-h light cycle) for 2 days. Three
pre-germinated seeds were transplanted onto a square petri dish
plate (12 cm x 12 c¢cm) containing 1.5% (w/v) water agar. Five
replicates were prepared for each treatment. Plates were placed
vertically in the growth cabinet. After 4 days, one root from each
plant was inoculated with a fungal plug (4 cm x 0.5 cm) cut from
the leading edge of a 2-week-old fungal colony growing on 1.5%
water agar. Inoculated roots were sampled daily from 2 to 6 days
postinoculation (dpi). Briefly, two 1-cm root samples were
harvested from the inoculated area on each root and snap-frozen
in liquid nitrogen for RNA extraction. To determine the stage of
fungal colonisation in these harvested samples, 2 cm X 0.5 cm root
pieces were sampled from the areas directly above and below each
sample. Root pieces were stored in 50% ethanol for subsequent
assessment by confocal microscopy.

2.5 Fluorescent staining and confocal
microscopy analyses

To assess colonisation in whole root pieces, samples were
cleared in 10% w/v potassium hydroxide for 5 min at 70°C,
before staining with propidium iodide (PI) (10 pg/mL) and wheat
germ agglutinin (WGA), Alexa Fluor ™ 488 Conjugate (WGA) (10
pg/mL). To visualise vascular infection by G. tritici, transversal root
sections were cut by hand using a fine edged razor blade under a
dissecting microscope. Confocal microscopy was performed using a
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ZEISS 780 Confocal Laser Scanning Microscope (ZEISS, Germany).
WGA fluorescence was excited at 495 nm and detected at 519 nm.
PI fluorescence was excited at 535 nm and detected at 617 nm.

2.6 RNA extraction

Following confocal assessment (see above), root pieces (1 cm
each) at the same stage of fungal colonisation were pooled together
to create a single sample for RNA extraction. Total RNA was
extracted from frozen root material using the EZNA.® Plant
RNA Kit with the associated RNase-free DNase I Set (Omega-
Biotek, USA), following the standard protocol provided. RNA
quality was assessed based on the RNA integrity number (RIN),
measured using the Bioanalyser 2100 with the corresponding RNA
6000 Nano Kit (Agilent, USA), as per manufacturer’s instructions.

2.7 Library preparation and sequencing

mRNA library preparation was carried out by Novogene
(China) using the Novogene RNA Library Prep Set (PT042) for
polyA enrichment. Libraries were sequenced by Illumina NovaSeq
to generate 150-bp paired-end reads, with a target of 40 million
paired-end reads per sample.

2.8 Transcriptome annotation and analysis

Quality control of reads was performed using MultiQC (https://
multiqc.info/). Sequence trimming of recognised adaptors was
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performed using Trimmomatic where appropriate (Bolger et al,
2014). Reads were mapped to the Chinese Spring (IWGSC RefSeq
v2.1) (Zhu et al., 2021) using HiSat2 (Kim et al., 2019). To ensure
that fungal biomass was consistent among replicates of the same
treatment, reads were also mapped to the G. tritici genome
(Okagaki et al, 2015). Three samples were identified as outliers
based on standardised residuals of the percentage of reads mapped
to G. tritici. Outliers were subsequently excluded from further
analyses (Supplementary Table S10). All treatments contained at
least four biological replicates, with the majority containing five
biological replicates. Reads were not aligned to G. hyphopodioides
due to the lack of a high-quality genome. Count determination was
performed using FeatureCounts (Liao et al, 2014) on the R
Bioconductor platform (https://bioconductor.org/).

Library normalisation and differential expression (DE) calling
was carried out using the Bioconductor package DESeq2 (Love
et al, 2014) in R studio. Gene expression levels were compared
between G. tritici-infected and G. hyphopodioides—colonised
samples and the uninoculated control samples for each time point
individually. DE genes were identified by applying a log2 fold
change filter of 21 or <-1. The DESeq2 implementation of
Benjamini-Hochberg (Benjamini and Hochberg, 1995) was used
to control for multiple testing (q < 0.05). Gene Ontology (GO)
enrichment analysis was performed for significantly up- and
downregulated wheat genes separately via http://www.
geneontology.org, using the Panther classification system.

2.9 Statistical analyses

Statistical analyses were done using Genstat 20th Edition (VSN
International Ltd, Hemel Hempstead, UK). Percentage disease data
were analysed using a Generalised Linear Regression Model (GLM)
with a binomial distribution and LOGIT link function. Analyses were
adjusted for over-dispersion and treatment effects tested using
deviance ratios (F-statistics) when the residual mean deviance was
greater than 1. Data were back-transformed from the LOGIT scale
[using the equation exp(x)/(1+exp(x))] for graphical presentation. For
continuous outcome variables, namely fungal colony diameter, plant
biomass, G. tritici fungal biomass and phytohormone concentration,
data were analysed by analysis of variance (ANOVA). Prior to
analysis, data were checked for normality by assessing histograms of
residuals. G. tritici fungal biomass data were square root transformed
prior to ANOVA testing, and data were back-transformed for
graphical presentation. Tukey’s multiple comparisons test was
carried out when more than one interaction was of interest.

3 Results

3.1 Hyphal interactions between
G. hyphopodioides and G. tritici

To investigate the role of direct hyphal interaction in take-all
control, a series of fungal confrontation assays were conducted on PDA
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plates. Prior to hyphal contact, the individual growth rates of G. tritici
and G. hyphopodioides colonies did not significantly differ from the
dual colony controls (Supplementary Table SI). The same was true
when the two species were grown in a “sandwich” plate set-up
(Figure 1A, Supplementary Table S2), suggesting that, prior to
hyphal contact, G. hyphopodioides does not produce diffusible
antifungal compounds or volatile organic compounds capable of
inhibiting G. tritici. When hyphae of the two fungal species
interacted in confrontation assays, a dark barrage was observed in
the interaction zone (Figure 1A). The observed barrage formed 1-2
days following hyphal interaction, perhaps suggesting that direct
interaction causes hyphal stress in at least one of the interacting
species. A dark barrage was not observed when isolates of the same
species were confronted (Supplementary Figure S3). Despite in vitro
barrage formation, fungal antibiosis is unlikely to be the mechanism
responsible for take-all control.

3.2 Pre-treatment with G. hyphopodioides
provides local control against take-
all disease

To investigate the hypothesis that non-pathogenic G.
hyphopodioides provides protection against take-all disease by
inducing wheat resistance, seedling co-inoculation experiments were
carried out under controlled environment conditions. G.
hyphopodioides inoculum was added to wheat seedlings (cv.
Hereward) growing in pots 1 week prior, 2 weeks prior, at the same
time as, and 2 weeks after inoculation with pathogenic G. tritici.
Characteristic black necrotic root lesions were observed in G. tritici—
infected control plants. SEVs were observed in plants co-inoculated
with G. hyphopodioides (Figure 1B). The data revealed a significant
reduction in both take-all disease levels and G. tritici fungal biomass in
plants pre-treated with G. hyphopodioides 2 weeks prior or 1 week
prior to G. tritici inoculation (Figures 1C, D). Hence, even very early
colonisation by G. hyphopodioides is sufficient for take-all control.
These findings were consistent with additional experiments involving
a different G. tritici isolate (Gt 17LH(4)19d1) and wheat cultivar (cv.
Chinese Spring) (Supplementary Figure S4).

Seedlings co-inoculated with G. hyphopodioides and G. tritici at
the same time had no effect on take-all disease levels or G. tritici
fungal biomass. Importantly, adding G. hyphopodioides after G.
tritici resulted in increased levels of take-all disease and G. tritici
fungal biomass (Figures 1C, D). Furthermore, the shoot and root
dry biomass of plants in this latter treatment were significantly
reduced, indicating that seedling health is negatively affected when
G. hyphopodioides infections occur in addition to G. tritici infection
(Figures 1E, F). These findings suggest that the earlier G. tritici
infections somehow lead to the suppression of critical local defence
responses, and this now permits G. hyphopodioides to colonise
throughout the wheat root system. These findings should be taken
into careful consideration when evaluating the potential of G.
hyphopodioides as a biocontrol agent.

Split-root experiments were carried out to determine whether
G. hyphopodioides provides local or systemic protection against
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FIGURE 1

In vitro and in planta interaction studies involving endophytic G. hyphopodioides and pathogenic G. tritici. (A) In vitro fungal interaction assays on
PDA plates. Fungal confrontation assays imaged 2 days following hyphal interaction, and colonies in sandwich plate assays imaged 6 days after
establishment. Arrow indicates a dark barrage in the interaction zone. (B) Stereomicroscope images of wheat roots infected with G. tritici only or co-
inoculated with G. hyphopodioides. Arrowheads indicate G. hyphopodioides sub-epidermal vesicles (SEVs). (C) Percentage of wheat roots (cv
Hereward) with take-all root lesions in co-inoculation experiments with G. hyphopodioides (GLM: F = 25.99, d.f. 4, 49, p < 0.001). (D) G. tritici fungal
biomass (ng G. tritici DNA/ng total DNA) in co-inoculation experiments with G. hyphopodioides, as quantified by gPCR (F = 61.10, d.f. 4, 38, p <
0.001). (E) Shoot and root dry biomass (mg) in G. tritici co-inoculation experiments with G. hyphopodioides (F = 6.49, d.f. 5, 36, p < 0.001; F = 4.50,
d.f. 5, 36, p < 0.01, respectively). (F) Representative images of wheat roots (left) and shoots (right) in co-inoculation experiments. (G) The percentage
of wheat roots (cv. Chinese Spring) with take-all lesions in split root co-inoculation experiments with G. hyphopodioides (F = 29.44, d.f. 2, 36, p =
0.007). Asterisks indicate a significant difference to the G. tritici control as calculated by Dunnett's post-hoc test (p < 0.05). Letters indicate
significant differences as calculated by Tukey's multiple comparisons test (p < 0.05). Gt, G. tritici; Gh, G. hyphopodioides; SYS, systemic; LOC, local

take-all disease. Significant disease reduction was achieved only in
roots which had been directly inoculated with G. hyphopodioides
(LOC) and not in systemic roots (SYS), which had not been directly
inoculated with G. hyphopodioides (Figure 1G). Taken together, we
demonstrate that local induced wheat resistance plays a crucial role
in the control of take-all disease by G. hyphopodioides, and this
response is consistent across both winter and spring wheat types.
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3.3 The differing infection biologies of
G. hyphopodioides and G. tritici in
wheat roots

To study fungal infection processes during early root

colonisation, wheat seedlings (cv. Chinese Spring) were root
inoculated with either G. hyphopodioides (NZ.129.2C.17) or G.
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tritici (Gt 17LH(4)19d1) in an agar plate system. Plants were
harvested at 2, 4, and 5 dpi to capture key stages of fungal
infection for later RNA-seq analysis. At 2 dpi, very few hyaline
runner hyphae were detected on the root surface of plants
inoculated with either G. tritici or G. hyphopodioides, and hyphae
had not yet penetrated the epidermal cells in either interaction
( , B). By 4 dpi, hyaline runner hyphae covered a greater
area of the root surface ( ) and hyphae were
detected in epidermal and cortical cells of both G. tritici- and G.
, B). At 5 dpi, hyaline
runner hyphae were detected across a large area of the root surface

hyphopodioides—inoculated roots (

( ) in both fungal treatments. G. tritici
hyphae infected the stele, whereas G. hyphopodioides hyphal growth
was arrested in the cortex ( ). G. hyphopodioides hyphae
were detected in cortical cells, from which SEVs were
formed ( ).

Although the role of fungal SEVs in the infection process of G.
hyphopodioides is unknown, the presence of these characteristic
structures serves as visual confirmation of G. hyphopodioides
). Newly

formed SEVs could be visualised by WGA staining, whereas

colonisation in the root cortex (

mature SEVs, which were darker in colour, could not be
). G. tritici
did not produce SEVs in wheat roots at any time point, and G.

visualised by WGA staining (

hyphopodioides hyphae were not observed in the stele at any time
point ( ). To investigate the structure of
mature SEVs, wheat plants (cv. Hereward) were inoculated with G.
hyphopodioides (NZ.129.2C.17) in a seedling pot infection assay.
Colonised plants were harvested at 5 weeks postinoculation and

imaged by transmission electron microscopy (TEM). Comparative

Wheat - Wheat + Gt

Wheat + Gh

2 dpi

4 dpi

5 dpi

FIGURE 2

10.3389/fpls.2024.1444271

analysis of intraradical fungal hyphae and SEVs revealed that SEVs
contain a greater number of putative lipid bodies and a significantly
thickened cell wall, comprising two to three layers of differing
densities ( , B). Multiple SEVs were often observed in a
single plant cell ( ) and SEV's were often found appressed

to the plant cell wall ( , B).

3.4 Wheat transcriptional remodelling
during fungal infection

The data discussed in this publication have been deposited in
NCBI's Gene Expression Omnibus and are accessible through GEO
Series accession number GSE242417 (

). Three time points (2, 4,
and 5 dpi) were selected for RNA-seq analysis based on the stage of
fungal infection ( ). Principal component
analysis (PCA) of sample distances demonstrated a good level of
clustering between biological replicates, although G. tritici-infected
samples exhibited comparatively higher levels of variation
( ). Gene expression levels were compared between G.
tritici-infected or G. hyphopodioides—colonised plants and the
uninoculated control plants at each time point individually. Full
lists of the differentially expressed genes (DEGs) can be found in

. As expected, the number of wheat DEGs
between the uninoculated control and G. tritici-infected or G.
hyphopodioides-colonised plants was low at 2 dpi (77 and 62,
respectively). By 4 dpi, G. tritici infection and G. hyphopodioides
colonisation resulted in the DE of 1,061 and 1,635 wheat genes,

Wheat + Gh Wheat + Gt

Wheat -

2 dpi

4 dpi

5 dpi

Fluorescence images obtained by confocal microscopy of mock inoculated, G. hyphopodioides—colonised, or G. tritici—infected wheat roots

(A) Confocal micrographs of whole root pieces highlighting fungal infection structures. (B) Z-stack images of transversal sections showing
colonisation of different root cell layers across time points. Gt, G. tritici; Gh, G. hyphopodioides; RH, runner hyphae; Ep, epidermal cell; Cort, cortical
cell; SEV, subepidermal vesicle; Endo, endodermal barrier. Fungal hyphae (green) are stained with WGA-AF488, and plant cell walls (red) are stained
with propidium iodide. White arrows in panel (B) indicate fungal hyphae. Scale bars in panel (B) represent 50 pm
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respectively. At 5 dpi, a striking number of wheat genes were DE in
response to G. hyphopodioides colonisation (7,532), whereas the
number of DEGs in response to G. tritici infection (1,074) showed
little change compared to 4 dpi (Figure 4B).

To investigate wheat transcriptional changes during the
infection progression of G. hyphopodioides compared to G. tritici,
GO enrichment analyses were carried out on the sets of DEGs
described above. At 2 dpi, genes involved in the diterpenoid
biosynthetic process/metabolic process and gibberellin
biosynthesis process were upregulated in G. tritici-inoculated
roots. A large number of broad-spectrum phytoalexins in wheat
are diterpenoids, requiring the biosynthesis of gibberellins (GAs)
(Polturak et al., 2022). Thus, early responses to G. tritici may involve
the production of antimicrobial compounds. Meanwhile, genes
involved in the biosynthetic process/metabolic process were
downregulated in G. hyphopodioides-inoculated roots
(Supplementary Figures S8A, B). At 4 dpi, genes involved in the
cinnamic acid biosynthetic/metabolic process and the L-
phenylalanine metabolic/catabolic process were upregulated in G.
hyphopodioides—colonised wheat roots, suggesting that lignin
biosynthesis is important at this time point. However, these GO
terms were not significantly enriched until 5 dpi in G. tritici-
infected roots, suggesting that lignin biosynthesis is also involved in
the defence response to G. tritici, although at a later stage than G.
hyphopodioides. Other enriched terms in G. hyphopodioides-
colonised plants at 5 dpi included response to wounding,

10.3389/fpls.2024.1444271

regulation of defence responses and regulation of the JA
signalling pathway. Downregulated terms included gene
expression and RNA metabolic process, suggesting fine-tuning of
wheat expression patterns in response to G. hyphopodioides. In
addition, plant-type cell-wall organisation or biogenesis was
downregulated, suggesting that the cell wall may play a role in the
local wheat response to G. hyphopodioides (Supplementary Figures
SSA, B).

Next, we compared the unique and shared wheat transcriptional
responses to the two fungal species. At 5 dpi, 97% of the genes
which were DE in response to G. tritici infection were also DE in
response to G. hyphopodioides colonisation (Figure 4C). Within this
core set of genes at 5 dpi, highly enriched GO biological process
terms included plant response to biotic stimulus and isoprenoid
biosynthetic/metabolic process (Figure 4D). The plant response to
biotic stimulus term comprised 42 DE genes, 14 of which encoded
proteins containing small cysteine-rich protein domains, often
associated with pathogenesis-related proteins. Six genes encoded
chitinases, two encoded wound-induced proteins (WIN) and a
further four encoded protein kinase domain-containing proteins,
thus indicating a clear defence response to both fungi
(Supplementary Table S4). Enriched biological process GO terms
among shared downregulated genes included response to nitrate,
nitrate transmembrane transport, and nitrate assimilation
(Figure 4D). Highly enriched molecular function GO terms
among upregulated genes included manganese ion binding,
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Subepidermal vesicles (SEVs) produced by G. hyphopodioides (Gh) in wheat roots. (A) Transmission electron micrographs (TEM) of Gh hyphae (left)
and SEVs (right). (B) Average cell wall diameter (um) of Gh fungal structures (F = 8.3, d.f. 2, 12, p <0.01). (C—E) Light micrographs of Gh SEVs in semi-
thin sections, stained with toluidine blue. CW, plant cell wall; LB, putative lipid body. **=p<0.01.
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FIGURE 4

Transcriptional profiling of G. hyphopodioides—colonised or G. tritici—infected wheat roots. (A) Principal component analysis (PCA) plot of sample
distances based on transformed (variance stabilising transformation) gene count data. Data points have been categorised by shape and colour to
denote treatment and time point, respectively. (B) The number of differentially expressed genes (DEGs) in wheat colonised by G. hyphopodioides or
G. tritici compared to uninoculated control samples. (C) Venn diagram highlighting the number of unique and shared wheat DEGs in G. tritici—
infected or G. hyphopodioides—colonised samples compared to the uninoculated control samples. (D) Top 10 enriched biological process GO terms
among DEGs in the shared wheat response to both G. tritici and G. hyphopodioides at 5 dpi. (E) Top 10 enriched biological process GO terms
unique to the wheat response to G. hyphopodioides colonisation at 5 dpi. The top 10 GO terms were determined by false discovery rate (FDR).

oxidoreductase activity, and heme binding. Highly enriched
molecular function GO terms among downregulated genes
included nitrate transmembrane transporter activity and oxygen
binding (Supplementary Table S5A). Highly enriched cellular
component GO terms among upregulated genes included
extracellular region (Supplementary Table S5B).

GO enrichment analysis was repeated on the subset of genes
that were DE in response to G. hyphopodioides, but not G. tritici, at
5 dpi. Genes in this subset were of particular interest due to their
potential role in G. hypophodioides—mediated take-all control.
Cinnamic acid metabolic process and glutathione metabolic
process were among the top 10 upregulated biological process GO
terms. Phenolic compounds such as cinnamic acid are known to
have antifungal properties and increased production of cinnamic
acid can inhibit pathogen growth (Shalaby and Horwitz, 2015).
Furthermore, glutathione plays diverse roles in plant immunity,
both acting as an antioxidant and as a modulator of signalling
processes associated with disease resistance (Zechmann, 2020).
Further investigation is required to assess the role of plant
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phenolics and glutathione in the G. hyphopodioides—wheat
interaction. Cell-wall organisation or biogenesis, cell cycle, and
anatomical structure morphogenesis were among the top 10
downregulated biological process GO terms (Figure 4E). Highly
enriched molecular function GO terms among upregulated genes
included phenylalanine ammonia lyase (PAL) activity, glutathione
transferase activity, and ion binding. In contrast, structural
constituents of chromatin, tubulin binding and nucleosome
binding were highly enriched among the downregulated genes
(Supplementary Table S6A). Highly enriched cellular component
function GO terms among downregulated genes included
microtubule cytoskeleton, nucleosome, and protein-DNA
complex (Supplementary Table S6B). The plant cytoskeleton plays
a crucial and dynamic role in plant-microbe interactions (Wang
et al., 2022). In addition, histone modification and chromatin
remodelling are known to contribute to plant disease resistance
(Kang et al, 2022). Indeed, there is evidence that pathogen
modulated microtubule dynamics can be regulated by histone
modifications (Hu et al., 2014). Thus, it is tempting to suggest
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that similar mechanisms could be at play in the G. hyphopodioides-
wheat interaction.

3.5 Wheat phytohormone response to
G. hyphopodioides colonisation and
G. tritici infection

Regulation of the JA signalling pathway was identified as a newly
upregulated GO term at 5 dpi in G. hyphopodioides—colonised roots
(see above). The GO term comprised 26 DEGs (out of a total of 77
known genes in wheat), all of which encoded TIFY transcriptions
factors (TIFY TFs). In contrast, just three genes encoding TIFY TFs
(TIFY10C-like_TraesCS5D02G219300, TIFY10C-like _TraesCS5B02
(211000, and TIFY11E-like_ TraesCS7D02G204700) were DE in G.
tritici-infected plants compared to the control. Although not identified
by GO enrichment analysis, we also investigated the expression of JA
biosynthesis genes. In total, 23 JA biosynthesis-related genes were DE
(17 up/6 down) in response to G. hyphopodioides at 5 dpi. The list
included lipoxygenase (LOX), allene oxide synthase (AOS) and AOS-
like, 12-oxophytodienoate reductase (OPR) and OPR-like, and 3-
ketoacyl-CoA thiolase (KAT-like) genes. Of these genes, only one

10.3389/fpls.2024.1444271

(LOX8_TraesCS7B02G145200) was differentially expressed in
response to G. tritici at 5 dpi (Figure 5A, Supplementary Table S7).

The JA and ET signalling are often closely linked. Therefore,
we investigated genes involved in ET biosynthesis and signalling.
Five ACC-oxidase (ACO-like) genes were upregulated in response
to G. hyphopodioides at 5 dpi. In addition, 22 ET-responsive
transcription factor-like (ERF-like) genes, key integrators
of downstream ET and JA signal transduction pathways (Lorenzo
etal,, 2003), were DE (19 up/3 down) in response to G. hyphopodioides
by 5 dpi. In contrast, four ERF-like genes (TraesCS4A02G001300,
TraesCS5B02G565400, TraesCS1A02G231200, and TraesCS1B02G23
1500) were upregulated at 4 dpi and two (TraesCS5B02G565400 and
TraesCS1A02G231200) were upregulated at 5 dpiin G. tritici-infected
roots compared to the control (Figure 5B, Supplementary Table S7).
SA is another key phytohormone involved in the plant response to
pathogen invasion. SA signalling was not identified as a significantly
enriched GO term in response to G. hyphopodioides or G. tritici at any
time point.

To investigate whether the local transcriptional changes
described above resulted in altered hormone levels, hormone
quantifications of JA and SA were carried out in G.
hyphopodioides—colonised, G. tritici-infected, and uninoculated
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FIGURE 5

Wheat phytohormone-associated gene responses and JA quantification in response to G. hyphopodioides (Gh) colonisation or G. tritici (Gt)
infection. (A) Expression of genes involved in the biosynthesis of JA and the regulation of the JA-mediated signalling pathway. (B) Expression of
genes involved in ET biosynthesis and downstream ET signalling pathways. Heatmap data represent LOG transformed normalised genes counts.

(C) Phytohormone quantification of JA and SA in roots harvested at 5 dpi (F = 0.30, d.f. 2, 6, p = 0.75; F = 4.19, d.f. 2, 6, p = 0.07, respectively).

n.s., not significant. Data have been back-transformed from a square root scale. ACO, 1-aminocyclopropane-1-carboxylic acid oxidase; AOC, allene
oxide cyclase; AOS, allene oxide synthase; ERF, ethylene responsive transcription factor; KAT, 3-ketoacyl-CoA thiolase; LOX, lipoxygenase; OPR,
12-oxophytodienoate reductase; TIFY, TIFY-domain containing transcription factor.
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control roots at 5 dpi. We found no significant difference in the
levels of JA or SA between any treatments (Figure 5C).

3.6 G. hyphopodioides colonisation results
in the early induction of lignin
biosynthesis genes

PAL activity, essential for the lignin biosynthesis pathway, was
identified as a significantly enriched molecular function GO term in the
unique wheat response to G. hyphopodioides at 5 dpi (see
Supplementary Table S6A). To investigate root lignification in
response to G. hyphopodioides and G. tritici, we explored the
expression of key genes involved in the lignin biosynthesis pathway in
wheat (Figure 6A). G. hyphopodioides colonisation resulted in the earlier
upregulation of lignin biosynthesis genes compared to G. tritici, with key
genes such as arogenate dehydratase (ADT), phenylalanine ammonia-
lyase (PAL), cinnamate 4-hydroxylase (4CL), and cinnamoyl-
CoAreductase (CCR) significantly upregulated at 4 dpi (Figure 6B).

10.3389/fpls.2024.1444271

However, two of eight caffeic acid O-methyltransferase (COMT) genes
detected were already significantly upregulated in response to G. tritici at
2 dpi (TraesCS5D02G488800 and TraesCS5D02G488900).
Interestingly, the remaining COMT genes (TraesCS2B02G066100,
TraesCSU02G024300, TraesCS3B02G612000, TraesCS7D02G539100,
TraesCS6D02G008200, and TraesCS7D02G538900) were strongly
downregulated in response to G. hyphopodioides by 5 dpi, suggesting
a decrease in the proportion of syringyl (S)-lignin. Most striking,
however, was the significant upregulation of 37 PAL genes in
response to G. hyphopodioides, compared to the upregulation of just
12 PAL genes in response to G. tritici at 5 dpi (Figure 6B, Supplementary
Table S8).

To visualise lignification of infected root tissues, potassium
permanganate staining was performed on transverse sections of
samples harvested at 5 dpi (Figure 6C). The percentage of total cell-
wall area with dark potassium permanganate staining (measured in
Image]) was used to quantify relative cell-wall lignification. Based
on these measurements, G. tritici-infected roots exhibited the
highest levels of cell-wall lignification, although both G.
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Lignin biosynthesis pathway and the lignin responses to G. hyphopodioides colonisation or G tritici infection. (A) Schematic of the lignin biosynthesis
pathway in plants [adapted from Nguyen et al. (2016)]. (B) Expression of key genes involved in the lignin biosynthesis pathway, based on LOG
transformed normalised gene counts. (C) Micrographs of transversal root sections stained with potassium permanganate for the visualisation of cell
wall lignification in response to fungal infection at 5 dpi. Black arrows indicate lignified cell wall thickenings, and red arrows indicate plant lignitubers.
Scale bars represent 50 pm. (D) Mean percentage of total cell wall area stained within dark parameters, indicating relative cell wall lignification (F =
34.61, d.f. 2, 50, p < 0.001). Lowercase letters indicate Tukey post-hoc groupings. ADT, arogenate dehydratase; PAL, phenylalanine ammonia-lyase;
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dehydrogenase; COMT, caffeic acid O-methyltransferase.
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hyphopodioides and G. tritici infection resulted in increased cell-
wall lignin levels compared to uninoculated control roots at 5 dpi
(Figure 6D). Plant lignitubers, lignified callose deposits surrounding
hyphal tips (Bradshaw et al., 2020; Huang et al., 2001; Park et al.,
2022), were often detected in cells containing fungal hyphae,
although these structures were more common in G. tritici-
infected samples.

3.7 G. hyphopodioides colonisation results
in local downregulation of cell-wall
organisation and biogenesis genes

As mentioned previously, biological process GO term “cell-wall
organisation and biogenesis” was identified as being unique to the
wheat response to G. hyphopodioides at 5 dpi (see Figure 4E). In
total, 124 genes involved in cell-wall organisation and biogenesis
(out of 1,122 total known genes involved in cell-wall organisation
and biogenesis in wheat) were downregulated in response to G.
hyphopodioides at 5 dpi (Supplementary Table S9). In contrast, G.
tritici infection did not lead to the DE of any genes within the cell-
wall organisation and biogenesis GO term. Focusing on the top 30

10.3389/fpls.2024.1444271

DE genes within this GO term in G. hyphopodioides—colonised
plants at 5 dpi, we identified six xyloglucan endotransglycosylases/
hydrolases (XTH) genes, three cellulose synthase CESA-like A-like
(CSLA) genes, one CESA-like F (CSLF) gene, and three fasciclin-like
arabinogalactan (FLA) genes (Figure 7A). Although just one CESA-
like gene was present in the list of top 30 DEGs, a total of 10 CESA
genes were downregulated at 5 dpi (Supplementary Table S9). To
validate gene expression in the RNA-seq dataset, we identified key
cell wall-related genes where all three wheat homoeologs were
downregulated in G. hyphopodioides—colonised plant roots relative
to the mock-inoculated controls (Figure 7B). RT-qPCR analyses of
the selected targets revealed that, as expected, cell wall-related genes
CESA7-like, COBL-5D, and FLAIl were significantly
downregulated in G. hyphopodioides—colonised plants compared
to the mock-inoculated controls (Figure 7C).

Collectively, a wide and diverse range of transcriptional changes
occurs in wheat roots in response to G. hyphopodioides colonisation,
creating a mutually antagonistic structural, physiological, and
chemical environment that limits G. tritici hyphal progress into
the deeper root tissues. There is a possibility that G. hyphopodioides
downregulates the wheat genes involved in cell-wall organisation
and biogenesis in an attempt to maintain hyphal access to locally

W
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FIGURE 7

Colonisation by G. hyphopodioides results in local downregulation of cell wall-related genes. (A) The top 30 most differentially expressed genes
relating to cell wall organisation and biogenesis in G. hyphopodioides—colonised plants at 5 dpi. Ordered by significance (padj). (B) Gene counts of
selected genes across time points. (C) gPCR expression analysis of CESA7-like, COBL-5D and FLA11 in G. hyphopodioides—colonised or G. tritici—

infected plants at 5 dpi (Log2FC relative to the mock-inoculated control)
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available water and nutrient sources, but, where these changes fail to
occur, hyphal growth rates slow and these abiotic stresses trigger
SEV formation.

4 Discussion

Although transcriptional studies into the G. tritici-wheat
interaction have been carried out previously for both host (Kang
et al,, 2019a; Yang et al., 2015; Zhang et al., 2020) and pathogen
(Gazengel et al., 2020; Kang et al., 2019b), this is not the case for the
G. hyphopodioides—wheat interaction. To investigate early wheat
responses to G. tritici infection and uncover the local wheat defence
mechanisms responsible for G. hyphopodiodes-induced disease
control, we performed comparative transcriptome profiling of G.
hyphopodioides—colonised and G. tritici-infected wheat using a
precision inoculation method. Through detailed screening of
infected root material by confocal microscopy, we were able to
characterise infection progression across several time points. In
support of early studies into non-pathogenic Magnaporthaceae
species (Holden, 1976; Speakman and Lewis, 1978), we observed
that, whereas pathogenic G. tritici grew into the vascular tissues of
wheat at 5 dpi, growth of endophytic G. hyphopodioides was always
limited to the inner cortex. In addition, we observed the formation
of G. hyphopodioides SEV's in cortical cells at 5 dpi, whereas SEV's
were not observed in G. tritici-infected roots at any time point.
Interestingly, the formation of G. hyphopodioides SEVs at 5 dpi was
concomitant with a dramatic increase in the number of wheat
DEGs. In contrast, the number of wheat DEGs in G. tritici-infected
roots showed minimal increase between 4 dpi and 5 dpi.

TEM analysis of mature G. hyphopodioides SEVs revealed that
SEVs share key similarities with fungal resting structures such as
chlamydospores, both being characterised by a significantly
thickened, multi-layered cell wall and an increased number of
putative lipid bodies (Francisco et al., 2019). Therefore, we
hypothesise that G. hyphopodioides SEVs are fungal resting
structures where growth has ceased and SEVs may be produced
as a stress response to locally induced host defences, as indicated by
extensive transcriptional reprogramming at 5 dpi. Further
investigations are required to test this hypothesis and to
determine what function, if any, SEVs may play in fungal root
infection. In contrast, G. tritici infections resulted in far fewer DEGs
at 5 dpi (1,074), the majority of which were upregulated.
Interestingly, almost all DEGs identified in response to G. tritici
infection were also shared with the wheat response to G.
hyphopodioides colonisation. Despite triggering a significant
wheat defence response, G. tritici successfully causes disease,
suggesting an ability to either suppress or overcome the local
wheat defences triggered. Therefore, future studies should focus
on the elucidation of G. tritici effectors, enzymes, and secondary
metabolites, which no doubt contribute to G. tritici pathogenicity.
One such effector, the ortholog of the barley powdery mildew
effector gene BEC1019, has already been associated with G. tritici
virulence in wheat (Zhang et al., 2019).

Strikingly, 11% of all known cell-wall organisation/biogenesis
related genes in wheat were downregulated in G. hyphopodioides—
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colonised plants at 5 dpi, whereas none were significantly
downregulated in response to G. tritici. Impairment of cell-wall
integrity (CWI) by pathogen invasion triggers the release of
antimicrobial compounds and DAMPs, the latter inducing plant
innate immune responses upon recognition by plant pattern
recognition receptors (Miedes et al., 2014). In this study, G.
hyphopodioides colonisation triggered the downregulation of 13
FLA genes and 18 XTH genes. FLA proteins contain a putative cell
adhesion domain, which may link the cell membrane and the cell
wall. FLA mutants in Arabidopsis exhibit a range of phenotypes
including reduced cellulose content, altered secondary cell-wall
deposition, and reduced tensile strength (Ashagre et al, 2021).
XTH genes are also involved in the maintenance of CWI; these
genes encode xyloglucan modifying enzymes that cleave xyloglucan
chains to enable cell-wall expansion or alter cell-wall strength
(Cosgrove, 2005). In addition, we detected the downregulation of
10 CESA genes. Although the exact mechanism is not yet known, a
number of studies in Arabidopsis indicate a link between CESA
expression, CWI, and disease resistance. Mutations in the CESA4,
CESA7, and CESAS8 genes, required for secondary cell-wall
formation in Arabidopsis, confer enhanced resistance to the
necrotrophic fungus Plectrosphaerella cucumerina and the
biotrophic bacterium Ralstonia solanacearum (Hernandez-Blanco
et al., 2007). In addition, pathogenic Fusarium oxysporum root
infection of Arabidopsis results in the downregulation of various
CESAs, causing an alteration in primary cell-wall cellulose and
contributing to disease resistance (Menna et al., 2021).
Furthermore, mutations in CESA genes in Arabidopsis trigger the
activation of defence responses and the biosynthesis of lignin,
regulated at least in part, by the JA and ET signalling pathways
(Cano-Delgado et al., 2003). A link between JA/ET signalling and
reduced cellulose levels has also previously been reported by Ellis
et al. (2002). Thus, our finding that G. hyphopodioides colonisation
results in the upregulation of lignin biosynthesis genes and JA/ET
signalling genes is pertinent.

Lignin polymers are a major component of the secondary cell
wall of vascular plants, and lignin biosynthesis is known to be
upregulated in response to pathogen attack by functioning as a
physical barrier. Increased lignification is well-known to cause a
physical barrier to microbial invasion (Miedes et al, 2014).
Increased levels of lignin are present in cell-wall appositions such
as papillae, which form one of the first layers of plant immunity, and
in lignitubers, which surround invading hyphae. Both responses
slow pathogen growth (Lazniewska et al., 2012). Increased
lignification has been documented in response to colonisation by
beneficial fungi such as Trichoderma species, potentially playing a
role in induced resistance against plant pathogens (Basinska-
Barczak et al., 2020). Indeed, previous studies have reported
higher levels of cell-wall lignification in response to colonisation
by several non-pathogenic Magnaporthaceae species (Huang et al.,
2001; Speakman and Lewis, 1978). In the present study, we detected
earlier and higher expression of lignin biosynthesis genes in G.
hyphopodioides—colonised tissues compared to G. tritici-infected
tissues. In contrast, local cell-wall lignification (as determined by
potassium permanganate staining) was more prominent in G.

tritici-infected roots at 5 dpi. However, the downregulation of
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several COMT genes in response to G. hyphopodioides is
noteworthy. COMT genes are involved in the synthesis of the S
unit of lignin, and downregulation of these genes has a minimal
effect on total lignin content (Nguyen et al., 2016). Such changes in
lignin composition can drastically alter the outcome of plant-
pathogen interactions (Hoch et al., 2021; Ma et al., 2018; Quentin
et al., 2009). Therefore, despite contrasting results, cell-wall
lignification could play an important role in G. hyphopodioides—
mediated take-all control.

In our dataset, 26 genes encoding TIFY TFs, involved in the
cross-talk between JA and other phytohormones (Singh and
Mukhopadhyay, 2021) were upregulated in response to G.
hyphopodioides at 5 dpi. Just three TIFY TFs were significantly
upregulated in response to G. tritici. In addition, G. hyphopodioides
colonisation resulted in the upregulation of a greater number of
ERF-like genes, known to integrate ET and JA signal transduction
pathways (Lorenzo et al., 2003). Phytohormone quantifications
using ultrahigh-performance liquid chromatography yielded
highly variable results, and we were unable to detect significant
differences in JA or SA levels between treatments. Although a
somewhat surprising finding, this finding could potentially be
explained by the early stage of infection captured, at which point
take-all root lesions had not yet developed. The high levels of
variability may also be a result of the transient nature of
phytohormone signalling, particularly in the case of JA (Ruan
et al.,, 2019). Future studies should probably quantify
phytohormone levels across different time points, from early
infection through to disease symptom development. Thus, unlike
in EMR by non-pathogenic Fusarium species, G. hyphopodioides—
induced resistance is potentially mediated, at least to some extent,
by the JA/ET signalling pathway. Further investigation is required
to determine whether the disruption of CWI mechanisms is directly
responsible for the activation of JA/ET-mediated defence pathway
and the lignin biosynthesis pathway. In addition, future studies
should investigate plant and fungal gene expression during G. tritici
infection of roots already colonised by G. hyphopodioides.

The biocontrol potential of several non-pathogenic
Magnaporthaceae species has been reported since the 1970s
(Deacon, 1973, 1976b; Wong and Southwell, 1980). However, the
precise mechanisms of control and the molecular pathways
underpinning these interactions have remained underexplored. In
this study, we show that induced wheat resistance mechanisms play
a key role in G. hyphopodioides-mediated disease reduction.
Furthermore, we demonstrate that these resistance mechanisms
operate at a local scale, with effective disease protection conferred in
roots pre-treated with G. hyphopodioides. However, adding G.
hyphopodioides after G. tritici resulted in increased take-all
disease levels; hence, the application of G. hyphopodioides to
wheat fields already harbouring significant levels of G. tritici
inoculum is unlikely to provide disease control. Such a strategy
may even be detrimental to disease control efforts. Therefore, the
potential for G. hyphopodioides to become pathogenic in wheat and/
or other cereal crops requires careful investigation. Future studies
should also investigate the potential cost of G. hyphopodioides—
mediated resistance on plant health and yield. Though G.
hyphopodioides—mediated resistance operates at a local scale, the
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induction of diverse defence pathways may create a trade-off with
plant growth (He et al., 2022). In addition, cell-wall reinforcement
with lignins may limit root growth, potentially having downstream
effects on soil anchorage and water/nutrient uptake pathways.
Nevertheless, farmers may carefully exploit the disease
suppression ability of G. hyphopodioides by growing wheat
cultivars known to support natural G. hyphopodioides
populations, particularly when placed early in wheat rotations
prior to the buildup of G. tritici inoculum (Osborne et al., 2018).
In summary, we demonstrate rapid and extensive
transcriptional reprogramming in G. hyphopodioides—colonised
wheat roots, characterised by the strong local induction of diverse
plant defence mechanisms. We propose that the collective effects of
these local defence mechanisms, particularly relating to cell wall-
related resistance, are responsible for G. hyphopodioides-mediated
take-all control. Due to the lack of high-quality annotated G. tritici
and G. hyphopodioides genomes, comparative analysis of fungal
gene expression during G. hyphopodioides colonisation and G. tritici
infection was not possible in this study. When combined with the
RNA-seq dataset presented here, future genome sequencing
projects will no doubt facilitate the investigation of novel G. tritici
pathogenicity factors. In addition, further analysis of non-
pathogenic and pathogenic fungi within the diverse
Magnaporthaceae family may help to address wider questions
relating to pathogen organ specificity, conserved fungal root
infection strategies, and the determinants of fungal pathogenicity.
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A protein elicitor PeVnl from
Verticillium nonalfalfae HW
recognized as a MAMP triggers
plant immunity response

Ziyu Zhang, Dong Wang, Baozhu Dong, Yu Wang, Jialu Xu,
Jianxiu Hao* and Hongyou Zhou*

College of Horticulture and Plant Protection, Inner Mongolia Agricultural University, Key Laboratory of
Biopesticide Creation and Resource Utilization for Autonomous Region Higher Education Institutions,
Hohhot, China

Protein elicitors can induce plant systemic resistance to pathogens. The
recognition of a potential elicitor activates intracellular signaling events,
leading to plant resistance against pathogens. In this study, a novel protein
elicitor was isolated from the culture filtrate of Verticillium nonalfalfae and
named PeVnl, which can induce cell death in several plant species. The PeVnl
gene was then cloned and expressed in Escherichia coli. The recombinant
protein PeVnl triggers cell death in Nicotiana benthamiana in NbBAK1 and
NbSOBIR1 dependent manner. Through bioassay analysis showed that the
recombinant PeVnl induced early defense induction events, such as reactive
oxygen species burst, callose deposition and the activation of defense hormone
signaling pathways and defense enzyme activities. Moreover, PeVnl1 significantly
enhanced resistance of Nicotiana benthamiana to Sclerotinia sclerotiorum,
Botrytis cinerea and N. benthamiana mosaic virus and tomato to
Pseudomonas syringae pv. Tomato DC3000. In conclusion, our study reveals
that PeVnl protein as a microbe-associated molecular pattern can induce plant
immune responses, which provides a theoretical basis for the development of
novel protein-induced disease resistance agents.

KEYWORDS

elicitors, Verticillium nonalfalfae, PeVnl, resistance, microbe-associated molecular pattern

1 Introduction

Plant immune system is divided into two main layers, the first basic immune response is
triggered mainly by pattern recognition receptors (PRRs) located on the surface of plant cells
that recognize highly conserved Microbe-Associated Molecular Patterns (MAMPs) from
pathogenic or non-pathogenic bacteria (Boller and He, 2009)), which are essential for
microbial growth or lifestyles (Zipfel and Felix, 2005; Jones and Dangl, 2006). Thus the
defense response induced by PRRs mediated perception of MAMP is also known as Pattern-
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Triggered Immunity (PTI) or Microbe-Associated Molecular Patterns-
Triggered Immunity MAMP-Triggered Immunity (MTI) (Liu et al,
2014). This response is accompanied by disease-fighting responses such
as rapid changes in intracellular ion levels, bursts of reactive oxygen
species (ROS), calcium-dependent protein kinases (CDPK), activation
of Mitogen-Activated Protein Kinases (MAPK) cascades, activation of
the expression of a number of related immune genes, and callosal
deposition that can effectively inhibit the invasion of the vast majority
of pathogenic bacteria in the environment (Boudsocq and Sheen, 2013;
Ranf et al, 2015). Many PRRs rely on BRASSINOSTEROID
INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1 (BAK1)
family proteins as well as SUPPRESSOR OF BIRI-1 (SOBIRI) to
trigger defense responses (Liebrand et al., 2014). ROS are believed to be
a signaling molecule for plant defense and interact with other signaling
networks in plants (Miller et al., 2008). ROS accumulation is controlled
by enzymes that detoxify ROS, such as superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (POD), and glutathione
reductase (Apel and Hirt, 2004).

To date, a large number of MAMP/PAMP have been reported in
plant pathogenic viruses, bacteria, fungi and oomycetes, and these
MAMP can be categorized according to the type of substances:
proteins, organic glycoconjugates, lipids or lipopeptides (Zipfel and
Felix, 2005; Boudsocq and Sheen, 2013). In bacteria flagellin is one of
the most studied MAMPs, and the Arabidopsis receptor FLS2, which
recognizes bacterial flagellin, belongs to the LRR-RLK. A conserved
22-amino-acid sequence at the N-terminus of bacterial flagellin
(flg22) is sufficient for FLS2 recognition (Zipfel and Felix, 2005). In
fungi chitin is one of the most studied MAMPs. Chitin is recognized
by the phytochitin receptor (CERK1) and lysine motif receptor kinase
5 (LYKS5), mediating downstream immune responses (Langner and
Gohre, 2016). In addition, proteins secreted by pathogenic bacteria,
also known as MAMPs, are inducing an immune response and
enhancing plant resistance by referring to classes of MAMPs as
elicitor, which can be categorized as proteins, glycans, peptides, lipids,
and others (Boutrot and Zipfel, 2017).

Elicitors induced defense responses are currently receiving a
great deal of attention in the study of plant induced resistance
responses (Czobor et al, 2017). The protein elicitor PeBL1 was
previously screened from Brevibacillus laterosporus strain A60
(Wang et al, 2015). This elicitor stimulates typical defense
responses, such as allergic responses, ROS bursts, extracellular
alkalinization, and lignin accumulation in N. benthamiana leaves
and increases N. benthamiana resistance to tobacco mosaic virus
(TMV)-GFP and systemic resistance to Pseudomonas syringae pv.
tabaci. PevD1 from Verticillium dahliae induces the accumulation
of phenolics, callose, and lignin and enhances resistance to TMV
and V. dahliae infection in N. benthamiana (Wang et al., 2012;
Liang et al., 2018). The protein elicitor PeSyl isolated from strain
Sclerotinia yanglingensis Hhs.015 induced resistance to N.
benthamiana and acted as a Microbial-Associated Molecular
Patterns (MAMP) to induce an immune response in the plant,
which enhanced resistance to S. sclerotiorum, Phytophthora capsica
and other pathogenic bacteria (Wang et al., 2023). Although
numerous elicitors have been identified, our comprehension of
how these agents initiate plant defense responses remains
incomplete (Prsic and Ongena, 2020).
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Verticillium nonalfalfae is another pathogenic species that has a
more limited host range than V. dahliae (Inderbitzin et al., 2011).
However, it is a causal agent of Verticillium wilt, which results in the
death of several important crops (Inderbitzin and Subbarao, 2014).
The infestation of hops (Humulus lupulus L.) by V. nonalfalfae has
been reported with the occurrence of strains of different virulence.
Pathogenic strains can lead to a reduction in hops production. By
analyzing the whole genome sequencing of V. nonalfalfae, a large
number of secreted proteins have been obtained, among which key
proteins have been identified as virulence factors (Marton et al.,
2018). The endoglucanase VAEG-1 (Novo et al., 2006) and the
specific secreted protein VASSP1 (Liu et al, 2013) are further
potential carbohydrate-degrading enzymes important for V.
dahliae pathogenicity. VnaPRX1.1277 and VnaSSP4.2 are
required virulence factors to promote colonization of hop plants
by V. dahliae (Flajsman et al, 2016). The secreted Aspf2-like
protein VDAL in V. dahliae is responsible for the wilting of plant
leaves. Overexpression of VDAL in Arabidopsis thaliana and cotton
resulted in enhanced resistance of the overexpressed plants to V.
dahliae, while not affecting normal plant growth and development
(Jiang et al., 2022). Avel is a secreted protein that is specific to the
V. dahliae race 1. It is capable of triggering immunity by
recognizing the Vel tomato resistance receptor (Jonge et al,
2012). Consequently, elicitors that activate plant immunity can be
used to enhance plant disease resistance.

Nevertheless, many V. nonalfalfae secreted proteins regulating
plant immunity remain to be characterized. In this study, a novel
secreted MAMP, named PeVnl, was isolated and characterized
from V. nonalfalfae. PeVnl stimulates disease resistance and
induces immune responses in N. benthamiana. Moreover, it is
dependent on BAKI and SOBIRI to induce plant cell death, further
elucidating the mechanisms by which PeVnl induces plant
immunity. Our findings provide a potential strategy for the
biological control of agricultural diseases.

2 Results

2.1 Isolation and identification of the
V. nonalfalfae HW protein MAMP

This study showed that the supernatant from the culture filtrate
broth of V. nonalfalfae HW induced cell death in N. benthamiana
leaves. Crude proteins were extracted from the culture filtrate
supernatant at a saturated concentration of 75% ammonium sulfate
and dialyzed to induce cell death in the N. benthamiana leaves
(Supplementary Figures 1). The active fractions were purified using a
Superdex 200 increase 10/300 GL, yielding three peaks (Figure 1A).The
fraction corresponding to peak A3 induced cell death activity in
tobacco (Figure 1B). As shown in SDS-PAGE, a single band was
identified from A3 with a size of about 15 kDa. To determine the
identity of the protein present in A3, a single SDS-PAGE band was cut
and identified by mass spectrometry (Figure 1C). Based on liquid
chromatography tandem mass spectrometry, reliable sequences were
obtained for six peptides: (a) SMAVASTTWTIENTR, (b)
QIVWPAYTDKQLAK, (¢) AVVVKPNQNYPVQALP, (d)
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FIGURE 1

Separation and purification of MAMP with potential cell death activity from V. nonalfalfae HW. (A) Chromatogram by Superdex 200 increase 10/300
GL gel column. (B) Cell death activity was determined by pairwise fractionation of fractions 1, 2 and 3 obtained from fractions 1, 2 and 3. (C)
Detection of fraction 3 by Thomas blue staining, SDS-PAGE running gel. black arrows represent the target proteins of fraction 3.

QLAKAVVVKPNQNYPVQALP, (e) SSKQIVWPAYTDK and (f)
ANDCTWTESVNTGSSNTPCTFHTK. The peptides showed high
similarity to the putative protein from V. nonalfalfae VnAal40/
NRRL 66861 by sequence comparison using BLASTp (XP.
028497723.1). Based on these results, the coding sequence of the
protein secreted from V. nonalfalfae HW was determined. The
coding sequence was cloned into a pET vector (with a His tag) with
the signal peptide region removed and expressed in E. coli BL21 cells.
The recombinant protein was purified using HisPur Ni-NTA resin. Its
molecular weight was approximately 15 kDa according to SDS-PAGE
(Supplementary Figures 2A). Cell death was detected by infiltrated N.
benthamiana leaves in the recombinant protein. The results
demonstrated that the recombinant protein could induce cell death
after 3 days (Supplementary Figures 2B). Leaf cell death was observed
by trypan blue staining. We hypothesized that PeVnl is a MAMP
secreted by V. nonalfalfae HW.

2.2 PeVnl characterization

The SMART analysis indicates that PeVnl is a putative protein
with no significant structural matches, with the exception of the
signal peptide (Figure 2A). To further verify whether PeVnl is a
secreted protein, The PeVnl signal peptide was tested using an
invertase enzyme to examine its function for secretion in yeast
(Jacobs et al., 1997). The signal peptide was inserted into the pSUC2
vector, which was transformed into the YTKI12 yeast strain. All
transformants containing the positive control Avrlb signal peptide
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or the test PeVnl grew well on the CMD-W and YPRAA plates,
indicating that the PeVn1 signal peptide had a secretion function. In
addition, the enzyme activity of the secreted invertase from the
transformants was detected in vivo. 2,3,5-triphenyl tetrazolium
chloride was converted into the insoluble red-colored 1,3,5-
triphenyl formazan after adding yeast containing Avrlb or
PeVnl®, indicating that invertase was secreted from the yeast in
the presence of the PeVn1 signal peptide (Supplementary Figure 3).
PeVnl consists of 146 amino acid residues, of which the first 19 are
N-terminal signal peptides with a molecular weight of 15 kDa
and a PI of 9.42. A phylogenetic tree was constructed using
fifteen sequences with high homology to PeVnl obtained from
the NCBI database (Figure 2B). Multiple sequence comparisons
based on homologous sequences showed that PeVnl belongs to
Verticillium spp., but its protein sequence was 66.32% similar
(Figure 2C) and conserved in Verticillium sp., with 49.57%
similarity (Figure 2D). The protein structure was predicted by
SWISS-MODEL and the structural confidence of the best-
matched structure of PeVnl was 95.14% with only 10 B-folding
(Figure 2E). These results suggested that PeVn1 is a secreted protein
that is conserved in V. nonalfalfae.

2.3 Protein PeVnl induces cell death
in plants

The cell death activity of recombinant PeVnl in tobacco was
further analyzed. Necrotic areas appeared in N. benthamiana leaf

frontiersin.org


https://doi.org/10.3389/fpls.2024.1468437
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.
A 1-19 aa
~i— ISP oot
B 65 | PeVnl
Verticillium nonalfalfae (XP 028497723.1 )
s Verticillium longisporum (KAG7112866.1)
1| Verticillium longisporum (KAG7145372.1)
99 | | Verticillium dahliae VDG2 (KAF3347068.1)
Verticillium longisporum (CRK24403.1)
Verticillium dahliae VdLs.17 (XP 009653148.1)
Clonostachys solani (CAH0050266.1)
o |: Clonostachys byssicola (CAG9980485.1)
50 Clonostachys rosea (VUC33370.1)
100 [— Clonostachys rhizophaga (CAH0019778.1)
L Clonostachys rosea (VUC34079.1)
74 ,—Penwillium expansum (XP 016601374.1)
0 sp. CMV-2018d (KAJ5400583.1)
);EPenicilh'mn cf. Viridicatum (KAJ5187366.1)
49 Penicillium hordei (XP 056758809.1)
—
D 0.10
sev
Pl
Consanens
e
Ko o2ess7723.
KAF3347068.1,
Keris6e72 1 (Veraetis
Consaneas
XP_028487723.1_vexsicaliiom
1aF3347068.1_ (Texsicilliom
1671459721 (Verscalim_
Coasensas
-
No028457723._{vesciciitsum nonaifaitee)
1aE3247068 1. (Texsaciita
1067148371~ (Vereict 1iumSongioparem)
FIGURE 2

10.3389/fpls.2024.1468437

C

Bioinformatics analysis of PeVnl. (A) Signal peptide prediction of PeVn1,N-terminal 1-19 aa is the signal peptide region. (B) Construction of a
phylogenetic tree of PeVnl based on amino acid sequences. (C, D) Conserved region analysis of PeVnl. Colored boxes represent conserved amino

acid. (E) Prediction of the tertiary structure of PeVnl.

blades after infiltrated in different concentrations of PeVnl, 3 days
after treatment (Figure 3A). Cell death increased with increasing
concentration, and the recombinant protein did not induce cell
death at 100°C in the thermal stability test. These findings suggest
that PeVnl exhibits hypersensitive response activity in N.
benthamiana (Figure 3B). In addition, we conducted cell death
assays in different crops and found that PeVn1 induced cell death in
potato and oat plants, while no necrotic response was observed in
tomato plants, suggesting that the necrotic response induced by
PeVnl was species specific (Figure 3C).

2.4 Analysis of PeVnl subcellular
localization and signal peptide function

To clarify the specific locations at which PeVnl functions, its
subcellular localization was analyzed. Using N. benthamiana leaf
cells, PeVn1 was found to be localized in the plasma membrane and
nucleus, as was PeVn1**, suggesting that the signal peptide of
PeVnl may have secretory activity (Figure 4A). To verify whether
the inhibitory activity of PeVnl is dependent on the signal peptide,
PeVn1*%* was constructed into an expression vector for transient
expression in tobacco. The results showed that PeVnl without the
signal peptide still induced cell death in N. benthamiana leaves, so
the stimulation of immune responses by PeVnl may not be
dependent on the signal peptide (Figure 4B).
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2.5 PeVnl triggers defense responses in
N. benthamiana

The burst of ROS is a hallmark of plant defense response signaling
during plant-microbe interactions. HR is accompanied by early plant
defense responses such as ROS bursts, callus deposition and defense
gene expression (Schwessinger and Ronald, 2012; Han and Hwang,
2017). To investigate whether PeVnl-induced HR is associated with
plant immune responses, we injected 5 uM of the recombinant protein
PeVnl and assessed ROS accumulation using 3,3’-diaminobenzidine
staining and pale green fluorescence of callose deposition in leaf cells
under UV excitation after aniline blue staining (Figures 5A, B). The
MAPK pathway has an important role in cell signaling and participates
in plant immune responses (Li et al, 2022). By detecting MAPK
phosphorylation, as in leaves treated with flg22, PeVnl was able to
induce MAPK activation in tobacco leaves, and the degree of activation
increased with time (Figure 5C). To determine whether PeVn1 activates
plant defense responses, genes related to PTT and defense responses in
N. benthamiana were selected for RT-qPCR analysis. These results
indicated a significant increase in the relative expression of defense
response and PTI-related genes. Among these, NbPRI and NbPR2 are
marker genes for SA, NbPR4 and NbERFI are marker genes for JA/ET,
and NbCYP71D20 and NbAcre31 are PTI-related marker genes. Thus,
PeVnl may function as a protein exciter and MAMP that induces plant
defense responses mediated by SA and JA/ET dependent signaling
pathways and responds to PTI related pathway genes (Figure 5D).
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FIGURE 3

Cell death activity of PeVnl induced in N. benthamiana and other plants. (A) Recombinant protein PeVnl was divided into 1-50 uM and immersed
into N. benthamiana and the HR response was observed and photographed after 3 d. (B) The thermal stability of PeVnl was determined by
immersing 5 uM of the recombinant protein PeVnl in N. benthamiana leaves at 100°C for 15 min. (C—E) The detection of cell death responses
induced by 5 um PeVn1 on potato (C), oat (D) and tomato (E), 20 mM Tris-HCl as control.

A GFP Bright Light

PeVnl-GFP

PeVn14SP-GFP

GFP

FIGURE 4
Subcellular localization and signaling peptides for PeVnl-primed immunity. (A) Subcellular localization of PeVnl in N. benthamiana leaves. (B)
Photographs of N. benthamiana leaves were taken at 4 days post infiltration. Bars are 20 pm.
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FIGURE 5

PeVnl induces early immune responses in N. benthamiana. (A) N. benthamiana leaf blades were treated with 5 uM PeVnl or buffer control for 24h,
Reactive oxygen species (ROS) were observed as brick red staining after 3,3" - diaminobenzidine (DAB) reaction (bars are 1 cm) and callose was
observed as pale green fluorescence under UV light after aniline blue reaction (bars are 100 um).(B) ROS and callus deposition in N. benthamiana
leaves were quantified by the software ImageJ. Mean + SE. (C) PeVnl and flg22 induced MAPK activation in N. benthamiana. The leaves were
infiltrated with 5 uM PeVnl1 or flg22, and total proteins were extracted for immunoblotting with an anti-pERK1/2 antibody. Protein loading is
indicated by Coomassie brilliant blue (CBB) staining. (D) N. benthamiana leaves were treated with 5uM recombinant protein PeVnl and the
expression of defense and PTI related genes measured after 48h. NbEF1a was used as an internal control gene for normalization. Mean and SE were
calculated from three biological replicates. The statistical analyses were performed with Student's t test. Bars indicate + SE. *p < 0.1, **p < 0.01, ***p
< 0.001, ****p < 0.0001.

2.6 PeVnl defense-related catalase (CAT), and phenylalanine ammonia-lyase (PAL) (Apel and
enzyme activities Hirt, 2004). Enzyme activities related to defense showed a different

pattern after PeVnl treatment compared to those in the control
The accumulation of ROS is regulated by enzymes that detoxify  group. Following treatment with the PeVnl protein solution, the
ROS, including superoxide dismutase (SOD), peroxidase (POD),  activities of POD, SOD, CAT and PAL gradually increased, peaking
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after 5 days. In general, the enzyme activity in the treated group was
higher than that in the control group. The SOD activity in the
treated group exhibited an initial increase on day 2, reaching a peak
on day 5 with an enzyme activity of 79 U, which was 23 U higher
than that in the control group. Nevertheless, this discrepancy was
not statistically significant (Figure 6A). The peak enzyme activity of
POD in the treated group was 4.25 times higher than that in the
control group. Similarly, the peak CAT activity was 70 U, which was
3.4 times higher than that in the control group (Figures 6B, C). The
peak enzyme activity of PAL was 1,747 U, which was 2.1 times
higher than that of the control group (Figure 6D).

2.7 Immune responses stimulated by PeVnl
are dependent on NbBAK1 and NbSOBIR1

It has been shown that NbBAKI and NbSOBIRI receptor
kinases are involved in a variety of plant immune responses in
plant immunity. Therefore, to test whether NbBAKI and NbSOBIR1
mediate PeVnl induced cell death in N. benthamiana, we used
VIGS to silence NbBAKI and NbSOBIRI in N. benthamiana leaf
blades, using TRV-GFP as the empty control and TRV-INFI as the
positive control. PeVnl did not induce cell death in the silenced
NbBAKI and NbSOBIRI plants (Figure 7A). Other silenced leaves
were extracted for a RT-qPCR silencing efficiency assay when albino
symptoms appeared, and the silencing efficiencies of NbBAKI and
NbBSOBIRI were found to be between 52% and 64% (Figure 7B). The
results showed that PeVn1 did not induce cell death in NbBAKI and
NbBSOBIRI silenced plants. Western blotting showed that PeVnl
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was expressed in the leaves of both NbBAKI and NbSOBIRI
silenced plants (Figure 7C). These results suggest that PeVnl may
be a MAMP whose induction of plant cell death is dependent on
NbBAKI and NbSOBIRI.

2.8 PeVnl enhances plant
disease resistance

To verify whether PeVn1 can induce plant disease resistance, we
inoculated N. benthamiana leaves with the plant pathogenic fungi S.
sclerotiorum and B. cinerea and N. benthamiana mosaic virus green
fluorescent protein (TMV-GFP). PeVnl at a concentration of 5 uM
was immersed into the leaves separately and inoculated with the
pathogenic fungi 24 h later. The results showed that the lesion areas
of S. sclerotiorum and B. cinerea were reduced by 53.5% and 69%,
respectively, at 48 h after inoculation (Figures 8A, B). Similarly, the
number of TMV-GFP lesions was reduced in PeVnl-treated plants
compared to the control (Figures 8C, D), indicating that PeVnl can
inhibit the growth of plant pathogens and induce disease resistance
in plants. In addition to plant leaves, tomato plants have also been
used to study the resistance of PeVnl to bacterial pathogens.
Tomato leaves were sprayed with recombinant protein of PeVnl
at a concentration of 5 uUM, and 24 h later, Pst DC3000 was
inoculated into tomato plants. The results showed that the
density of pathogens and spots in PeVnl-treated tomato plants
were significantly reduced compared to the control (Figures 8E-
G).The results showed that PeVn1 could inhibit the proliferation of
fungi and viruses in tobacco and in bacteria in tomato.
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Changes in SOD (A), POD (B), CAT (C) and PAL (D) defense enzyme activities in PeVnl1-His-treated N. benthamiana leaves. N. benthamiana leaves
were treated with 5 uM PeVnl or buffer control for 0-8 dat. Error bars indicate standard deviation among triplicates.
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(C) Western blotting analysis of transiently expressed PeVnl in NbBAK1 and NbSOBIR1 silenced N. benthamiana leaves. Protein loading is indicated

by Coomassie brilliant blue (CBB) staining. *p < 0.1, **p < 0.01, ***p < 0.001.

3 Discussion

The investigation and development of plant immune priming
mechanisms have provided novel methodologies and perspectives
for plant protection. Protein elicitors not only induce the ability of
plants to resist pathogenic invasion but also exhibit stress resistance
and growth promoting functions. In this study, a novel protein
elicitor PeVn1, was isolated and identified from the culture filtrate
of V. nonalfalfae. The recombinant PeVnl purified induces cell
death in N. benthamiana. The cell death activity was enhanced
with increasing concentration. In addition, PeVnl does not
cause cell death after incubation at 100°C for 15 min. Cell
death can also be induced by PeVnl in other plant species such
as potato and oat (Midgley et al., 2022).The recognition of MAMP
by plants induces early plant defense responses, including ROS
bursts and callose deposition (Sun and Zhang, 2020). Research has
shown that PeVnl induces ROS bursts, callus deposition, and
activation of the MAPK signaling pathway. In addition, PeVnl
resulted in significant upregulated of the expression of two PTI
genes (NbCYP71D20 and NbAcre31), and these results suggest that
PeVnl acts as a MAMP to trigger an immune response in
N. benthamiana.

Proteins secreted by cells are typically characterized by low
molecular weight and high cysteine residue content. These

Frontiers in Plant Science

characteristics play a pivotal role in the cells’ crucial defense
functions (Templeton et al., 1994). As an example, VmEQ2
comprising 146 amino acids and ten cysteine residues, initiates
plant immune responses and enhances N. benthamiana resistance
against S. sclerotiorum and P. capsici (Nie et al., 2019). The SCRP
protein SsSSVP1%" identified in S. sclerotiorum can interact with
the conserved cytochrome b-c1 complex subunit QCR8 in plants,
thereby eliciting an immune response (Lyu et al., 2016). In our
study, PeVnl possessing a molecular weight of 14.6 kDa and four
cysteine residues, shared amino acid sequence identity with the
uncharacterized protein, D7B24_002174, although without an
identified domain. Signal peptide prediction revealed that PeVnl
contains 19 N-terminal signal peptide residues, classifying it as a
canonical secretory protein (Figure 2A).

The plant plastid exosome space is an important site for
pathogen invasion, and plants and pathogens have a close
relationship (Orozco-Cardenas et al., 2001; Garcia-Brugger et al.,
2006). To clarify the specific location where PeVnl exerts its
function, transient expression and subcellular localization of
PeVnl were analyzed. We found that PeVnl induced cell death
with or without SP (Figure 4). The subcellular localization of PeVnl
is localized to the plasma membrane and nucleus, suggesting that it
has multiple pathways of action. Plants use PRRs on cell
membranes to recognize PAMPs (polysaccharide substances of
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Recombinant protein 5 uM PeVnl was sprayed and inoculated onto tomato leaves and after 3 d of moist incubation, Pst DC3000 bacterial
suspension was sprayed and inoculated onto tomato leaves and after 3 d of incubation, tomato leaves were photographed, and the number of
colonies was counted. The number of colonies in tomato leaves was significantly reduced after PeVnl treatment. The control group was PBS buffer.
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fungi, bacterial flagellin, and Harpin proteins) to elicit PTIs, which
are widely distributed and conserved in plant pathogenic bacteria.
Plants contain two types of PRRs, including Receptor-Like Proteins
(RLPs), which contain only a segment of intracellular structural
domains with no kinase activity, and Receptor-Like Kinases (RLKs),
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which usually consist of kinase, transmembrane, and ligand
structural domain (Gui et al., 2017). BAKI and SOBIRI are two
conserved RLKs with short leucine-rich repeat sequences in their
extracellular domains. These domains act as coreceptors for various
MAMP-induced immune responses (Burgh et al., 2019). The results
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showed that PeVnl-induced cell death was dependent on BAKI and
SOBIRI, further confirming that PeVnl is a MAMP. Nonetheless,
further studies are needed to identify the receptors that can
recognize PeVnl (Figure 7).

The most widely utilized signaling pathways in plants are the SA
and JA/ET (van Wees et al., 2000; Nomoto et al., 2021; Zhu et al.,
2021). Some evidence suggests that depending on the specific
pathogen, the SA, JA, and ET pathways can interact with each
other and modulate plant defense responses (Koornneef and
Pieterse, 2008). In the present study, PeVnl significantly
upregulated the SA and JA/ET genes in N. benthamiana
(Figure 5C), indicating that PeVnl induced the expression of
genes related to SA synthesis in N. benthamiana (NbPRI and
NbPR2). The significant upregulation of JA-responsive genes
(NbPR4, NbCOI, and NbPDFI1.2) and ET-responsive gene
NbERFI suggest that PeVnl induces JA gene expression and ET
synthesis in tobacco. The process of ROS accumulation is
regulated by a series of enzymes that function to detoxify
ROS, including SOD, CAT, POD and glutathione reductase
(Apel and Hirt, 2004). These results suggest the potential
activation of multiple signaling pathways in PeVnl triggered
resistance, enhancing plant resistance to pathogens under PeVnl
treatment. It was found that PeVn1 induced activities of PAL, CAT,
POD and SOD (Figure 6). To determine whether the PeVnl
mediated defense response of N. benthamiana is resistant to
various phytopathogens, we selected S. sclerotiorum, B. cinerea
and TMV-GFP. The results showed that the treatment of PeVnl
resulted in a significant reduction in lesion area and relative
biomass. In addition, recombinant protein PeVnl treatment also
induced resistance in plants against a variety of pathogenic fungi
and bacteria.

Overall, our study reports a novel protein elicitor PeVnl
from V. nonalfalfae HW that induces N. benthamiana HR and
acts as a MAMP to induce plant immune responses, and PeVnl
induces BAKI and SOBIRI dependent cell death and activates
defense related events in N. benthamiana and enhanced plant
resistance to S. sclerotiorum, B. cinerea, TMV-GFP and Pst
DC3000. These findings further elucidate the biological functions
of PeVn1 and the molecular mechanisms underlying the regulation
of plant defense mechanisms, thereby establishing a foundation for
future research.

4 Materials and methods

4.1 Strain culture and plant
growing conditions

Verticillium nonalfalfae HW was cultured in PDA medium at
25°C for 2 weeks, and then mycelium at the edge of the colony was
picked and inoculated with the Czapek medium and cultured in the
dark at 25°C for 14 days at 150 rpm, S. sclerotiorum and Botrytis
cinerea were cultured in PDA medium at 25°C for 3 days,
Pseudomonas syringae pv. tomato (Pst) DC3000 was cultured in
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KB medium at 28°C with 150 rpm shaking overnight, E. coli DH50.
and BL21 (DE3) were incubated in LB medium at 37°C, 180 rpm on
a shaker. A. tumefaciens GV3101 25 pg/mL rifampicin was
incubated in LB medium containing A. tumefaciens GV3101 25
pg/mL rifampicin. 28°C, 220 rpm, 18 h.

Nicotiana benthamiana and tomato plants were cultivated at
25°C with a photoperiod of 16 h and an 8 h dark period. All strains
and seeds were provided by the Plant Pathology Laboratory of the
College of Horticulture and Plant Protection, Inner Mongolia
Agricultural University. Tomato seeds were purchased from the
Meng Miao Seed Company (Hohhot, China).

4.2 Extraction, isolation and identification
of proteins secreted from strain HW

Strain HW was incubated for 7 days, before collecting the
supernatant. The supernatant was then collected by centrifugation
at 13,000 rpm for 30 min at 4°C. Subsequent to centrifugation at
13,000 rpm for 30 min at 4°C, the supernatant was filtered twice
with a 0.45 um filter (Millipore, Suzhou, China) until no organisms
were present. Proteins were precipitated overnight at 4°C by the
addition of a 75% ammonium sulfate solution. Following
centrifugation, the precipitate was dissolved in 20 mM Tris-HCl
and dialyzed for a period of two days. The dialyzed proteins were
further purified using the gel filtration-preloaded columns of the
AKTA protein purification system (Superdex 200 Increase 10/300
GL; Cytiva, MA, USA). The purified proteins were tested for cell
death activity in N. benthamiana leaves, and the fractions with cell
death activity were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. A single band was cut and
identified by liquid chromatography/mass spectrometry.

4.3 Purification and expression of PeVnl in
prokaryotic systems

The PeVnl sequence, which does not contain a signal peptide,
was inserted between the BamHI and Xhol sites of the pET vector to
construct the plasmid. Supplementary Table 1 lists all the primers
used. The plasmids were then expressed in E. coli BL21 (DE3), and
the expression of the target proteins was induced by adding 1 mM
IPTG to the induced culture at 16°C, 80 rpm for 12 h. The
expression of the target proteins was then induced by adding 1
mM IPTG to the induced culture at 16°C, 80 rpm. After
centrifugation, the organisms were collected, washed thrice in
phosphate-buffered saline (PBS) (20 mM Na,HPO,, 300 mM
NaCl, pH 8.0), and lysed by ultrasonication to obtain a crude
extract of the recombinant protein. Purification of the filtrate was
achieved through affinity chromatography, employing HisPur Ni-
NTA agarose (Cytiva), and the concentration of PeVnl was
quantified by BCA protein assay. When the purified protein
concentration exceeded 0.1 mg/mL, it was dialyzed with PBS for
subsequent experiments.
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4.4 Protein expression in N. benthamiana

For cell death assays, A. tumefaciens GV3101 constructed with
PVX-PeVnl-GFP, PVX-eGFP or PVX-Bax in the potato virus X
(PVX) vector was washed three times with 10 mM MgCl, and
diluted to an ODgg, of 0.8. The corresponding infusate was injected
into the dorsal part of the leaf using a 1 mL syringe. To clarify the
exact location of PeVnl function, pCAMBIA1300-PeVnl-GFP and
pCAMBIA1300-PeVin1**-GFP were transformed into A. tumefaciens
and the suspension with ODggp = 0.8 was injected into 4 week N.
benthamiana leaf blades in a glass greenhouse at 22°C. At 48 hpi, the
suspension was incubated in a glass greenhouse for 2 h and washed
thrice with 10 mM MgCl,. greenhouse at 22°C. At 48 h post infection
(hpi), the leaf epidermis was treated and observed under a
confocal microscope.

4.5 Bioinformatic analysis of PeVnl

To conduct protein structure analysis of PeVnl, its signal
peptide was predicted using the SignalP website (http://
www.cbs.dtu.dk/services/SignalP/), and the protein
transmembrane helix was predicted using the TMHMM website
(http://www.cbs.dtu.dk/services/ TMHMMY/). The primary protein
structural information, such as molecular weight and isoelectric
point of PeVnl, was analyzed using ProParam (http://
web.expasy.org/cgi-bin/protparam/protparam) (Kumar et al,,
2018). The tertiary structure was predicted using SWISS-MODEL
software (https://www.swissmodel.expasy.org/) (Waterhouse et al.,
2018). The amino acid sequences were obtained from the UniProt
database (https://www.uniprot.org/). Homologous sequences from
the NCBI database were compared using BLASTp and 15 sequences
with high similarity were selected. Sequence conservation was
analyzed using DNAMAN software. Phylogenetic dendrograms
were constructed using MEGA 6.0 and the neighbor-joining
method. PeVnl data were submitted to the NCBI database under
the GenBank number XP 028497723.1.

4.6 Transient expression of proteins
in yeast

The signal peptide sequence was cloned into the pSUC2 vector,
which carries the sucrose invertase gene SUC2 without the initiation
ATG codon and the signal peptide sequence and was transformed
into yeast YIK12 (Jacobs et al., 1997). The transformant strains
were then screened on CMD-W plates (0.67% yeast nitrogen base,
2% sucrose, 0.1% glucose, 2% agar, 0.075% tryptophan dropout
supplement) and selective YPRAA plates (1% yeast extract, 2%
peptone, 2% raffinose, 2 pg/ml antimycin A, 2% agar). YTKI12
strains with empty pSUC vector or pSUC2-Avrlb were used as
negative and positive controls, respectively. The enzymatic activity
was tested by reducing 2,3,5-triphenyl tetrazolium chloride to red
1,3,5-triphenyl formazan.
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4.7 Determination of the cell death
response of recombinant proteins to
different crops

To test the necrotic activity of the recombinant protein against
different plants, 5 um of the recombinant protein was infiltrated
into the leaves of N. benthamiana and also into the leaves of potato
(Solanum tuberosum L.), oat (Avena L.), and tomato (Solum
lycopicum). Photographs were taken three days after infiltration.
The experiment was repeated with at least three biological
replicates. N. benthamiana leaves were immersed in 1 mg/mL
trypan blue dye solution and boiled for 2 min. After standing to
return to room temperature, the leaves were rinsed 3-4 times with
sterile water and decolorized by adding 2.5 g/mL chloral hydrate.

4.8 Physicochemical properties and
induction of early plant responses
by PeVnl

Determination of the lowest excitation concentration of
recombinant protein PeVnl, the recombinant protein PeVnl was
injected into N. benthamiana leaves at concentrations of 1, 5, 10, 20
and 50 uM. The thermal stability of the recombinant protein PeVnl
was determined. The recombinant protein PeVnl was injected into
N. benthamiana at an appropriate concentration later, the leaves
were incubated at 100°C for 15 min. The PeVnl pure protein of
appropriate concentration was injected into N. benthamiana to
observe its immune response. Leaves at 24 h posttreatment were cut
into small pieces, 1 x 1 cm. H,0, was detected by DAB staining and
callose was detected by aniline blue staining as described previously
(Niu et al,, 2011). ROS burst was identified via light microscopy,
while callus deposition was observed using a fluorescence
microscope (Nikon, Japan).

4.9 MAPK assay

Leaves of N. benthamiana were treated with 5 UM PeVnl, and
samples were taken at 0, 5, 20, and 30 min to extract total plant
proteins with RIPA buffer (50 mmol/L Tris pH7.5, 150 mmol/L
NaCl, 1% Triton X-100, 1% deoxycholate, 1% SDS, 0.5 mmol/L
EDTA, 1xPMSF, Ixprotease inhibitor cocktail) to extract total
plant protein. Western blot was performed using pERK1/
2 antibody.

4.10 Bioassay for PeVnl-induced disease
resistance in plants

The leaves were treated with 5 UM PeVnl and PBS (Control) for
24 h. After 24 h, cultured S. sclerotiorum and B. cinerea were
inoculated onto the leaves and incubated in the greenhouse at 25°C
for 24 to 72 h to observe the onset of disease. Photographs were
taken and the lesions’ size was calculated using Image]J software at
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48 hpi. An equal volume of 5 uM PeVnl and PBS was sprayed on 5-
6 week old tomato leaves, which were incubated at 24°C under
humid conditions for 3 days. After centrifugation of the cultured Pst
DC3000 sap, the bacterial body was collected and suspended using
10 mM MgCl, with ODggo = 0.1, before uniformly spraying on the
leaves. After 3 days, three leaves were taken from each treatment
and ground into a powder. The powder was diluted to 10
concentration using sterile water, coated on King’s B medium
containing 50 pg/mL rifampicin at 37°C, and the number of
colonies was determined after 2 days. The number of colonies
was determined by the Pst DC3000 method. The experiment was
repeated at least thrice. N. benthamiana leaves were treated with 5
UM PeVnl and PBS (Control). After 24 h, the leaves were
inoculated with TMV-GFP. For TMV-GFP inoculum preparation,
leaves previously infected with TMV-GFP were ground,
homogenized in PBS buffer, and centrifuged at 3500 g for 10 min.
The supernatant was collected and inoculated onto leaves using the
rubbing method. After inoculation and incubation for 4 days, the
number of spots was counted under a UV lamp. Three replicates
were performed for each treatment group. Viral suppression was
calculated as follows: suppression (%) = (Nc-NT)/Nc x 100, where
Nc and NT represent the number of lesions on the control and
PeVnl-treated leaves, respectively.

4.11 Determination of defense-related
enzyme activities after PeVnl treatment
of tobacco

The activities of SOD, POD, CAT and PAL were determined in
PeVnl (5 uM) treated N. benthamiana leaves at different intervals
(0-8 days). Samples of treated N. benthamiana leaves (0.1 g) were
collected at different intervals (0-8 days) and immediately frozen in
liquid nitrogen. At least three samples were used to determine
enzyme activity. Frozen tissue samples were treated as previously
described (Zhang et al., 2015). First, the samples with 3 mL of PBS
(20 mM Na,HPO,, 300 mM NaCl, pH 8.0) with 1.33 mM
ethylenediaminetetraacetic acid and 1% (w/v) polyvinyl-
pyrrolidone were ground at 4°C. The homogenate was centrifuged
at 8000 g for 20 min, and then the obtained extract was 150 and
subjected to enzyme assay for SOD, POD, CAT, and PAL. The
activities of these enzymes were determined using assay Kits
(Sinobestbio, Shanghai, China) according to the
manufacturer’s instructions.

4.12 RNA extraction and RT-qPCR analysis

Total RNA was extracted from N. benthamiana leaf blades
using a Plant RNA Extraction Kit (TAKARA). cDNA was reverse
transcribed using PrimeScriptTM RT Master Mix (TAKARA).
Quantitative PCR was performed using the LightCycler 96 System
(Roche) and TB Green® Premix Ex TaqTM II (TAKARA) to
determine gene expression. All experiments consisted of three
biological and three technical replicates, and the EFlc gene in N.
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benthamiana was used as a reference control for normalization. The
relative expression of each gene was calculated using the 2744
comparison method (Livak and Schmittgen, 2001). Supplementary

Table 1 lists all the primers used for RT-qPCR.

4.13 VIGS in N. benthamiana

To silence NbBAKI and NbSOBIRI, the target genes were
cloned into the pTRV2 vector, with pTRV2:PDS and pTRV2:GFP
used as positive and negative controls, respectively. The vectors
were de novo synthesized in A. tumefaciens GV3101. Bacterial fluids
Infiltrated into N. benthamiana leaf blades at an ODgqq of 0.8 After
a 2 weeks period, the silencing efficiency of BAKI and SOBIRI was
determined by RT-qPCR at the location of the treated leaves. The
albino phenotype due to PDS gene silencing was used as a reference.

4.14 Statistical analysis

All the data presented are the mean values of three biological
repetitions and were statistically analyzed via one-way ANOVA and
Tukey’s test (p < 0.05) using GraphPad Prism 8.0 software.

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 below: https://www.ncbinlm.nih.gov/
genbank/, XP 028497723.1.

Author contributions

Z7: Conceptualization, Validation, Writing - original draft,
Writing - review & editing. DW: Funding acquisition, Resources,
Writing - review & editing. BD: Methodology, Project
administration, Writing - review & editing. YW: Supervision,
Validation, Writing - review & editing. JX: Investigation,
Validation, Writing - review & editing. JH: Data curation,
Funding acquisition, Methodology, Project administration,
Resources, Supervision, Writing — review & editing. HZ: Funding
acquisition, Project administration, Resources, Supervision, Writing
- review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the “Biopesticide Creation and Utilization Team”
project of Inner Mongolia Agricultural University (BR22-13-11),
the Local Fund Project of the National Natural Science Foundation
of China (20222QN03001), the Scientific Research Start-up Fund

frontiersin.org


https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://doi.org/10.3389/fpls.2024.1468437
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

for High-level Talents of Inner Mongolia Agricultural University
(NDYB2020-15), the Project Fund for the “Research and
Development of Novel Plant Micro-ecological Agents and Their
Industrialization” of the Department of Education of the Inner
Mongolia Autonomous Region (Rz2300003665), and the Project of
the Basic Scientific Research Funds for Colleges and Universities
Directly Under the Direct Subsidiarity of the Inner Mongolia
Autonomous Region (BR22-11-14).

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.

References

Apel, K, and Hirt, H. (2004). Reactive oxygen species: metabolism, oxidative stress, and
signal transduction. Annu Rev Plant Biol. 55, 373-399. doi: 10.1146/
annurev.arplant.55.031903.141701

Boller, T., and He, S. Y. (2009). Innate immunity in plants: an arms race between
pattern recognition receptors in plants and effectors in microbial pathogens. Science.
324, 742-744. doi: 10.1126/science.1171647

Boudsocq, M., and Sheen, J. (2013). CDPKs in immune and stress signaling. Trends
Plant Sci. 18, 30-40. doi: 10.1016/j.tplants.2012.08.008

Boutrot, F., and Zipfel, C. (2017). Function, discovery, and exploitation of plant
pattern recognition receptors for broad-spectrum disease resistance. Annu. Rev.
Phytopathol. 55, 257-286. doi: 10.1146/annurev-phyto-080614-120106

Burgh, A. M. V. D,, Postma, J., Robatzek, S., and Joosten, M. H. A. J. (2019). Kinase
activity of SOBIR1 and BAK1 is required for immune signalling, 3. Mol Plant Pathol. 20
(3), 410-422. doi: 10.1111/mpp.12767

Czobor, A., Hajdinak, P., and Szarka, A. (2017). Rapid ascorbate response to bacterial
elicitor treatment in Arabidopsis thaliana cells. Acta Physiologiae Plantarum. 39 (2), 62.
doi: 10.1007/s11738-017-2365-1

Flajsman, M., Mandelc, S., Radisek, S., Stajner, N, Jakse, J., Kosmelj, K., et al. (2016).
Identification of novel virulence-associated proteins secreted to xylem by verticillium
nonalfalfae during colonization of hop plants. Mol. Plant Microbe Interact. 29, 362-373.
doi: 10.1094/mpmi-01-16-0016-r

Garcia-Brugger, A., Lamotte, O., Vandelle, E., Bourque, S., Lecourieux, D., Poinssot,
B., et al. (2006). Early signaling events induced by elicitors of plant defenses. Mol. Plant.
Microbe Interact. 19, 711-724. doi: 10.1094/MPMI-19-0711

Gui, Y., Zhang, W., Zhang, D., Zhou, L., Short, D. P. G., Wang, ], et al. (2017). A
verticillium dahliae extracellular cutinase modulates plant immune responses. Mol.
Plant Microbe Interact. doi: 10.1094/MPMI-06-17-0136-R

Han, S. W., and Hwang, B. K. (2017). Molecular functions of Xanthomonas type III
effector AvrBsT and its plant interactors in cell death and defense signaling. Planta.
245, 237-253. doi: 10.1007/s00425-016-2628-x

Inderbitzin, P., Bostock, R. M., Davis, R. M., Usami, T., Platt, H. W., and Subbarao, K.
V. (2011). Phylogenetics and taxonomy of the fungal vascular wilt pathogen
Verticillium, with the descriptions of five new species. PloS One. 6, €28341.
doi: 10.1371/journal.pone.0028341

Inderbitzin, P., and Subbarao, K. V. (2014). Verticillium systematics and evolution:
how confusion impedes Verticillium wilt management and how to resolve it.
Phytopathology. 104, 564-574. doi: 10.1094/phyto-11-13-0315-ia

Jacobs, K. A., Collins-Racie, L. A., Colbert, M., Duckett, M., Golden-Fleet, M.,
Kelleher, K., et al. (1997). A genetic selection for isolating cDNAs encoding secreted
proteins. Gene. 198 (1-2), 289-296. doi: 10.1016/S0378-1119(97)00330-2

Jiang, S., Zheng, W., Li, Z., Tan, J., Wu, M,, Li, X,, et al. (2022). Enhanced Resistance
to Sclerotinia sclerotiorum in Brassica rapa by Activating Host Immunity through
Exogenous Verticillium dahliae Aspf2-like Protein (VDAL) Treatment. Int. J. Mol. Sci.
23, 13958. doi: 10.3390/ijms232213958

Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature. 444, 323-329.
doi: 10.1038/nature05286

Jonge, R. D., Esse, H. P. V., Maruthachalam, K., Bolton, M. D., Santhanam, P., Saber,
M. K, etal. (2012). Tomato immune receptor Vel recognizes effector of multiple fungal

Frontiers in Plant Science

10.3389/fpls.2024.1468437

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/fpls.2024.1468437/

full#supplementary-material

pathogens uncovered by genome and RNA sequencing. Proc Natl Acad Sci U. S. A. 109
(13), 5110-5115. doi: 10.1073/pnas.1119623109

Koornneef, A., and Pieterse, C. M. (2008). Cross talk in defense signaling. Plant
Physiol. 146, 839-844. doi: 10.1104/pp.107.112029

Kumar, S., Stecher, G., Li, M., Knyaz, C,, and Tamura, K. (2018). MEGA X:
Molecular Evolutionary Genetics Analysis across computing platforms. Mol. Biol.
Evol. 35 (6), 1547-1549. doi: 10.1093/molbev/msy096

Langner, T., and Gohre, V. (2016). Fungal chitinases: function, regulation, and
potential roles in plant/pathogen interactions. Curr. Genet. 62, 243-254. doi: 10.1007/
500294-015-0530-x

Li, L., Zhu, X.-M., Zhang, Y.-R,, Cai, Y.-Y.,, Wang, J.-Y,, Liu, M.-Y,, et al. (2022).
Research on the molecular interaction mechanism between plants and pathogenic
fungi. Int ] Mol Sci. 23 (9), 4658. doi: 10.3390/ijms23094658

Liang, Y., Cui, S., Tang, X,, Zhang, Y., Qiu, D., Zeng, H,, et al. (2018). An Asparagine-
Rich Protein Nbnrpl Modulate Verticillium dahliae Protein PevD1-Induced Cell Death
and Disease Resistance in Nicotiana benthamiana. Front. Plant Sci. 9. doi: 10.3389/
fpls.2018.00303

Liebrand, T. W., van den Burg, H. A,, and Joosten, M. H. (2014). Two for all:
receptor-associated kinases SOBIR1 and BAKI1. Trends Plant Sci. 19, 123-132.
doi: 10.1016/j.tplants.2013.10.003

Liu, S. Y., Chen, J. Y., Wang, J. L, Li, L., Xiao, H. L., Adam, S. M,, et al. (2013).
Molecular characterization and functional analysis of a specific secreted protein from
highly virulent defoliating Verticillium dahliae. Gene. 529, 307-316. doi: 10.1016/
j.gene.2013.06.089

Liu, W,, Liu, J., Triplett, L., Leach, J. E., and Wang, G. L. (2014). Novel insights into
rice innate immunity against bacterial and fungal pathogens. Annu. Rev. Phytopathol.
52, 213-241. doi: 10.1146/annurev-phyto-102313-045926

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 25,
402-408. doi: 10.1006/meth.2001.1262

Lyu, X,, Shen, C, Fu, Y, Xie, ], Jiang, D., Li, G, et al. (2016). A small secreted
virulence-related protein is essential for the necrotrophic interactions of sclerotinia
sclerotiorum with its host plants. PloS Pathog. 12, e1005435. doi: 10.1371/
journal.ppat.1005435

Marton, K., Flaj$man, M., Radisek, S., Kosmelj, K., Jakse, ]., Javornik, B., et al. (2018).
Comprehensive analysis of Verticillium nonalfalfae in silico secretome uncovers
putative effector proteins expressed during hop invasion. PloS One. 13, €0198971.
doi: 10.1371/journal.pone.0198971

Midgley, K. A., van den Berg, N., and Swart, V. (2022). Unraveling plant cell death during
phytophthora infection. Microorganisms. 10, 1139. doi: 10.3390/microorganisms10061139

Miller, G., Shulaev, V., and Mittler, R. (2008). Reactive oxygen signaling and abiotic
stress. Physiol. Plant. 133, 481-489. doi: 10.1111/j.1399-3054.2008.01090.x

Nie, J., Yin, Z., Li, Z., Wu, Y., and Huang, L. (2019). A small cysteine-rich protein
from two kingdoms of microbes is recognized as a novel pathogen-associated molecular
pattern. New Phytol. 222, 995-1011. doi: 10.1111/nph.15631

Niu, D. D,, Liu, H. X,, Jiang, C. H., Wang, Y. P., Wang, Q. Y., Jin, H. L,, et al. (2011).
The plant growth-promoting rhizobacterium Bacillus cereus AR156 induces systemic
resistance in Arabidopsis thaliana by simultaneously activating salicylate- and

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1468437/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1468437/full#supplementary-material
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1126/science.1171647
https://doi.org/10.1016/j.tplants.2012.08.008
https://doi.org/10.1146/annurev-phyto-080614-120106
https://doi.org/10.1111/mpp.12767
https://doi.org/10.1007/s11738-017-2365-1
https://doi.org/10.1094/mpmi-01-16-0016-r
https://doi.org/10.1094/MPMI-19-0711
https://doi.org/10.1094/MPMI-06-17-0136-R
https://doi.org/10.1007/s00425-016-2628-x
https://doi.org/10.1371/journal.pone.0028341
https://doi.org/10.1094/phyto-11-13-0315-ia
https://doi.org/10.1016/S0378-1119(97)00330-2
https://doi.org/10.3390/ijms232213958
https://doi.org/10.1038/nature05286
https://doi.org/10.1073/pnas.1119623109
https://doi.org/10.1104/pp.107.112029
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1007/s00294-015-0530-x
https://doi.org/10.1007/s00294-015-0530-x
https://doi.org/10.3390/ijms23094658
https://doi.org/10.3389/fpls.2018.00303
https://doi.org/10.3389/fpls.2018.00303
https://doi.org/10.1016/j.tplants.2013.10.003
https://doi.org/10.1016/j.gene.2013.06.089
https://doi.org/10.1016/j.gene.2013.06.089
https://doi.org/10.1146/annurev-phyto-102313-045926
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1371/journal.ppat.1005435
https://doi.org/10.1371/journal.ppat.1005435
https://doi.org/10.1371/journal.pone.0198971
https://doi.org/10.3390/microorganisms10061139
https://doi.org/10.1111/j.1399-3054.2008.01090.x
https://doi.org/10.1111/nph.15631
https://doi.org/10.3389/fpls.2024.1468437
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

jasmonate/ethylene-dependent signaling pathways. Mol. Plant Microbe Interact. 24,
533-542. doi: 10.1094/mpmi-09-10-0213

Nomoto, M., Skelly, M. J., Itaya, T., Mori, T., Suzuki, T., Matsushita, T., et al. (2021).
Suppression of MYC transcription activators by the immune cofactor NPR1 fine-tunes
plant immune responses. Cell Rep. 37, 110125. doi: 10.1016/j.celrep.2021.110125

Novo, M., Pomar, F., Gayoso, C., and Merino, F. (2006). Cellulase activity in isolates
of verticillium dahliae differing in aggressiveness. Plant Dis. 90, 155-160. doi: 10.1094/
pd-90-0155

Orozco-Cardenas, M. L., Narvaez-Vasquez, J., and Ryan, C. A. (2001). Hydrogen
peroxide acts as a second messenger for the induction of defense genes in tomato plants
in response to wounding, systemin, and methyl jasmonate. Plant Cell. 13, 179-191.
doi: 10.1105/tpc.13.1.179

Prsic, J., and Ongena, M. (2020). Elicitors of plant immunity triggered by beneficial
bacteria. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.594530

Ranf, S., Gisch, N, Schiffer, M., Illig, T., Westphal, L., Knirel, Y. A,, et al. (2015). A
lectin S-domain receptor kinase mediates lipopolysaccharide sensing in Arabidopsis
thaliana. Nat. Immunol. 16, 426-433. doi: 10.1038/ni.3124

Schwessinger, B., and Ronald, P. C. (2012). Plant innate immunity: perception of
conserved microbial signatures. Annu. Rev. Plant Biol. 63, 451-482. doi: 10.1146/
annurev-arplant-042811-105518

Sun, L., and Zhang, J. (2020). Regulatory role of receptor-like cytoplasmic kinases in
early immune signaling events in plants. FEMS Microbiol. Rev. 44, 845-856.
doi: 10.1093/femsre/fuaa035

Templeton, M. D., Rikkerink, E., and Beever, R. E. (1994). Small, cysteine-rich
proteins and recognition in fungal-plant interactions. Mol. Plant-Microbe Interact. 7
(3), 320. doi: 10.1094/MPMI-7-0320

Frontiers in Plant Science

81

10.3389/fpls.2024.1468437

van Wees, S. C., de Swart, E. A., van Pelt, J. A., van Loon, L. C., and Pieterse, C. M.
(2000). Enhancement of induced disease resistance by simultaneous activation of
salicylate- and jasmonate-dependent defense pathways in Arabidopsis thaliana. Proc.
Natl. Acad. Sci. U.S.A. 97, 8711-8716. doi: 10.1073/pnas.130425197

Wang, J., Liu, S., Ren, P,, Jia, F., Kang, F., Wang, R,, et al. (2023). A novel protein
elicitor (PeSy1) from Saccharothrix yanglingensis induces plant resistance and interacts
with a receptor-like cytoplasmic kinase in Nicotiana benthamiana. Mol. Plant Pathol.
24, 436-451. doi: 10.1111/mpp.13312

Wang, H,, Yang, X,, Guo, L., Zeng, H., and Qiu, D. (2015). PeBL1, a novel protein
elicitor from Brevibacillus laterosporus strain A60, activates defense responses and
systemic resistance in Nicotiana benthamiana. Appl. Environ. Microbiol. 81, 2706
2716. doi: 10.1128/aem.03586-14

Wang, B, Yang, X., Zeng, H,, Liu, H., Zhou, T., Tan, B., et al. (2012). The purification
and characterization of a novel hypersensitive-like response-inducing elicitor from
Verticillium dahliae that induces resistance responses in tobacco. Appl. Microbiol.
Biotechnol. 93, 191-201. doi: 10.1007/s00253-011-3405-1

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R,, et al.
(2018). SWISS-MODEL: homology modelling of protein structures and complexes.
Nucleic Acids Res. 46, W296-w303. doi: 10.1093/nar/gky427

Zhang, M., Li, Q,, Liu, T,, Liu, L., Shen, D., Zhu, Y., et al. (2015). Two cytoplasmic
effectors of Phytophthora sojae regulate plant cell death via interactions with plant
catalases. Plant Physiol. 167 (1), 164-175. doi: 10.1104/pp.114.252437

Zhu, D., Zhang, X., Zhou, J., Wu, Y., Zhang, X,, Feng, Z., et al. (2021). Genome-wide
analysis of ribosomal protein GhRPS6 and its role in cotton verticillium wilt resistance.
Int. J. Mol. Sci. 22, 1795. doi: 10.3390/ijms22041795

Zipfel, C., and Felix, G. (2005). Plants and animals: a different taste for microbes?
Curr. Opin. Plant Biol. 8, 353-360. doi: 10.1016/j.pbi.2005.05.004

frontiersin.org


https://doi.org/10.1094/mpmi-09-10-0213
https://doi.org/10.1016/j.celrep.2021.110125
https://doi.org/10.1094/pd-90-0155
https://doi.org/10.1094/pd-90-0155
https://doi.org/10.1105/tpc.13.1.179
https://doi.org/10.3389/fpls.2020.594530
https://doi.org/10.1038/ni.3124
https://doi.org/10.1146/annurev-arplant-042811-105518
https://doi.org/10.1146/annurev-arplant-042811-105518
https://doi.org/10.1093/femsre/fuaa035
https://doi.org/10.1094/MPMI-7-0320
https://doi.org/10.1073/pnas.130425197
https://doi.org/10.1111/mpp.13312
https://doi.org/10.1128/aem.03586-14
https://doi.org/10.1007/s00253-011-3405-1
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1104/pp.114.252437
https://doi.org/10.3390/ijms22041795
https://doi.org/10.1016/j.pbi.2005.05.004
https://doi.org/10.3389/fpls.2024.1468437
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Yasser Nehela,
University of Florida, United States

REVIEWED BY
Aswin Nair,

Umea University, Sweden

Toshik larley Da Silva,

Federal University of the Recéncavo of Bahia,
Brazil

Qi Zheng,

Shandong University, China

*CORRESPONDENCE
Tongjun Sun
suntongjun@caas.cn

RECEIVED 03 September 2024
ACCEPTED 30 October 2024
PUBLISHED 20 November 2024

CITATION

ChenY, Han Y, Huang W, Zhang Y, Chen X,
Li D, Hong Y, Gao H, Zhang K, Zhang Y and
Sun T (2024) LAZARUS 1 functions as a
positive regulator of plant immunity and
systemic acquired resistance.

Front. Plant Sci. 15:1490466.

doi: 10.3389/fpls.2024.1490466

COPYRIGHT

© 2024 Chen, Han, Huang, Zhang, Chen, Li,
Hong, Gao, Zhang, Zhang and Sun. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science

TvPE Original Research
PUBLISHED 20 November 2024
D01 10.3389/fpls.2024.1490466

LAZARUS 1 functions as a
positive regulator of plant
Immunity and systemic
acquired resistance

Yue Chen'?, Yue Han'?, Weijie Huang?, Yanjun Zhang*,
Xiaoli Chen™?, Dongyue Li*?, Yi Hong*?, Huhu Gao™?,
Kewei Zhang®, Yuelin Zhang® and Tongjun Sun***

tShenzhen Branch, Guangdong Laboratory of Lingnan Modern Agriculture, Agricultural Genomics
Institute at Shenzhen, Chinese Academy of Agricultural Sciences, Shenzhen, China, 2Genome Analysis
Laboratory of the Ministry of Agriculture and Rural Affairs, Agricultural Genomics Institute at
Shenzhen, Chinese Academy of Agricultural Sciences, Shenzhen, China, *Department of Botany,
University of British Columbia, Vancouver, BC, Canada, “Zhejiang Provincial Key Laboratory of
Biotechnology on Specialty Economic Plants, College of Life Sciences, Zhejiang Normal University,
Jinhua, Zhejiang, China, *Key Laboratory of Bio-resource and Eco-environment of Ministry of
Education, College of Life Sciences, Sichuan University, Chengdu, China

Systemic acquired resistance (SAR) is activated by local infection and confers
enhanced resistance against subsequent pathogen invasion. Salicylic acid (SA)
and N-hydroxypipecolic acid (NHP) are two key signaling molecules in SAR and
their levels accumulate during SAR activation. Two members of plant-specific
Calmodulin-Binding Protein 60 (CBP60) transcription factor family, CBP60g and
SARD1, regulate the expression of biosynthetic genes of SA and NHP. CBP60g
and SARD1 function as master regulators of plant immunity and their expression
levels are tightly controlled. Although there are numerous reports on regulation
of their expression, the specific mechanisms by which SARD1 and CBP60g
respond to pathogen infection are not yet fully understood. This study
identifies and characterizes the role of the LAZARUS 1 (LAZ1) and its homolog
LAZ1H1 in plant immunity. A forward genetic screen was conducted in the sard1-
1 mutant background to identify mutants with enhanced SAR-deficient
phenotypes (sard mutants), leading to the discovery of sard6-1, which maps to
the LAZ1 gene. LAZ1 and its homolog LAZ1H1 were found to be positive
regulators of SAR through regulating the expression of CBP60g and SARDI as
well as biosynthetic genes of SA and NHP. Furthermore, Overexpression of LAZ1,
LAZIH1 and its homologs from Nicotiana benthamiana and potato enhanced
resistance in N. benthamiana against Phytophthora pathogens. These findings
indicate that LAZ1 and LAZ1H1 are evolutionarily conserved proteins that play
critical roles in plant immunity.
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Introduction

Plant immunity relies on two major classes of immune
receptors, located on the cell surface or intracellularly, which
recognize a wide range of pathogens, including viruses, bacteria,
fungi, oomycetes, insects, and nematodes, and activation of the
plant’s immune system for self-defense (Jones et al., 2024; Man
et al, 2022). The cell surface immune receptors, referred to as
Pattern-Recognition Receptors (PRRs) detect pathogen-associated
molecular patterns (PAMPs), activating pattern-triggered
immunity (PTI), which restricts pathogen invasion (Jones and
Dangl, 2006; Zhou and Zhang, 2020). Pathogens secrete effectors
into host cells to suppress PTI and disrupt normal physiological
processes, facilitating invasion (Jones and Dangl, 2006; Zhou and
Zhang, 2020). Intracellular immune receptors, mainly a group of
proteins with nucleotide-binding sites and leucine-rich repeat
domains (NLRs), recognize effectors secreted by pathogens,
activating effector-triggered immunity (ETI) (Jones and Dangl,
2006; Man et al., 2022; Zhou and Zhang, 2020). As a result, both
PTI and ETI responses lead to the accumulation of defense
signaling molecules, such as salicylic acid (SA) and N-
hydroxypipecolic acid (NHP), and trigger secondary immune
responses in distant tissues, known as systemic acquired
resistance (SAR), which confer enhanced resistance against
subsequent pathogen invasion (Chen et al, 2018; Fu and Dong,
2013; Hartmann and Zeier, 2019; Sun and Zhang, 2021).

SA and NHP are two plant defense signaling molecules involved
in PTL, ETI and SAR (Hartmann and Zeier, 2019; Peng et al,, 2021).
Upon pathogen invasion, SA and NHP levels escalate in both local
and systemic plant tissues (Hartmann and Zeier, 2019). Application
of exogenous SA or NHP on plants enhances their disease resistance
(Chen et al, 2018; Hartmann et al, 2018; Peng et al, 2021). In
Arabidopsis, the perception of SA predominantly depends on the
Non-expressor of PR genes 1 (NPR1) and its homologs, NPR1-LIKE
proteins 3 and 4 (NPR3/4), leading to upregulating the expression of
genes associated with immune responses (Ding et al., 2018; Fu et al.,
2012; Wu et al, 2012). Although perception of SA by NPR1 and
NPR3/NPR4 is required for NHP-induced resistance in Arabidopsis,
NPR proteins fail to bind to NHP (Liu et al., 2020), implying that SA
and NHP signaling might occur via distinct pathways.

Biosynthesis processes of both SA and NHP are well illustrated.
SA biosynthesis in plants is mediated by the isochorismate synthase
(ICS) and phenylalanine (Phe) ammonia-lyase (PAL) pathways
(Peng et al., 2021). In Arabidopsis thaliana, the ICS pathway
contributes predominantly to SA levels. The ICS pathway include
ICS1, the MATE transporter EDS5 and the aminotransferase PBS3
(Rekhter et al., 2019; Torrens-Spence et al., 2019). ICS1 is the rate
limiting enzyme of the ICS pathway and its expression level is
tightly regulated by various transcription factors (Huang et al,
2020; Wildermuth et al, 2001). The NHP biosynthetic process
involves three enzymatic steps performed by the aminotransferase
ALDI, the reductase SARD4 and the monooxygenase FMOI,
catalyzing the conversion of lysine into NHP (Chen S. et al,
2021; Ding et al., 2016; Navarova et al., 2012). Expression of these
NHP biosynthetic genes is also dynamically controlled during plant
defense (Huang et al., 2020).
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Two members of plant-specific Calmodulin-Binding Protein 60
(CBP60) transcription factor family, CBP60g and SARDI, regulate
expression of biosynthesis genes of both SA and NHP upon
pathogen infection (Sun et al, 2015; Wang et al, 2009; Zhang
et al,, 2010). Despite their common ancestry within the same
protein family, CBP60g and SARDI operate through separate
pathways. The loss of either SARD1 or CBP60g results in a
significant reduction in the levels of ICSI and SA, while in the
sardl-1 cbp60g-1 double mutant, the induction of ICSI expression
and the biosynthesis of SA are both blocked, suggesting that SARD1
and CBP60g regulate ICSI expression through two parallel
pathways (Wang et al., 2011; Zhang et al, 2010). Expression of
SARDI and CBP60g is also tightly regulated by various transcription
factors, including positive regulators such as TGA1/4, NPR1,
CBP60b, WRKY54/79 and GBPL3, as well as negative ones,
including CAMTA1/2/3, NPR3/4 and HDA6 (Chen et al,, 2021;
Ding et al., 2018; Huang et al., 2021; Kim et al., 2022; Li et al., 2021;
Sun et al,, 2018, 2020; Wu et al.,, 2021). CBP60g is also regulated
post-translationally. CALMODULIN (CAM) TOUCH3 and its
homologs CAM1/4/6 cooperate with calcium-dependent protein
kinases (CPK4/5/6/11) to phosphorylate and activate CBP60g (Sun
et al., 2022). Although significant advances as mentioned above
have been made, the specific mechanisms by which SARD1 and
CBP60g respond to pathogen infection are not yet fully understood.

In pursuit of a deeper comprehension of CBP60g’s role in
modulating plant immune responses, we conducted a forward
genetic screen in sardl-1 mutant background to look for mutants
with enhanced SAR-deficient (sard) phenotype using the SAR assay
developed by our group (Zhang et al., 2010). After two rounds of SAR
screen, about 80 mutants show inheritable enhanced sard phenotype.
The candidate mutants are further narrowed down to about 40
through direct sequencing known SAR genes, including CBP60g,
ICS1, EDS5, PBS3, ALDI and FMOI etc. In this study, we
characterized and identified one of sardl-1 enhancer mutants,
namely sardl-1 sard6-1, using bulked-segregant analysis sequencing
(BSA-Seq) and genetic complementation, confirming that SARD6
encodes LAZARUSI (LAZ1, AT4G38360). LAZ1 encodes a protein
with a domain of unknown function (DUF300) and has been
previously shown to modulate brassinosteroid and programmed
cell death signaling pathways (Liu et al,, 2018; Malinovsky et al,
2010). Here, we show that LAZ1 and its homolog LAZ1
HOMOLOG!1 (LAZ1HI1, AT1G77220) are positive regulators of
plant immunity and SAR. In addition, LAZl and LAZIHI1 are
conserved proteins and overexpression of their homologs from
Nicotiana benthamiana (Nb) and Solanum tuberosum in Nb leaf
showed enhanced resistance against Phytophthora pthogens. These
results suggest that LAZ1 and LAZ1HI are evolutionarily conserved
and play a positive role in immunity.

Materials and methods
Plant material and growth environment

Arabidopsis plants were grown in soil at 23°C/21 °C day/night
under 16/8-h light/dark cycles in a growth chamber with 40%
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relative humidity (RH) (Bi et al., 2010). The N. benthamiana plants
were sowed and grown in a controlled environment room (CER) at
22°C and 45-65% humidity with a 16/8-h light/dark cycles (Lin
et al,, 2023). Four-week-old plants were used for assay. The potato
plants were grown in an artificial climate chamber at 25 + 2 °C and
58-67% relative humidity under a 16/8-h light/dark photoperiod
(Yang et al., 2023).

Mapping-by-sequencing

Mapping-by-sequencing involves combining next-generation
sequencing with classical genetic mapping to identify candidate
mutations associated with a phenotype was carried out as
previously described (Sun et al., 2020). The mutant phenotype of
the selected F, lines were confirmed by examining the self-fertilized
F; progeny. Leaves were collected from the F; progeny of 30 F, lines
with confirmed mutant-like phenotype. Genomic DNA was
extracted from the mixed tissue and sent for WGS. WGS reads
were aligned with the TAIR10 reference genome. SNPs were
identified and the ratios of SNPs were plotted and used for
linkage analysis. Genes containing nonsynonymous mutations in
the linkage region were selected as candidate genes for
knockout analysis.

Mutant generation

The lazl mutations were generated by targeting AT4G38360
in sardl-1 and Col using the egg cell- specific promoter-
controlled CRISPR/Cas9 system (Wang et al., 2015). The lazlhl
mutations were generated by targeting ATIG77220 in sardl-1
and Col, respectively, using the same CRISPR/Cas9 system.
The sardl-1 sard6-2 F, mutant was obtained by crossing sardl-1
with SALK_023954C (lazl-7). The sardl-Imutant was
reported (Zhang et al., 2010). Refer to Supplementary Table SI
for a comprehensive list of all primers utilized in this process.

Quantitative PCR

Total RNA was extracted from various tissues using TRIzol
reagent (Invitrogen). Complementary DNAs (cDNAs) were
synthesized using a ReverTra Ace kit (Toyobo) and served as
templates for quantitative reverse transcription polymerase chain
reaction (QRT-PCR), which was conducted with a SYBR Premix
ExTaq kit (Takara) on a Bio-Rad iQ2 system. The procedure was as
follows: initial polymerase activation for 30 s at 95°C followed by 40
cycles of 95°C for 5 s and 60°C for 20 s (Chen Y. et al., 2021). Each
sample underwent three biological replicates and three technical
replicates. The expression levels of the target genes were normalized
to those of the actin gene. Primers used for qPCR can be found in
Supplementary Table S1.
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Pathogen infection assays

The obligate pathogen Hyaloperonospora arabidopsidis (Hpa)
Noco2 spore suspension in water was weekly propagated on Col
seedlings at 18 °C and 60-80% humidity with a 12/12-h light/dark
cycles (Zhang et al, 2010; Bi et al,, 2010). The Phytophthora
infestans (P. infestans) strain 1306 were cultured on Rye A agar
medium at 18°C in the dark. The Phytophthora capsici (P. capsici)
strain BYA5 was cultured on Rye A agar medium at 24°C in the
dark (Abrahamian et al.,, 2016; Wang et al., 2019). The bacterial
pathogen Pseudomonas syringae pv maculicola (Psm) ES4326 was
cultured on King’s B medium Agar plate supplemented with 50 pug/
mL streptomycin at 28°C incubator (Zhang et al., 2010).

For infection with Psm ES4326 (diluted in 10 mM MgCl, to
ODgqp as indicated below) or 10 mM MgCl,, leaves of 3-week-old
plants were infiltrated with the bacteria at a dose of ODgq = 0.0025-
0.005 for SAR and ODgqg = 0.001 for gene expression. For SAR assay
(Zhang et al.,, 2010), the Hpa Noco2 infection assay was carried out
on 3-week-old soil-grown seedlings two days after infection with Psm
ES4326, by spraying plants with Hpa Noco2 spore suspension at a
concentration of 5 x 10* spores/mL. Inoculated plants were covered
with a clean dome and grown at 18 °C under 12/12-h light/dark
cycles in a growth chamber and growth of Hpa Noco2 was quantified
seven days later. For genes expression, infected leaves were collected
at two days after inoculation, two or three infected leaves of different
plants were collected as one sample, and three samples were used for
each genotype (Bi et al,, 2010; Lan et al., 2023).

For inoculation assay with P. infestans strain 1306 (Abrahamian
et al, 2016) and P. capsici strain BYA5 (Wang et al., 2019) on Nb
leaves, Agrobacterium tumefaciens cultures were resuspended in
infiltration buffer (10 mM MgCl,, 10 mM MES [pH 5.6], and 150
UM acetosyringone) at a final concentration of ODgy = 0.6 and
infiltrated into leaves for transient expression of interested genes in
planta. The leaves were detached 48h after agroinfiltration, then
inoculated with P. capsici BYA5 mycelium (r = 2.5 mm) or 10 pL of
the P. infestans 1306 zoospore suspension (200 zoospores/UL). The
lesion areas (cm?) of P. capsici-inoculated leaves were measured
under UV light at 48 h after inoculation. The P. infestans-inoculated
leaves were incubated in a growth chamber at 18°C, and lesion areas
were scored 3-4 days after infection.

Determination of SA concentrations

The total SA was extracted following a modified method
previously described for extraction of phenolic compounds (Zhang
etal, 2012). About 100 mg of leaf tissue from 3- or 4-week-old plants
2 days after inoculation with Psm ES4326 (ODgg = 0.001) was
collected, in four biological replicates from independent plants for
each genotype. The rosette leaves were ground in liquid nitrogen.
Around 100mg powders were added into 1ml 80% MeOH in a 2ml
eppendorf tube. Then the eppendorf tube was agitated for 2hr at 4°C,
and then centrifuged at 13,000g at 4°C for 10 min. The supernatant
was transferred into a new eppendorf tube, and the sediment was re-
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extracted with 500ul 100% MeOH. Both extracts were combined and
blow-dryed by nitrogen gas, then was resolved by 500ul sodium
acetate (0.1M, pH 5.5). The resuspension was added with 10 pl B-
glucosidase (1Upl-1) and hydrolyzed at 37°C for 2hr in the water
bath. After the hydrolysate was heated in boiling water for 5 min and
centrifuged at 13,000g at 4°C for 10 min, the supernatant was used for
analyzing total SA by HPLC as mentioned previously (Zhang et al,
2012). SA was detected at 296-nm excitation and 410-nm emission by
using fluorescence detector. According to the standard curve, the
concentration of SA is calculated by the HPLC peak area.

Results
Identification of sard1-1 sard6-1 mutants
As shown in Figures 1A, B, wild-type (Col) plants were

susceptible to the virulent isolate of Hyaloperonospora
arabidopsidis (Hpa) Noco2. After treatment with the bacterial

10.3389/fpls.2024.1490466

pathogen Pseudomonas syringae pv maculicola (Psm) ES4326, Col
plants became resistant against Hpa Noco2, suggesting an robust
SAR response induced by Psm infection. The sardl-1 plants showed
a mild SAR-compromised phenotype, while the sardI-1 sard6-1
double mutant exhibited an exacerbated SAR-deficient phenotype.
We examined Psm-induced expression of the defense marker genes
PRI and PR2 in those lines and found that induction of both genes
in sardl-1 sard6-1 double mutant by Psm treatment was
significantly reduced compared to that in sardI-1 mutant
(Figures 1C, D). We also detected a further compromised
induction of critical genes involved in SA biosynthesis CBP60g
and ICS! in the sardl-1 sard6-1 mutant compared to sardl-I
mutant (Figures 1E, F). Next, we quantified SA levels in Col,
sardl-1 and the sardl-1 sard6-1 mutant plants. Following
treatment with Psm, the total SA levels in the sardl-1 sard6-1
mutant was significantly reduced compared to those in the Col or
sardI-1 plants (Figure 1G). These findings indicate that the systemic
resistance in the sardI-1 sard6-1 mutant may be impeded due to the
impact on the induction of CBP60g and SA biosynthesis.

Col sardl-1 sardl-1 sard6-1 MeCl, Psm
100%
|5
80%
n4
60% 3
40% || o2
ol
20% —
oo
0% s 1
N
00 \\; \b’
& o
\-
N
o
D E F G Total SA
35 4
30 a  BMock = Mock !
25 B Psm > 30 a  WPsm Z 12 B Psm a
& g s b S10
b 20 ° R 20 % 8
N
I 15 ) = b
IS} c QIS5 c w6
£ 10 g S .
a o 10 4
5 S 2
0 0 0 N
\ ¢ QN W
§ & \s&&
] \/
o &

FIGURE 1

Identification of sard1-1 sard6-1 mutant lines of Arabidopsis. (A) Growth of Hpa Noco2 on the distal leaves of wild-type Col, sard1-1 and sard1-1
sard6-1 plants in a SAR assay. Two primary leaves of 3-week-old plants were infiltrated with Psm ES4326 (ODggo = 0.0025) or 10 mM MgCl, (mock)
2 d before the plants were sprayed with Hpa Noco2 spore suspension (50,000 spores/mL in water). (B) SAR phenotypic statistics of wild-type Col,
sard1-1 and sard1-1 sard6-1 plants. Disease ratings are as follows: 0, no conidiophores on plants; 1, one leaf is infected with no more than five
conidiophores; 2, one leaf is infected with more than five conidiophores; 3, two leaves are infected but with no more than five conidiophores on
each infected leaf; 4, two leaves are infected with more than five conidiophores on each infected leaf; 5, more than two leaves are infected with
more than five conidiophores. The experiment was repeated three times with independently grown plants, yielding similar results. (C—F) Expression
of PR1, PR2 CBP60g and ICS1. Total RNA was extracted from the leaves of 3-week-old plants 2 d after infiltration with Psm ES4326 (ODgqo = 0.001)
or 10 mM MgCl, (mock). Data were normalized relative to the expression of the AtActin gene. Error bars means + SD of 3 biological replicates.
Significant differences indicated by different letters were calculated using the Duncan’s new multiple range test. (G) total SA levels in leaves of Col,
sard1-1 and sard1-1 sard6-1 2 days after inoculation with Psm ES4326 (ODggo = 0.001). Bars represent means + SD (n = 3). Statistically significant
differences among the samples are labelled with different letters (one-way ANOVA with Tukey's multiple comparisons test, P< 0.05).
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SARDG6 encodes LAZARUS1

To identify sard6, we performed combining next-generation
sequencing with classical genetic mapping to identify candidate
mutations associated with a phenotype on sardI-1 sard6-1 mutant.
The sardl-1 sard6-1 mutant was backcrossed with the sardI-1 line
and resulting F; plants exhibit sardI-like sard phenotype (Figure 2A;
Supplementary Figure S1A), suggesting sard6-1 is a recessive mutant.
In the F, generation, lines with sardI-1 sard6-1-like and sardl-like
sard phenotype were kept and validated in the F3 progeny,
respectively. Pooled genomic DNA from each segregant population
(30 confirmed lines) was subjected to whole-genome next-generation
sequencing (WGS). Analysis of the single nucleotide polymorphism
(SNP) frequency distribution across the genome unveiled a linked
genetic region on chromosome 4 (Supplementary Figure SI1B).
Within this chromosomal segment, three genes, AT4G30790,
AT4G30990 and AT4G38360, using linkage analysis, we detected G
to A transitions that resulted in missense mutations (Figure 2B). To
ascertain the gene correlating with the sardI-1 sard6-1 phenotype, we
generated deletion mutant for each gene in sardI-1 background using
CRISPR/Cas9 technology (Figure 2C). Upon subsequent SAR
analysis of the homozygous lines for the three candidate genes,
only sardl-1 AT4G38360-cr double mutant phenocopied sardI-1
sard6-1, indicating that AT4G38360, alias LAZARUSI (LAZI)
(Malinovsky et al., 2010), is the gene of interest (Figure 2D).

10.3389/fpls.2024.1490466

To further ascertain the association of the mutation in
AT4G38360 with the sardI-1 sard6-1 phenotype, we identified the
sardl-1 sard6-2 double mutant from F, progeny of a cross between
sardl-1 and sard6-2, a T-DNA mutant SALK_023954C targeting
the At4G38360 locus and silencing the gene (Supplementary Figures
S2A, S2C), and confirmed DNA fragment deletion in sardl-1
AT4G38360-cr double mutant (reassigned as sardIl-1 sard6-3)
using Sanger sequencing (Supplementary Figure S2B). Subsequent
SAR verification revealed that both sardI-1 sard6-2 and the sardi-1
sard6-3 lines exhibited sardl-1 sard6-1-like sard phenotype
(Figure 2E). Additionally, we performed genetic complementation
by agrobacteria mediated transformation of a 4.3 kb fragment
containing LAZ1 coding region into the sardl-1 sard6-1 mutant.
Three independent lines with LAZI1 expression were chosen
and tested for SAR phenotype (Supplementary Figure S2D). As
shown in Figure 2F, these three lines exhibited sardI-like
sard phenotype, indicating that expressing LAZI1 revert the
enhanced sard phenotype of sardl-1 sard6-1. These findings
support that the SARDG6 locus corresponds to AT4G38360/LAZI,
encoding a protein with a DUF300 domain. This protein is
implicated in vacuolar transport and appears to modulate
2010).
For simplicity and consistency, sard6-1, sard6-2 and sard6-3

brassinosteroid signaling pathways (Malinovsky et al.,

is reassigned to lazl-6, lazl-7 and lazl-8, respectively
(Supplementary Figure S2A).

A MgCl, Psm B C
100%
[§ . =
80% 4 Gene Chrom i s Gl AA :- g
60% o3 AT4G30790 4 14996846 G A 314E—314K P
40% - o2 — z ¢
sl AT4G30990 4 15091134 G A 1018A—1018T PR cl 2 a3 wt crlficr2 e
20% ol Y e e e P NS
oo L L oo ATAG38360 4 17969659 G A 440S—440N J AT4G38360 AT4G30790 AT4G30990
L A\‘\ \,{\b’ N Q° )\ \b’ <>
50\ \50 5\)‘
N ,\\’
s"(t so\x
D E F
MgCl, Psm MgCl, Psm MgCl, Psm
100% 100% 100% -s
ms5 m5
80% H ms 0% - 80% n4
60% @3 60% =3 60% 3
40% @2 40% 2 40% B 1] =2
20% i gl 20% i gl 20% | = [ el
W m m oo
0% . B0, . 0o o B J1LE
R IR S S WO S SR SR S N o v o\,\\ v >
A “oQ\Q O RS ) CHe A \b“f Q\V & & &,W R b\ \C C [l & \C \C \C
ST Ee e S S & @ @ RO
RGNS & IR AN AN ™ N N
NN NN & ¢ o FONI & insardl-1 sards-1 s"\ in sardl-1 sard6-1
in sardl-1 in sardl-1
FIGURE 2

Positional cloning and gene verification of sard6. (A) SAR phenotypic statistics of wild-type Col, sard1-1, sard1-1 sard6-1 double mutants and the F;
progeny of sard1-1 crossed with sard1-1 sard6-1 plants. (B) Compilation of candidate genes with annotations including Chromosome (Chrom),
Position (Pos), Reference allele (Ref), Alternate allele (Alt), and Amino acid (AA) changes. (C) Electropherograms depicting the wild-type and knockout
genotypes for the candidate genes. The wild-type (WT) lanes are aligned alongside those representing the respective deletion mutants generated
using CRISPR/Cas9 system. crl lines are in sard1-1 background and used in Figure 1D. (D) SAR phenotypic statistics comparing the wild-type Col,
sardl-1, sard1-1 sard6-1 double mutants, and deletion lines in sard1-1 background: AT4G30990-crl (deletion mutation in AT4G30990), AT4G30790-
crl (deletion in AT4G30790), and AT4G38360-crl (deletion in AT4G38360). (E) SAR phenotypic statistics of wild-type Col, sard1-1, sard1-1 sard6-1
and sard1-1 sard6-2, sard1-1 sard6-3 plants. sard6-2 and sard6-3 are T-DNA allele and deletion allele for AT4G38360, respectively; see details in
Supplementary Figures S2A, B. (F) SAR phenotypic statistics of wild-type Col, sard1-1, sard1-1 sard6-1 and sard1-1 laz1-C plants. sard1-1 laz1-C:

complementation lines of AT4G38360 in sard1-1 sard6-1.
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LAZ1 HOMOLOGOL1 positively
regulates SAR

In Arabidopsis, LAZ1 has a close homolog, LAZ1 Homolog 1
(LAZ1HI1, AT1G77220). Quantitative PCR analysis of the
expression of LAZI and LAZIHI showed that both genes were
induced after Psm ES4326 treatment (Supplementary Figures S3A,
B), indicating that, like LAZI, LAZIHI may also play a role in plant
immunity. To check whether LAZ1H1 contributes to SAR, we
employed CRISPR/Cas9 technology to generate knockout mutants
for LAZIH]I in both the Col and sardI-1 backgrounds. Utilizing
PCR amplification and sanger sequencing, we identified three
homozygous deletion lines in the sardl-1 background and three
deletion lines in Col, designated as sardl-1 lazlhl-1, sardl-1
lazlh1-2, sardl-1 lazlhl-3, lazlhl-4, lazlhl-5 and lazlhl-6,
respectively (Supplementary Figure S3C). Upon verification of
SAR response in the sardl-1 lazlhl lines, we observed that they
exhibited the same phenotype as the sardI-1 lazI-8 double
knockout, while lazlh1 mutants showed minimal sard phenotype
(Supplementary Figure S3D), suggesting that LAZ1HI also
positively regulates SAR.

LAZ1 and LAZ1H1 play overlapping roles in
plant immunity

To investigate the roles of LAZI and LAZIHI in SAR, we
employed CRISPR/Cas9 technology to generate knockout mutants

10.3389/fpls.2024.1490466

for lazI in Col background. Utilizing PCR amplification and sanger
sequencing, we identified two homozygous deletion lines in Col,
designated as lazI-9, lazI-10 respectively (Supplementary Figure
S2B), and generated lazl-7 lazlhl-5 double mutant from F;
progeny of a cross between lazl-7 and lazlhl-5. Psm-induced
SAR in Col, lazl-7, lazl-9, lazl-10, lazlhl-5, lazl-7 lazlhl-5
plants were performed. Compared to Col, the mutants lazI-7,
lazl-9 and lazl-10, lazlhl-5 exhibited a weak sard phenotype,
lazl-7 lazlh1-5 exhibited a stronger sard phenotype (Figure 3A).

We examined Psm-induced expression of SARDI and CBP60g
as well as biosynthetic genes of SA and NHP in Col, lazI-7, lazlh1-5
and lazI-7 laz1h1-5 lines and found that induction of these genes in
three mutants were significantly reduced compared to that in Col,
and the expression levels of ICS1, EDS5, PBS3, ALDI, SARD4 and
FMOI were lower in lazl-7 lazlhl-5 (Figures 3B-D). The results
showed that lazl and lazlhl play overlapping roles in
plant immunity.

LAZ1 is not required for NHP-
induced immunity

Given that NHP acts as the mobile signal for SAR (Chen et al.,
2018; Hartmann et al, 2018) and that the LAZ1/LAZIHI1 are
putative channel proteins, we investigated whether LAZ1/
LAZ1HI is necessary for NHP-induced immune responses. Col,
along with the lazl-7, lazl-9, laz1-10, lazlh1-4, laz1h1-5, lazlh1-6
and lazl-7 lazl1h1-5 mutants were utilized as experimental materials
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FIGURE 3

SAR phenotype in laz1 and laz1h1 mutants. (A) SAR phenotypic statistics in Col, laz1-7, laz1-9, laz1-10, laz1h1-5 and laz1-7 laz1h1-5 plants.

(B—D) Expression of SARD1, CBP60g, ICS1, EDS5, PBS3, ALD1, SARD4 and FMO1. Total RNA was extracted from the leaves of 3-week-old plants 2d
after infiltration with Psm ES4326 (ODggo = 0.001) or 10 mM MgCl, (mock). Data were normalized relative to the expression of the AtActin gene.
Error bars means + SD of 3 biological replicates. Significant differences indicated by different letters were calculated using the Duncan’s new

multiple range test.
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for verification. Initially, we infiltrated the primary leaves with 1
mM or 0.3 mM NHP and subsequently spray-inoculated the entire
plants with a spore suspension of Hpa Noco2, separately. As
depicted in Supplementary Figure S4, minimal pathogen growth
was observed on Col pretreated with NHP, indicating that NHP
confers robust resistance against Hpa Noco2. Similar outcomes
were observed in the NHP-pretreated seven mutant lines. These
results suggest that lazl and lazlhl are not involved in the
regulation of NHP-induced immunity.

Overexpression of LAZ1 and LAZ1H1
enhances the resistance of N. benthamiana
to Phytophthora

The results mentioned above suggest that LAZ1 and LAZ1H1
positively regulate immunity against the obligate oomycete Hpa
Noco2. To determine if LAZ1 and LAZIH1 could augment
resistance against different Phytophthora pathogens, we individually
inserted the genomic sequences of LAZI and LAZIH], including 35S
promoters, coding regions, and terminators, into the pCAMBIA1300
vector. These constructs were transformed into agrobacterium and
used for agrobacterium-mediated transient overexpression of the
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respective proteins in Nicotiana benthamiana (ND) leaves. After 48
hours post-infiltration of agrobacterium strain carrying 35S-LAZI,
35S-LAZI1HI or empty vector, the Nb leaves were inoculated with
spores of P.infestans strain 1306 or mycelium of P.capsici strain BYA5.
The resulting lesion areas were evaluated 3-4 days following infection.
In Figure 4A, Nb leaf areas overexpressing LAZI exhibited
significantly reduced lesion sizes compared to those with an empty-
vector (EV) control after inoculation with P.infestans strain 1306, with
statistically significant differences in lesion sizes observed (Figure 4B).
Overexpression of LAZIH] yielded analogous results (Figures 4C, D).

Similarly, overexpression of LAZI or LAZIH] lead to reduced
lesion sizes compared to the EV control, following infection with
P.capsici strain BYAS5 (Figures 4E—H). These findings indicate that
overexpression of LAZl or LAZIHI in Nb leaves can enhance
resistance to P.infestans and P.capsici.

Overexpression of homologous genes of
LAZ1 enhances the resistance of N.
benthamiana to P.infestans

Homologs of LAZI were found in various plants. To understand
whether homologs of the LAZI gene in N.benthamiana and
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Impact of LAZ1 and LAZ1H1 on N. benthamiana. (A) Infection assays on N. benthamiana (Nb) leaves transient expression of LAZ1 or EV with P.
infestans strain 1306. Two days after infiltration with Agrobacterium carrying 355-LAZ1 or empty vector (EV), leaf areas were inoculated with P.
infestans 1306 zoospore suspension. Detached leaves were incubated in a growth chamber at 18°C, and lesion areas were scored under UV light 3—
4 days after infection. (B) Statistical analyses on lesion sizes of Nb leaves in Figure 4A (n=10-15 from three replicates). (C) Infection assays on Nb
leaves transient expression of LAZ1H1 or EV with P. infestans strain 1306, following the same procedure as in Figure 4A. (D) Statistical analyses on
lesion sizes of Nb leaves in Figure 4C (n=10-15 from three replicates). (E—H) Infection assays on Nb leaves transient expression of LAZ1, LAZ1H1 or
EV with P. capsici strain BYA5. Two days after infiltration with Agrobacterium carrying 355-LAZ1 (E), 355-LAZ1H1 (G) or empty vector (EV), leaf areas
were inoculated with P. capsici BYAS mycelium. Detached leaves were incubated in a growth chamber at 25°C, and lesion areas were measured
under UV light 36 h after inoculation. Statistical analyses on lesion sizes were shown in (F) (n=10-15 from three replicates) and (H) (n=10-15 from
three replicates), respectively. In (B, D, F, H) data were normally distributed and were shown as means + SD. Outliers were identifed and removed

using Grubbs test. Statistical significance was determined by Student's t test.
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Solanum tuberosum (potato) can enhance resistance to
Phytophthora, we identified sequences with high homology to
LAZI from the N.benthamiana genome database (https://
nbenthamiana.jp/nbrowser/anno) (Kurotani et al., 2023) and the
genome database of the diploid potato inbreeding line A157 (Zhang
et al, 2021). The protein sequences of Nbe.v1.s00130g02480
(NB00130g02480) and Nbe.v1.s00150g07560 (NB00150g07560) in
N.benthamiana and the protein sequences of A157_07G018790 and
A157_12G022720 in A157 showed the highest homology to LAZ1
protein (Figure 5A). Phylogenetic analysis grouped these four genes
into a single cluster, suggesting a close evolutionary relationship,

10.3389/fpls.2024.1490466

and LAZI is closely related to these four proteins (Supplementary
Figure S5A). The coding sequences (CDS) of these four homologs
gene were amplified and individually inserted into the binary
pCAMBIA1300 vector under the 35S promoter. Transient
expression in Nb leaves followed by inoculation with P.infestans
strain 1306 revealed that the lesion areas at sites of overexpression
of these four genes were significantly reduced compared to the
empty-vector (EV) control (Figure 5B), with statistically significant
differences observed (Figure 5C). Validation through western blot
analysis confirmed the presence of protein products encoded by
these genes in Nb leaves (Supplementary Figure S5B). These
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FIGURE 5

Influence of LAZ1 homologous genes from N. benthamiana and potato on N. benthamiana immunity. (A) Protein sequence alignment with the highest
homology of LAZ1 in N. benthamiana and potato. (B) Infection assays were performed on Nb leaves overexpressing the LAZ1 homologous genes from
N. benthamiana (NBO01309g02480 and NB00150907560) and potato (A157_12G022720 and A157_07G018790), challenged with P. infestans strain 1306.
(C), Data processing and statistical analysis of lesion sizes in (B). Data were normally distributed and were shown as means + SD (n=10-15 from three
replicates). Outliers were identified and removed using Grubbs test. Statistical significance was determined by Student's t test.
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findings indicate that overexpression of these LAZI homologs
significantly enhances the resistance of N. benthamiana
to P.infestans.

Discussion

LAZ1/LAZ1H1 are positive regulators of SAR

LAZ1 and LAZ1HI1 belong to the evolutionarily conserved
DUF300 family of transmembrane proteins in eukaryotes. LAZ1
serves as a regulatory factor for certain Hypersensitive Response
(HR) cell deaths conditioned by the TIR-NB-LRR protein RPS4 and
by the CC-NB-LRR protein RPM1 (Malinovsky et al., 2010). LAZ1
and LAZ1H]1 have been shown to play a pivotal role in maintaining
vacuole membrane integrity, which is crucial for proper
Brassinosteroid (BR) signaling (Liu et al,, 2018). Despite these
insights, the roles of LAZ1 and LAZ1H1 in the systemic acquired
resistance (SAR) pathway remain unexplored. In this report, we
show that LAZ1 and LAZ1H] are positive regulators of SAR.

Employing a forward genetic strategy, we isolated the sardl-1
sard6-1 mutant as one of sard enhancers of sardl-1. This sardl-1
sard6-1 mutant exhibited severely impaired systemic resistance
(Figures 1A, B). Through mapping-by-sequence and gene
complementation, we identified that SARD6 encodes LAZI
(Figure 2). We also found that loss-of-function of LAZIHI leads
to enhanced SAR deficiency in sardI-1 background (Supplementary
Figure S3). Furthermore, we showed that the lazl lazlhl double
mutant exhibited stronger sard phenotype compared to lazl and
lazlhl single mutants (Figure 3A), indicating a functional
redundancy between LAZ1 and LAZ1HI in regulation of SAR.

In this study, we have used Psm ES4326, a virulent pathogen
which does not trigger HR, to induce SAR and found that LazI and
laz1hl mutants are compromised in SAR, suggesting that LAZ1/
LAZ1HI play an HR-independent role in SAR.

LAZ1/LAZ1H1 regulate SAR by affecting
expression of biosynthesis genes of SA
and NHP

SA and NHP are two key signaling molecules in SAR and
expression levels of their biosynthetic genes are tightly controlled
during plant immunity (Hartmann and Zeier, 2019; Peng et al,
2021). SARD1 and CBP60g are master transcriptional regulators in
plant defense and positively regulate biosynthetic genes of SA and
NHP (Sun et al, 2020). Psm-induced expression of CBP60g and
ICS1 in sardI-1 sard6-1 was further diminished compared to that in
sardI-1 (Figures 1E, F) and total SA levels was lower in sardI-I
sard6-1 than that in sardl-1 (Figure 1G), indicating that the
involvement of LAZ1 in SAR may be attributed to its regulatory
effects on the expression of CBP60g and ICSI, as well as the
accumulation of SA.

lazl and laz1hl1 single mutants showed minor sard phenotype
while lazl laz1h1 double mutant exhibited stronger sard phenotype
(Figure 3A). Accordingly, Psm-induced expression of biosynthesis
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genes of SA and NHP in lazl and lazlhl single mutants was
reduced compared to that in Col, and further diminished in lazl
laz1h1 double mutant (Figures 3C, D), suggesting that LAZ1 and
LAZIH1 have an overlapping function in SAR and that they
positively regulate SAR by modulating the expression of
biosynthetic genes of SA and NHP. Since Psm-induced expression
of SARDI and CBP60g was diminished in lazl lazlhl double
mutant (Figure 3B), it is possible that LAZ1 and LAZ1HI
modulate the expression of biosynthetic genes of SA and NHP
through regulating expression of SARDI and CBP60g. In addition,
we showed that NHP-induced resistance against Hpa Noco2 was
not significantly affected in lazl, lazlhl or lazl lazlhl double
mutant (Supplementary Figure S4). These results suggest that
LAZ1 and LAZ1HI regulate SAR mainly through affecting the
expression of biosynthesis genes of SA and NHP. However, the
underlying mechanism necessitates further investigation.

Recently, LAZ1 homologs in maize, ZmLAZ1-4 and ZmLAZ1-
8, were predicted to bind metal ions including Zn**, Mg**, or Ca**
and ZmLAZ1-4 protein was shown to act as a Zinc transporter that
modulate Zinc homeostasis on plasma and vacuolar membrane (Liu
etal., 2022), it will be interesting to test whether LAZ1 and LAZ1H1
combine Ca*" and regulate the expression of defense genes through
modulating calcium homeostasis during plant immunity.

LAZ1 and LAZ1H1 are
evolutionarily conserved

LAZI1 and LAZ1H1 are conserved proteins with their homologs
found in various plants. We showed overexpression of LAZI and
LAZIHI as well as their close homologs from N.benthamiana and
potato in Nb leaves leads to enhanced resistance to Phytophthora
species (Figures 4, 5), suggesting that LAZ1 and LAZIHI are
evolutionarily conserved in positive regulation of plant defense,
thereby emphasizing the significance and utility of these genes in
investigating plant-pathogen interactions. Presently, in potato, the
cultivation of disease-resistant varieties is mainly to isolate disease
resistance genes from wild species and introduce them into cultivated
varieties through genetic transformation. The homologs of LAZ1 in
potato were found to similarly bolster the plants’ resistance to
Phytophthora (Figures 5B, C). This study provides an important
genetic resource for potato disease resistance breeding.
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Tetramycin ameliorates
tebuconazole-azoxystrobin to
control leaf spot and viral
diseases of Taizishen
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o 1
Boya Jin* and Cheng Zhang™
*Key Laboratory of Environmental Pollution Monitoring and Disease of Ministry of Education, School
of Public Health, Guizhou Medical University, Guiyang, Guizhou, China, 2Guizhou Agricultural Ecology
and Resource Protection Station, Agriculture and Rural Affairs Department of Guizhou Province,

Guiyang, Guizhou, China, *Guizhou Crop Technology Extension Station, Agriculture and Rural Affairs
Department of Guizhou Province, Guiyang, Guizhou, China

Leaf spot and viral diseases are the most frequently occurring leaf problems in
Taizishen production. In this study, we examined the controlling role played by
the co-application of tetramycin and low dose tebuconazole-azoxystrobin
against leaf spot and viral diseases in Taizishen, investigating its resistance,
electrophysiological information, growth and quality. Among them,
electrophysiological information indicators include electrical signals [intrinsic
capacitance (IC), resistance (IR), impedance (IZ), capacitive reactance (IXc), and
inductive reactance (IXL)], intracellular water metabolism, nutrient transport, and
plant metabolic activity. The results indicate that 0.3% tetramycin 1000-time +
75% tebuconazole-azoxystrobin 2000-time diluent controlled leaf spot and viral
diseases the best, with protection effects of 90.03%~90.46% and 71.67%~73.08%
at 15~30 days after the last fungicide application, respectively. These values are
obviously higher than those treated with high doses of tetramycin or
tebuconazole-azoxystrobin alone. Concurrently, their combined application
could notably enhance total soluble flavonoids, total soluble phenols,
protective enzyme activity, IC, intracellular water metabolism, nutrient
transport, and metabolic activity, while reducing its MDA, IR, 1Z, IXc, and IXL.
Moreover, their co-application also could obviously ameliorate photosynthesis,
biomass, agronomic trait, and root growth and quality, as well as actually reduce
tebuconazole-azoxystrobin input. Additionally, the control effects of leaf spot and
viral diseases in Taizishen treated by their combined application exhibited
significant correlations with its disease resistance, electrophysiology,
photosynthesis, growth, and quality parameters. This study highlights the
combined application of low-dosage tebuconazole-azoxystrobin and
tetramycin as a practicable measure for controlling leaf spot and viral diseases
in Taizishen, promoting its resistance, growth, and quality, as well as reducing
chemical pesticide application.

KEYWORDS

agricultural antibiotic, electrophysiological information, leaf spot and disease, viral
disease, growth and quality, Pseudostellaria heterophylla

93 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1543462/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1543462/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1543462/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1543462/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2025.1543462&domain=pdf&date_stamp=2025-02-04
mailto:chengz76@aliyun.com
https://doi.org/10.3389/fpls.2025.1543462
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2025.1543462
https://www.frontiersin.org/journals/plant-science

Tian et al.

1 Introduction

Pseudostellaria heterophylla, also known by its Chinese name,
Taizishen, is an edible, medicinal, and ornamental plant. It has a
long history in traditional Chinese food and medicine for its
multiple pharmacological functions, such as enhancing immunity,
improving blood quality, moistening the lungs, inhibiting tumor
cells, protecting myocardial function, invigorating the spleen-
stomach, and preventing and curing COVID-19 (Choi et al,
2017; Shi et al., 2020; Wang et al., 2013; Zhang et al., 2016, 2021).
Meanwhile, its roots, which are rich in polysaccharides, saponins,
amino acids, flavonoids, and minerals, have high nutritious,
medicinal, and economical value (Liao et al, 2018; Ma et al,
2022; Xu et al, 2023; Zhang et al, 2021). It is predominantly
produced in China, the Korean Peninsula, the far east of Russia, and
Japan (Liao et al., 2018). Recently, it has been popularly cultivated in
the provinces of Guizhou, Fujian, Zhejiang, Sichuan, and Anhui in
China, especially in Guizhou, where the cultivating area of over 20,
000 hm? ranks first in the country (Wu et al., 2016). Nevertheless,
leaf spot disease caused by various pathogens, such as Alteraria
tenuissima, Arcopilus versabilis, Phyllosticta commonsii, etc., and
viral disease caused by Turnip mosaic virus, Broad bean wilt virus,
Tobacco mosaic virus, Cucumber mosaic virus, etc., are most
frequently occurring leaf diseases during Taizishen growth (He
etal, 2021; Long et al., 2013; Li et al., 2018; Liang et al., 2022; Yang
et al,, 2023a, 2023). Leaf spot and viral diseases often occur from
March to May, seriously restricting plant growth, root growth and
quality, and the industry’s development, as well as causing
consistent economic losses of over 50% (Yang et al, 2023a).
Thus, there is an urgent need to exploit a variety of potential
practicable and environmentally friendly control strategies for leaf
spot and viral diseases in Taizishen.

Generally, chemical fungicides are very effective and frequently
adopted approaches for controlling plant diseases due to their low
toxicity and high efficiency (Wang et al, 2022). Some chemical
fungicides have been screened by scholars and applied for
controlling Taizishen diseases, such as difenoconazole,
pyraclostrobin, azoxystrobin, flusilazole, and tebuconazole (He
et al,, 2021; Long et al,, 2013; Li et al., 2013, 2018; Shao et al., 2016;
Yang et al., 2023a). For example, Shao et al. (2016) showed that 50%
azoxystrobin water dispersible granule (WDG) exerted a controlling
effect of 74.50%~76.61% on leaf spot disease in Taizishen. He et al.
(2021) reported that a 35% triflumizole-tebuconazole suspension
concentrate exhibited good antifungal activity on A. tenuissima
with an ECs, value 36.10 pg ml™'. Tebuconazole, a triazole
fungicide that is extensively applied for controlling numerous plant
fungi diseases, can inhibit the sterol biosynthesis of pathogens
(Fustinoni et al., 2014; Paul et al, 2008; Liu et al., 2015). And
azoxystrobin is a mitochondrial respiration inhibitor fungicide
which has broad-spectrum systemic activity against many fungal
pathogens (Adetutu et al.,, 2010; Rodrigues et al., 2013; Wang et al,
2016). However, it is widely known that pesticide residues are
common after chemical fungicide application; these, in turn, pose
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potential risks to the environment, organisms, and humans (Wang
et al,, 2022). Accordingly, there has been a decline in the use of
chemical pesticides that has been welcomed by the public. Notably,
our two most recent works suggested that chitosan could enhance
low-dosage difenoconazole in controlling Taizishen leaf spot disease
and that oligochitosan as a potential synergist to promote the effects
of pyraclostrobin on Taizishen leaf spot; these two measures have also
helped in effectively reducing chemical pesticide application (Zhang
et al, 2023, 2024). In seeking more options for preventing and
controlling Taizishen leaf spot and viral diseases, a long-term
concern consists in finding natural products that can enhance
pesticides, reduce their application, and alleviate the pathogen
resistance caused by long-term single-pesticide application.

Tetramycin, a novel natural, medical, and agricultural antibiotic
metabolized by Streptomyces hygrospinosus var. Beijingensis, has
two active compositions: tetramycin A and tetramycin B (Bo et al,
2012; Ren et al, 2014). Many studies have demonstrated that
tetramycin could be widely applied for preventing and controlling
various plant diseases infected by fungal and bacterial, including
Alternaria tenuissima, Botrytis cinerea, Pyricularia oryzae,
Alternaria alternata, Colletotrichum scovillei, Phytophthora capsici,
Pseudomonas syringae pv. Pseudomonas fulva, and Agrobacterium
tumefaciens etc (Chen et al., 2017; Gao et al., 2018; Song et al., 20165
Li et al., 2023; Ma et al., 2017, 2018; Wang et al., 2021a; Zhao et al.,
2010). In China, tetramycin has also been found to control crop,
fruit, and vegetable diseases, and is increasingly becoming a
preferred adjuvant or alternative to chemical pesticides or
conventional antibiotics (Li et al., 2014; Wang et al., 2021a).
Recently, Wang et al. (2021a) found that tetramycin exhibited
good antimicrobial activity against kiwifruit pathogens including
Pseudomonas syringae pv. Botryosphaeria dothidea, Pseudomonas
fulva, Alternaria tenuissima, etc. Subsequently, they found that
chitosan could augment tetramycin’s effect on soft rot disease in
kiwifruit, including its effects on growth and quality (Wang et al.,
2021b). Moreover, our recent works indicated that the joint
application of tetramycin and chitosan or matrine could
effectively control leaf spot or soft rot diseases by enhancing
kiwifruit resistance, photosynthesis, and quality (Zhang et al,
2022a, 2022b). In this way, further research is needed to
determine whether tetramycin can improve the controlling effect
of tebuconazole-azoxystrobin against leaf spot and viral diseases in
Taizishen, as well as whether their joint application could become
another effective means of controlling disease and reducing the use
of pesticides.

In the work, we first evaluated the field control efficacy of
tebuconazole-azoxystrobin and tetramycin, as well as their
formulas, in leaf spot and viral diseases in Taizishen. We
simultaneously investigated the plant’s disease resistance,
electrophysiological information, leaf photosynthesis, and growth.
Subsequently, its root growth and quality were also determined.
This work provides another green, efficient, and environmentally
friendly measure for controlling leaf spot and viral diseases
in Taizishen.
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2 Materials and methods

2.1 Tebuconazole-azoxystrobin
and tetramycin

75% Tebuconazole-azoxystrobin (TA) water dispersible granule
(WDG) was obtained from Sipcam Chemical Trading (Shanghai)
Co. Ltd. (Shanghai, China), it contains 50% tebuconazole and 25%
azoxystrobin. 0.3% tetramycin (TE) aqueous solutions (AS) was
produced by Liaoning Microke Biological Engineering Co. Ltd.
(Liaoning, China).

2.2 Field Taizishen orchard

Field experimental orchard of Taizishen with ‘Guisheng 1’ of the
planting cultivar was located in Shibing County, China (27°16' N,
107°97" E). In the last two years, the leaf spot and virus diseases of
Taizishen in this orchard were serious, and the natural incidence rates
were about 40%~50% and 10%~20%, respectively. According to the
reports of our cooperative research group, Alternaria tenuissima was
the main pathogen of Taizishen leaf spot disease in this region, and
Turnip mosaic virus and Broad bean wilt virus were the main
pathogens of Taizishen virus disease (He et al., 2021; Liang et al,
2022). In the year of field experiment, the leaf spot and virus diseases
were natural occurrence. Riding planting of Taizishen seed roots in
this orchard, the plot area is 6.0 m? (2.0 m of length, 3.0 m of width,
0.2 m in between), and the seed cultivating density was 30 kg per
667 m>. Moreover, its soil fertility are shown in Table 1.

2.3 Field control experiment

A completely randomized method was applied for delineating
plots and leaf spraying method was applied for spraying fungicide.

TABLE 1 The soil fertility of Taizishen orchard.

. Content - Content
Fertility 21 Fertility -1
(g kg™) (mg kg™)
. Available
Organic matter 37.13 57.02
phosphorus
. Available
Total nitrogen 1.57 . 131.35
potassium
Total phosphorus 1.72 Available iron 8.33
. Exchangeable
Total potassium 1.23 . 291.65
magnesium
pH 4.96 Available zinc 2.01
Exch 1 Availabl
xchangeable 21.04 cmol kg! vailable 1833
calcium manganese
Alkali
hydrolyzed 115.63 mg kg™ Available boron 0.22
nitrogen
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Six treatments were designed: (1) 75% tebuconazole-azoxystrobin
WDG 2000-time + 0.3% tetramycin AS 1000-time diluent (TA 2000
+TE 1000), (2) 75% tebuconazole-azoxystrobin WDG 1500-time
diluent (TA 1500), (3) 75% tebuconazole-azoxystrobin WDG 2000-
time diluent (TA 2000), (4) 0.3% tetramycin AS 500-time diluent
(TE 500), (5) 0.3% tetramycin AS 1000-time diluent (TE 1000), and
(6) clear water with non-fungicide (Control). Meanwhile, each
treatment contained three replicate plots, and fungicide diluent
was sprayed on Taizishen aboveground parts by an electrostatic
atomizer. The spraying dates were March 28, April 8, and April 18,
respectively, and the application diluent amount each time was 60 L
per 667 m’.

2.4 Investigation methods

2.4.1 Control effect determination

Leaf spot and virus diseases of Taizishen were natural infections
in the test area, and they were identified via symptom recognition
method referred to He et al. (2021) and Liang et al. (2022). Leaf spot
disease: In the early stage of leaf spot infection, the affected area of
the leaves showed yellow spots with white center, light yellow edges,
and water stained; As the infection time prolongs, the disease spot
gradually expands to form a yellow brown withered spot; In the
later stage of infection, the spots showed a circular pattern with
black smalldots (conidia), and the whole leaves died under severe
cases. Viral disease: When the disease was mild, the leaf veins
became lighter and yellowish, often formed flower leaves with
alternating shades of light and dark; When the disease was severe,
the leaves were wrinkled and showed spots, the leaf edges were often
curled, and large necrotic spots appeared on the infected leaves.

The disease index of leaf spot disease and incidence rate of viral
disease were investigated on May 3 (15 days after the last spraying
fungicide) and May 18 (30 days after the last spraying fungicide).
One hundred plants were chosen from the east, south, west, north,
central parts in every plot, and their diseased leaf and plant number
of leaf spot and viral diseases were counted. The classification of
diseased leaf rank for leaf spot disease:

0 rank: no spot;

1 rank: the spot extent was lower than 5% of total leaf extent;
3 rank: the spot extent was 6% to 10% of total leaf extent;

5 rank: the spot extent was 11% to 20% of total leaf extent;

7 rank: the spot extent was 21% to 50% of total leaf extent;

9 rank: the spot extent was more than 51% of total leaf extent.

Then, the disease index and control effect for leaf spot disease
were determined as:

Disease index = 100 x ' (Leaf number of each rank
x Rank value) /(Highest rank value

X Leaf total number) (1)
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Control effect (% )of leaf spot disease 2)
=100 x (1—Disease index of fungicide treatment/

Disease index of non — fungicide treatment)

Simultaneously, the incidence rate and control effect for viral
disease was calculated as:

Incidence rate of viral disease ( % )

=100 x (Number of infected plants/total number of checked plants)

(©)

Control effect (% ) of viral disease (4)
=100 x (1—Incidence rate of fungicide treatment/

Incidence rate of non — fungicide treatment)

2.4.2 Leaf resistance determination

Five Taizishen leaves were randomly sampled from the east,
south, west, north, central parts in each plots on May 18 and
brought their back to the laboratory for checking disease resistance
levels according to Zhang et al. (2022¢). Accordingly, thiobarbituric
acid, rutin standard curve, and gallic acid standard curve methods
were used for measuring malonaldehyde (MDA), total soluble
flavonoids, and total soluble phenols conments, respectively. For
MDA determination, 1.00 g sample was added into 5 mL 10%
trichloroacetic acid ice bath to grind into homogenate, centrifuged;
2 mL supernatant was added into 2 mL 0.6% thiobarbituric acid
solution, boiled at water bath (15 min), cooled and centrifugated,
measured at OD 450 pm and OD 535 nm, and 10% trichloroacetic acid
as control. For total soluble flavonoids and total soluble phenols
determination, 2.00 g sample was added into 20 mL 1% HCl-methyl
alcohol (v/v) for extracting 1 h without light and centrifuged, then
the supernatant was checked at OD 355 nm, and OD 550 nm, rutin and
gallic acid as control, respectively. Moreover, their superoxide
dismutase (SOD), phenylalaninammo nialyase (PAL), peroxidase
(POD), and polyphenoloxidase (PPO) activities were analyzed by
nitrogen blue tetrazole, trans-cinnamic acid, guaiacol, and catechol
methods, respectively. Briefly, the appropriate amount sample was
extracted by corresponding reagents and centrifuged, the
supernatant was measured at OD 560 nms OD 290 nm> OD 470 nm»
and OD 393 ,m for checking SOD, PAL, POD, and PPO
activities, respectively.

2.4.3 Electrophysiological
information determination

Five Taizishen plants on the east, south, west, north, central
parts in every plot were randomly selected for monitoring their
electrophysiological information on May 18 according to the
methods of Zhang et al. (2020, 2021a, 2021b) and Tian et al.
(2024). In our previous studies, the theoretically intrinsic
relationships between the clamping force and leaf R, Z, Xc or XL
were revealed as R, Z, Xc or XL =y+k e/(-bF) based on the Nernst
equation (Zhang et al., 2020, 2021a, 2021b). When the clamping
force is 0 (F=0), then the intrinsic R, Z, Xc and XL of plant leaves
could be monitored as IR, IZ, IXc or IXL =y+k, and intrinsic
capacitance (IC) was calculated according to formula:
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1

~ 2mfiXc )

where 1=3.1416, f= frequency.

Moreover, the intracellular water-holding capacity (IWHC),
intracellular water-holding time (IWHT), water or nutrient
transfer rate (WTR or NTR), nutrient flux per unit area (UNF),
nutrient transport capacity (NTC), the active transport flow of
nutrient (NAF), nutrient active transport capacity (NAC),
metabolic flow (MF), metabolic rate (MR), and metabolic activity
(MA) were calculated as (Tian et al., 2024):

IWHC = /(IC)? (6)
IWHT = IC x 1Z (7)
IWHC
WTR or NTR = (8)
IWHT
IR IR
UNF=— +— (9)
IXc IXL
NTC = UNF x NTR (10)
IXc
AF=— 11
v IXL (D
NAC = UAF x NTR (12)
F= ! (13)
" IR x 1Z x IXc x IXL
MR = NTR x NAC (14)

MA = v/MF x MR (15)

2.4.4 Photosynthetic capability determination

Meanwhile, the chlorophyll content of the leaves aforementioned
brought back to the laboratory (2.4.2) was extracted with ethanol/
acetone (v/v, 2:1) and measured by ultraviolet spectrophotometry
method (Zhang et al., 2022¢). Additionally, ten fresh plants in same
parts in each plot were selected on May 18 for monitoring their fully-
expanded leaves’ capability at 8:00~10:00 a.m by LI-6400XT
photosynthesis measurement system (LI-COR Inc., Lincoln, NE,
USA) (Chen et al., 2023).

2.4.5 Agronomic trait determination

Moreover, the total plant length, leaf width and length, and stem
diameter ten of aforementioned Taizishen plants in each plot were
monitored by ruler on May 18, and its leaf area could calculate as:

Leafarea = 0.666 x leaf width x leaflength (16)

After the investigation of agronomic traits, these plants were
sampled as a whole and brought back to the laboratory for
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measuring their biomass. Total biomass, underground and above-
ground biomass of Taizishen were weighed by electronic balance
after drying at low temperature (Zhang et al., 2024).

2.4.6 Root growth and quality determination

On July 18, the tuberous roots of Taizishen were sampled for
determining growth and medicinal quality. A vernier scale was used
for surveying the length and diameter of 100 tuberous roots in each
plot, and the gravimetric and oven-drying methods were applied for
determining these tuberous roots’ fresh and dry weight. Moreover,
the medicinal quality of tuberous roots including extractum, ash,
polysaccharide, and total saponins were analyzed as according to the
detailed detection methods of Chinese Pharmacopoeia 2020 (2019).

2.5 Statistical analyses

The mean + standard deviation (SD) of three replicates was
indicated as data. The significance analysis of the difference between
the mean values of the three replicates of every treatments was
performed by a one-way analysis of variance (ANOVA) with
Duncan’s test, and the normality of the data was performed by
the quantile-quantile (Q-Q) plot test. SPSS 18.0 software (SPSS
Inc., Chicago, IL, USA) was used for analyzing variance and
normality of data. Pearson’s correlation analysis was used for
creating a correlation matrix between the disease control efficacy
and other parameters. Origin 10.0 was used for drawing figures.

3 Results

3.1 Influences of
tebuconazole-azoxystrobin and tetramycin
against leaf spot disease in Taizishen

The controlling effects of tebuconazole-azoxystrobin and
tetramycin on leaf spot disease are displayed in Table 2. TA 2000

10.3389/fpls.2025.1543462

+TE 1000, TA 1500, TA 2000, TE 500, and TE 1000 significant
(P < 0.05) decreased disease index compared with the control.
Regarding leaf spot disease, tebuconazole-azoxystrobin displayed an
excellent controlling ability; the controlling effects of TA 1500 and TA
2000 could reach 78.45%~76.17% and 67.74%~66.15% at 15 days and
30 days after the final fungicide application, respectively. Meanwhile,
tetramycin also showed promising potential in controlling leaf spot
disease; the controlling effects of TE 500 and TE 1000 were 75.41%
~80.55% and 74.81%~80.26% at 15 days and 30 days after the final
fungicide application, respectively. Synergistically, TA 2000+TE 1000
displayed the best control of leaf spot disease, with an effect of 90.03%
~90.46% at 15~30 days after the final fungicide application, which is
significant (P < 0.05) greater than those of TA 1500, TA 2000, TE 500,
and TE 1000. These results indicate that low-dosage and persistent
tetramycin, combined with quick-acting, persistent, and low-
dosage tebuconazole-azoxystrobin, could more efficiently control
leaf spot disease in Taizishen compared with high-dosage
tebuconazole-azoxystrobin and tetramycin. Moreover, the effective
ingredient dosages of fungicide per 667 m* for TA 2000+TE 1000,
TA 1500, TA 2000, TE 500, and TE 1000 were 68.04 g, 90 g, 67.5 g,
1.08 g, and 0.54 g, respectively, indicating that the co-application of
tebuconazole-azoxystrobin and tetramycin effectively reduced
application dosage.

3.2 Influences of tebuconazole-azoxystrobin
and tetramycin against viral disease
in Taizishen

The controlling effects of tebuconazole-azoxystrobin and
tetramycin on viral disease are shown in Table 3. Similarly, TA 2000
+TE 1000, TA 1500, TA 2000, TE 500, and TE 1000 obviously
(P < 0.05) declined the incidence rate of viral disease compared with
the control. The incidence rate of viral disease with TA 2000+TE 1000
treatment at 15 days after the final fungicide application was significant
(P < 0.05) lower than that of TA 2000, TE 500, and TE 1000; that
treated with TA 2000+TE 1000 at 30 days after the final fungicide

TABLE 2 The control effects of tebuconazole-azoxystrobin and tetramycin on leaf spot disease of Taizishen (P. heterophylla) at 15 and 30 days post-

treatment under greenhouse conditions.

15 days after applying fungicide

30 days after applying fungicide

Treatments
Disease Index Control effect (%) Disease Index Control effect (%)
Control 546 +0.14 ° 6.23+020°
TE 500 1.06 +0.10 © 80.55 +2.24 123 +0.07 € 80.26 + 0.97
TE 1000 134+0.11° 7541 +2.69 ¢ 1.57 £ 0.08 ° 7481 + 0.62 ¢
TA 1500 0.73 + 0.08 ¢ 86.60 + 1.61 ° 0.88 +0.10 ¢ 85.87 + 1.58 °
TA 2000 0.98 +0.10 82.02 £2.10 1.16 +0.04 81.36 + 121
TA 2000+TE 1000 0.52 + 0.08 ¢ 90.46 + 1.55 * 0.62 +0.04 € 90.03 + 1.01 °
F values 992.065 22.321 1258.831 79.671
P values <0.001 <0.001 <0.001 <0.001

Different lower-case letters represent statistically significant differences among treatments based on Duncan’s test (P < 0.05). Control: water without fungicide. TE 500 and TE 1000: 0.3%
tetramycin AS 500-time diluent or 1000-time diluent, respectively. TA 1500 and TA 2000: 75% tebuconazole-azoxystrobin WDG 1500-time diluent or 2000-time diluent, respectively. TA 2000
+TE 1000: 75% tebuconazole-azoxystrobin WDG 2000-time + 0.3% tetramycin AS 1000-time diluent.
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application was significant (P < 0.05) lower than that of TA 1500, TA
2000, TE 500, and TE 1000. The controlling effect of viral disease under
TA 2000+TE 1000 treatment at 15~30 days after the final fungicide
application was 71.67%~73.08%, which was significant (P < 0.05)
higher than that of TA 2000 and TE 1000, but only slightly higher
than that of TA 1500 and TE 500. These findings suggest that the co-
application of low-dosage tetramycin and tebuconazole-azoxystrobin
also could more efficiently control viral disease in Taizishen compared
with high-dosage tebuconazole-azoxystrobin and tetramycin, as well as
reliably decreasing tebuconazole-azoxystrobin use dosage.

3.3 Influences of
tebuconazole-azoxystrobin and tetramycin
on MDA, total soluble flavonoids, total
soluble phenols, and protective enzyme
activity in Taizishen

The effects of tebuconazole-azoxystrobin and tetramycin on the
MDA, total soluble flavonoids and total soluble phenols conments
of Taizishen are depicted in Figure 1. TA 2000+TE 1000, TA 1500,
and TE 500 significant (P < 0.05) increased the soluble protein
content of Taizishen leaves at 30 days post-treatment compared
with the control, while TA 2000 and TE 1000 had a slight effect on
the soluble protein in leaves. Meanwhile, TA 2000+TE 1000, TA
1500, TA 2000, TE 500, and TE 1000 significant (P < 0.05)
decreased the leaf MDA content at 30 days post-treatment and
improved the leaf total soluble flavonoids content compared with
control. Moreover, TA 2000+TE 1000 significant (P < 0.05)
increased the leaf total soluble phenols content at 30 days post-
treatment compared with both the control and TA 2000.
Furthermore, the MDA content of leaves treated with TA 2000
+TE 1000 at 30 days post-treatment was significant (P < 0.05) lower
than that of TA 2000 and TE 1000 and slightly lower than that of
TA 1500 and TE 500; their total soluble flavonoids content was
significant (P < 0.05) higher than that of TA 1500, TA 2000, and TE
1000 and slightly higher than that of TE 500; and their total soluble
phenols content was significant (P < 0.05) greater than that of TA

10.3389/fpls.2025.1543462

2000 and slightly higher than that of TA 1500, TE 500, and TE 1000.
These results highlight how the combined application of low-dosage
tetramycin and tebuconazole-azoxystrobin could more effectively
promote the total soluble flavonoids and total soluble phenols of
Taizishen than their high-dosage alone application.

The effects of tebuconazole-azoxystrobin and tetramycin on the
SOD, PAL, POD, and PPO activities of Taizishen are displayed in
Figure 1. Compared with the control, TA 2000+TE 1000, TA 1500, TA
2000, TE 500, and TE 1000 could significant (P < 0.05) enhance the
SOD and POD activities of Taizishen leaves at 30 days post-treatment,
TA 2000+TE 1000, TA 1500, and TE 500 could significant (P < 0.05)
improve their PAL activity, and A 2000+TE 1000 and TE 500 could
significant (P < 0.05) promote their PPO activity. Furthermore, under
TA 2000+TE 1000 treatment at 30 days post-treatment, the leaf SOD,
PAL, and POD activities were significant (P < 0.05) higher than those
of TA 1500, TA 2000, TE 500, and TE 1000. Under TA 2000+ TE 1000
treatment at 30 days post-treatment, the PPO activity was significant
(P < 0.05) higher than that of TA 2000 and slightly higher than that of
TA 1500, TE 500, and TE 1000. Additionally, under TA 1500 or TE
500 treatment at 30 days post-treatment, leaf SOD, PAL, POD, and
PPO activities were, respectively, slightly higher than those of TA 2000
or TE 1000; under TA 1500, TA 2000, TE 500, and TE 1000
treatments, these functions showed no significant (P < 0.05)
differences. These results further suggest that tetramycin combined
with tebuconazole-azoxystrobin could also obviously enhance the
promoting roles of tetramycin or tebuconazole-azoxystrobin alone in
the protective enzyme activities of Taizishen at 30 days post-treatment.

3.4 Influences of
tebuconazole-azoxystrobin and tetramycin
on the electrical signals, intracellular water
metabolism, nutrient transport, and plant
metabolic activity of Taizishen

The influences of tebuconazole-azoxystrobin and tetramycin on
the IC, IR, IZ, IXL, and IXc of Taizishen are displayed in Table 4.
Compared with the control, TA 2000+TE 1000, TA 1500, TA 2000,

TABLE 3 The control effects of tebuconazole-azoxystrobin and tetramycin on viral disease of Taizishen (P. heterophylla) at 15 and 30 days post-

treatment under greenhouse conditions.

15 days after applying fungicide

30 days after applying fungicide

Treatments
Incidence rate (%) Control effect (%) Incidence rate (%) Control effect (%)
Control 12,67 £ 0.58 * 15.33 + 0.58 °*
TE 500 4.00 +0.00 ® 67.52 + 1.48 *° 5.00 + 0.00 ® 67.36 + 1.20 *°
TE 1000 433+058° 64.74 +5.70 ° 533 + 058" 65.14 + 4.57 °
TA 1500 3.67 + 058 70.30 + 4.27 *° 5.00 + 1.00 ° 67.36 + 1.20 *°
TA 2000 433+058° 64.74 +5.70 © 567 + 058" 63.06 + 337 "
TA 2000+TE 1000 3334058 °¢ 73.08 +333° 433 +£058°¢ 71.67 + 441°
F values 99.145 3771 220.029 2.955
P values <0.001 0.040 <0.001 0.045

Different lower-case letters represent statistically significant differences among treatments based on Duncan’s test (P < 0.05). Control: water without fungicide. TE 500 and TE 1000: 0.3%
tetramycin AS 500-time diluent or 1000-time diluent, respectively. TA 1500 and TA 2000: 75% tebuconazole-azoxystrobin WDG 1500-time diluent or 2000-time diluent, respectively. TA 2000
+TE 1000: 75% tebuconazole-azoxystrobin WDG 2000-time + 0.3% tetramycin AS 1000-time diluent.
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FIGURE 1

The effect of tebuconazole-azoxystrobin and tetramycin on the malondialdehyde (MDA) and some non-enzymatic and enzymatic antioxidants of
Taizishen (P. heterophylla) leaves infected with leaf spot and viral diseases at 30 days post-treatment under greenhouse conditions. (A) MDA content
(nmol g™ FW), (B) Total soluble flavonoids content (ug g™ FW), (C) total soluble phenolics content (mg g™ FW), (D) Superoxide dismutase (SOD)
activity (U g™ min™ FW), (E) phenylalanine ammonia-lyase (PAL) activity (U g™* min™* FW), (F) Peroxidase (POD) activity (UNITS), (G) polyphenol
oxidase (PPO) activity (U g™ min™ FW). Bars denote the mean of three biological replicates (n=3), whereas error bars show the standard deviation.
Different lower-case letters represent statistically significant differences among treatments based on Duncan'’s test (P < 0.05). Control: water without
fungicide. TE 500 and TE 1000: 0.3% tetramycin AS 500-time diluent or 1000-time diluent, respectively. TA 1500 and TA 2000: 75%
tebuconazole-azoxystrobin WDG 1000-time diluent or 2000-time diluent, respectively. TA 2000+TE 1000: 75% tebuconazole-azoxystrobin WDG

2000-time + 0.3% tetramycin AS 1000-time diluent.

TE 500, and TE 1000 significant (P < 0.05) increased the IC of
Taizishen leaves at 30 days post-treatment, effectively decreased
their IR, and significantly (P < 0.05) decreased their IXL. In
addition, TA 2000+TE 1000, TA 1500, and TA 2000 significant
(P < 0.05) decreased their IZ and IXc at 30 days post-treatment,
both of which TE 500 and TE 1000 slightly decreased. Furthermore,
under TA 2000+TE 1000 treatment at 30 days post-treatment, leaf
IC was significant (P < 0.05) greater than that of TA 1500, TA 2000,
TE 500, and TE 1000; under TA 2000+TE 1000 treatment, the IR
was lower than that of TA 2000, TE 500, and TE 1000. Additionally,
under TA 2000+TE 1000 treatment at 30 days post-treatment, 1Z
and IXc were significant (P < 0.05) lower than those of TE 500 and
TE 1000, with no significant (P < 0.05) differences between TA 1500
and TA 2000. Moreover, under TA 1500 or TE 500 treatment at 30
days post-treatment, leaf IC was, respectively, higher than that of
TA 2000 or TE 1000, and IR, IZ, IXL, and IXc were, respectively,
lower than those of TA 2000 or TE 1000. These results show that the
combined application of low-dosage tetramycin and
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tebuconazole-azoxystrobin could more effectively promote the IC
of Taizishen, decreasing its IR, IZ, IXL, and IXc compared to their
high-dosage, singular use and more effectively promoting
its growth.

The influences of tebuconazole-azoxystrobin and tetramycin on
the intracellular water metabolism, nutrient transport, and
metabolic activity of Taizishen are displayed in Figure 2. In terms
of intracellular water metabolism, TA 2000+TE 1000, TA 1500, TA
2000, TE 500, and TE 1000 significant (P < 0.05) enhanced IWHC
at 30 days post-treatment compared with the control and TA 2000
+TE 1000, TA 1500, and TA 2000 significant (P < 0.05) increased
WTR or NTR. Although these treatments could also improve
IWHT, there were no differences between them. Moreover, the
IWHC of Taizishen treated with TA 2000+TE 1000 at 30 days post-
treatment was significant (P < 0.05) higher than that of TA 1500,
TA 2000, TE 500, and TE 1000; the WTR or NTR treated with TA
2000+TE 1000 was also significant (P < 0.05) higher than that of TA
2000, TE 500, and TE 1000. For the nutrient transport status of
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TABLE 4 The influences of tebuconazole-azoxystrobin and tetramycin on the IC, IR, 1Z, IXL, and IXc of Taizishen (P. heterophylla) leaves infected with
leaf spot and viral diseases at 30 days post-treatment under greenhouse conditions.

Treatments IC (pF) IR (MQ) 1Z (MQ) IXL (MQ) IXc (MQ)
Control 161.39 + 19.06 ¢ 0.65 + 0.37 * 0.27 +0.07 °* 0.33 +0.04 0.85 + 037 °
TE 500 216,51 + 2357 ¢ 0.63 +0.44° 0.22 +0.03° 0.25 +0.03° 0.76 +0.33
TE 1000 191.67 + 23.81 ¢ 0.85 +0.39 0.25 +0.07 * 0.28 +0.04 ° 1.02+0.39°
TA 1500 385.89 + 66.31 ° 0.29 +0.12° 0.12 £0.03° 0.14 +0.02 <4 0.36 +0.13 °
TA 2000 31373 + 1445 © 037 £022% 0.14 £ 0.03° 0.17 £ 0.01 046 +0.12°

TA 2000+TE 1000 48207 + 1641 * 0.33 +0.18 *® 0.10 +0.01 ° 0.11 +0.00 ¢ 0.36 + 0.13 °
F values 44.280 0.958 8.230 37.035 1.512
P values <0.001 0.044 0.001 <0.001 0.046

Different lower-case letters represent statistically significant differences among treatments based on Duncan’s test (P < 0.05). Control: water without fungicide. TE 500 and TE 1000: 0.3%
tetramycin AS 500-time diluent or 1000-time diluent, respectively. TA 1500 and TA 2000: 75% tebuconazole-azoxystrobin WDG 1500-time diluent or 2000-time diluent, respectively. TA 2000
+TE 1000: 75% tebuconazole-azoxystrobin WDG 2000-time + 0.3% tetramycin AS 1000-time diluent.

Taizishen at 30 days post-treatment, TA 2000+TE 1000 significant
(P < 0.05) enhanced UNF compared with the control, and TA 2000
+TE 1000, TA 1500, TA 2000, TE 500, and TE 1000 significant
(P <0.05) improved NTGC; in addition, TA 2000+TE 1000, TA 1500,
and TA 2000 significant (P < 0.05) promoted NAC. Meanwhile, the
UNF of Taizishen treated with TA 2000+TE 1000 at 30 days post-
treatment was significant (P < 0.05) higher than that of TA 1500 and
obviously higher than that of TA 2000, TE 500, and TE 1000; the
NTC treated with TA 2000+TE 1000 at 30 days post-treatment was
significant (P < 0.05) higher than that of TA 1500, TA 2000, TE 500,
and TE 1000, and the NAC treated with TA 2000+TE 1000 at 30
days post-treatment was significant (P < 0.05) greater than that of
TA 2000, TE 500, and TE 1000 and slight higher than that of TA
1500. Regarding the metabolic activity of Taizishen at 30 days post-
treatment, TA 2000+TE 1000, TA 1500, and TA 2000 significant
(P < 0.05) improved the MF, MR, and MA compared with the
control, and TE 500 and TE 1000 also slightly promoted these
properties. Nevertheless, the MF and MR of Taizishen treated with
TA 2000+TE 1000 at 30 days post-treatment were significant
(P < 0.05) higher than those of TA 2000, TE 500, and TE 1000
and slightly higher than those of TA 1500; the MA treated with TA
2000+TE 1000 was significant (P < 0.05) higher than that of TE 500
and TE 1000 and slightly higher than that of TA 1500 and TA 2000.
These findings demonstrate that low-dosage tetramycin and
tebuconazole-azoxystrobin effectively enhance the intracellular
water metabolism, nutrient transport, and plant metabolic activity
of Taizishen, improving its healthy growth. Furthermore, their low-
dosage co-application was even more effective.

3.5 Influences of tebuconazole-azoxystrobin
and tetramycin on the photosynthetic
capability and agronomic traits of Taizishen

The influences of tebuconazole-azoxystrobin and tetramycin on the

photosynthetic capability of Taizishen are depicted in Figure 3.
Compared with the control, TA 2000+TE 1000 and TA 1500
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significant (P < 0.05) enhanced the chlorophyll content of Taizishen
at 30 days post-treatment and decreased its WUE. TA 2000+TE 1000,
TA 1500, TA 2000, TE 500, and TE 1000 significant (P < 0.05)
improved Pn and Tr, and TA 2000+TE 1000, TA 1500, and TE 500
significant (P < 0.05) increased Ci; furthermore, TA 2000+TE 1000, TA
1500, TE 500, and TE 1000 significant (P < 0.05) promoted Gs.
Additionally, the leaf chlorophyll, Pn, Tr, Ci, and Gs of Taizishen
treated by TA 2000+ TE 1000 at 30 days post-treatment were significant
(P < 0.05) higher: 1.01, 1.05, 1.04, and 1.07 times; 1.06, 1.08, 1.07, and
1.10 times; 1.06, 1.17, 1.12, and 1.15 times; 1.05, 1.09, 1.06, and 1.10
times; and 1.05, 1.02, 1.02, and 1.06 times compared with TA 1500, TA
2000, TE 500, and TE 1000, respectively. Meanwhile, the leaf
chlorophyll, Pn, Tr, Ci, and Gs of Taizishen treated with TA 1500 or
TE 500 at 30 days post-treatment were higher than those of TA 2000 or
TE 1000, respectively. These results show that the combined
application of low-dosage tetramycin and tebuconazole-azoxystrobin
could more effectively improve the photosynthetic capacity of
Taizishen than their high-dosage application alone. In addition, this
combination could more reliably ameliorate growth.

The influences of tebuconazole-azoxystrobin and tetramycin on
the biomass and agronomic traits of Taizishen are depicted in
Figure 4. Compared with the control, TA 2000+TE 1000 and TE 500
significant (P < 0.05) enhanced the total biomass of Taizishen at 30
days post-treatment; TA 2000+TE 1000, TA 1500, and TE 500
significant (P < 0.05) increased its above- and underground biomass
and stem diameter at 30 days post-treatment; TA 2000+TE 1000,
TA 1500, TA 2000, TE 500, and TE 1000 significant (P < 0.05)
increased its plant length at 30 days post-treatment; and TA 2000
+TE 1000 also significant (P < 0.05) increased its leaf area at 30 days
post-treatment. Meanwhile, the above- and underground biomass,
plant length, and stem diameter of Taizishen treated with TA 2000
+TE 1000 at 30 days post-treatment were significant (P < 0.05)
higher than those of TA 1500, TA 2000, TE 500, and TE 1000. The
findings demonstrate that low-dosage tetramycin, when used
together with low-dosage tebuconazole-azoxystrobin, could more
effectively promote the biomass, agronomic traits, and growth of
Taizishen than their high-dosage application alone.
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FIGURE 2

The effects of tebuconazole-azoxystrobin and tetramycin on the intracellular water metabolism, nutrient transport, and metabolic activity of
Taizishen (P. heterophylla) leaves infected with leaf spot and viral diseases at 30 days post-treatment under greenhouse conditions. (A) Intracellular
water-holding capacity (IWHC), (B) Intracellular water-holding time (IWHT), (C) Water or nutrient transfer rate (WTR or NTR), (D) Nutrient flux per
unit area (UNF), (E) Nutrient transport capacity (NTC), (F) Nutrient active transport capacity (NAC), (G) Metabolic flow (MF), (H) Metabolic rate (MR),
and (I) Metabolic activity (MA). Bars denote the mean of three biological replicates (n=3), whereas error bars show the standard deviation. Different
lower-case letters represent statistically significant differences among treatments based on Duncan'’s test (P < 0.05). Control: water without
fungicide. TE 500 and TE 1000: 0.3% tetramycin AS 500-time diluent or 1000-time diluent, respectively. TA 1500 and TA 2000: 75%
tebuconazole-azoxystrobin WDG 1000-time diluent or 2000-time diluent, respectively. TA 2000+TE 1000: 75% tebuconazole-azoxystrobin WDG

2000-time + 0.3% tetramycin AS 1000-time diluent.

3.6 Influences of tebuconazole-azoxystrobin
and tetramycin on yield and quality
of Taizishen

The influences of tebuconazole-azoxystrobin and tetramycin on
the fresh and dry weights, as well as the root length and diameter,
are depicted in Figure 5. Compared with control, TA 2000+TE
1000, TA 1500, TA 2000, and TE 500 significant (P < 0.05)
increased the fresh and dry weights and root length and diameter
of Taizishen roots at 90 days post-treatment, while TE 1000 also
significant (P < 0.05) enhanced their fresh weight and root length.
Moreover, the fresh weight of Taizishen treated with TA 2000+TE
1000 at 90 days post-treatment was significant (P < 0.05) higher
than that of TA 2000, TE 500, and TE 1000, and its dry weight and
root length under TA 2000+TE 1000 treatment at 90 days post-
treatment were significant (P < 0.05) higher than those of TA 1500,
TA 2000, TE 500, and TE 1000. Furthermore, under TA 2000+TE
1000 treatment at 90 days post-treatment, the root diameter was
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significant (P < 0.05) higher than that of TA 2000 and TE 1000
alone. These results reveal that the ameliorating effects of the
combination of low-dosage tebuconazole-azoxystrobin and
tetramycin on Taizishen root growth and weight were better than
those of singular, high doses.

The influences of tebuconazole-azoxystrobin and tetramycin on
the medicinal quality of Taizishen roots are depicted in Figure 5.
Compared with the control, TA 2000+TE 1000, TA 1500, and TE
500 significant (P < 0.05) improved the extractum, ash,
polysaccharide, and total saponins of Taizishen roots at 90 days
post-treatment, and TA 2000 and TE 1000 also significant (P < 0.05)
increased their total saponins. Simultaneously, the extractum and
total saponins of Taizishen roots under TA 2000+TE 1000
treatment at 90 days post-treatment were significant (P < 0.05)
higher than those of TA 1500, TA 2000, TE 500, and TE 1000; under
TA 2000+TE 1000 treatment at 90 days post-treatment, the ash
content was significant (P < 0.05) higher than that of TA 2000 and
TE 1000; and, under TA 2000+TE 1000 treatment at 90 days post-
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FIGURE 3

The effects of tebuconazole-azoxystrobin and tetramycin on the photosynthetic capability of Taizishen (P. heterophylla) leaves infected with leaf spot
and viral diseases at 30 days post-treatment under greenhouse conditions. (A) chlorophyll content (mg g™ FW), (B) photosynthetic rate (Pn) (umol
m2 s, (C) transpiration rate (Tr) (mmol m™ s™%), (D) intercellular carbon dioxide concentration (Ci) (wmol mol™), (E) stomatal conductance (Gs) (10
2 mol m™2 s, and (F) water use efficiency (WUE) (10~° pmol mmol ™). Different lower-case letters represent statistically significant differences among
treatments based on Duncan'’s test (P < 0.05). Control: water without fungicide. TE 500 and TE 1000: 0.3% tetramycin AS 500-time diluent or 1000-
time diluent, respectively. TA 1500 and TA 2000: 75% tebuconazole-azoxystrobin WDG 1000-time diluent or 2000-time diluent, respectively.

TA 2000+TE 1000: 75% tebuconazole-azoxystrobin WDG 2000-time + 0.3% tetramycin AS 1000-time diluent.
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FIGURE 4

The effects of tebuconazole-azoxystrobin and tetramycin on the agronomic traits of Taizishen (P. heterophylla) plants infected with leaf spot and
viral diseases at 30 days post-treatment under greenhouse conditions. (A) total biomass (g plant™ DW), (B) aboveground biomass (g plant™ DW),

(C) underground biomass (g plant™* DW), (D) plant length (cm), (E) leaf area (cm?), and (F) stem diameter (cm). Different lower-case letters represent
statistically significant differences among treatments based on Duncan's test (P < 0.05). Control: water without fungicide. TE 500 and TE 1000: 0.3%
tetramycin AS 500-time diluent or 1000-time diluent, respectively. TA 1500 and TA 2000: 75% tebuconazole-azoxystrobin WDG 1000-time diluent
or 2000-time diluent, respectively. TA 2000+TE 1000: 75% tebuconazole-azoxystrobin WDG 2000-time + 0.3% tetramycin AS 1000-time diluent.
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FIGURE 5

The effects of tebuconazole-azoxystrobin and tetramycin on the yield and quality of Taizishen (P. heterophylla) plants infected with leaf spot and viral
diseases at 90 days post-treatment under greenhouse conditions. (A) fresh weight (g m™), (B) dry weight (g m™), (C) root length (cm), (D) root
diameter (cm), (E) extractum (%), (F) ash (%), (G) polysaccharide (%), and (H) total saponins (%). Different lower-case letters represent statistically
significant differences among treatments based on Duncan’s test (P < 0.05). Control: water without fungicide. TE 500 and TE 1000: 0.3% tetramycin
AS 500-time diluent or 1000-time diluent, respectively. TA 1500 and TA 2000: 75% tebuconazole-azoxystrobin WDG 1000-time diluent or 2000-
time diluent, respectively. TA 2000+TE 1000: 75% tebuconazole-azoxystrobin WDG 2000-time + 0.3% tetramycin AS 1000-time diluent.

treatment, its polysaccharide content was also significant (P < 0.05)
greater than that of TA 2000, TE 500, and TE 1000. Moreover, their
extractum, ash, polysaccharide, and total saponin contents under
TA 2000 or TE 500 treatment at 90 days post-treatment were
apparently greater than those of TA 1500 or TE 1000. These results
demonstrate that the medicinal quality of Taizishen root was better
enhanced by tebuconazole-azoxystrobin + tetramycin than by
tebuconazole-azoxystrobin or tetramycin alone.

3.7 Correlation analysis

Pearson’s correlation analysis was used for creating a
correlation matrix between the disease control efficacy and the
resistance, electrophysiology, photosynthesis, growth, and quality
parameters of Taizishen. As shown in Figure 6, the control effect of
leaf spot disease in Taizishen is significant (P < 0.05) positive
correlated with its MA, UAC, MR, MF, IWHC, WTR, NTC, Pn,
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plant length, fresh weight, dry weight, underground biomass, and
root diameter, and significantly (P < 0.01) positive correlated with
its IC and chlorophyll, as well as significant (P < 0.05) negative
correlated with its [Xc, IZ, and IXL. Meanwhile, the control effect of
viral disease in Taizishen is significant (P < 0.05) positive correlated
with its POD, SOD, PPO, PAL, total soluble flavonoids, Tr, fresh
weight, dry weight and root length, and significantly (P < 0.01)
positive correlated with its soluble protein, total soluble phenols, Gs,
aboveground biomass, and ash, as well as significant (P < 0.05)
negative correlated with its MDA. These results demonstrate that
the control effect of leaf spot disease in Taizishen treated by the
combination of low-dosage tebuconazole-azoxystrobin and
tetramycin exhibited good correlations with its electrophysiology,
photosynthesis, and growth parameters, and the control effect of
viral disease in Taizishen treated by the combination of low-dosage
tebuconazole-azoxystrobin and tetramycin exhibited good
correlations with its disease resistance, photosynthesis, growth,
and quality parameters.
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Correlation analysis between control efficacy and resistance, electrophysiology, photosynthesis, growth, and quality parameters. CELSD, control
effect of leaf spot disease; CEVD, control effect of viral disease; SP, soluble protein; TB, total biomass; AB, aboveground biomass, UB, underground
biomass; PL, plant length; LA, leaf area; SDI, stem diameter; FW, fresh weight; DW, dry weight; RL, root length; RD, root diameter; TS, total saponins.
*, ** and *** represent significant correlations at 0.05 (P < 0.05), 0.01 (P < 0.01), and 0.001 (P < 0.001) levels, respectively.

4 Discussion

The leaf spot pathogens of Taizishen are Alteraria tenuissima,
Arcopilus versabilis, Phyllosticta commonsii, etc., and those of viral
disease are Turnip mosaic virus, Broad bean wilt virus, and Tobacco
mosaic virus (He et al., 2021; Long et al., 2013; Li et al., 2018; Liang
et al,, 2022; Yang et al,, 2023a, 2023). Tebuconazole can inhibit the
sterol biosynthesis of numerous pathogenic fungi (Fustinoni et al.,
2014; Paul et al, 2008; Liu et al., 2015), and azoxystrobin exerts
broad-spectrum systemic activity on several pathogens (Adetutu
et al,, 2010; Rodrigue et al,, 2013; Wang et al., 2016). Additionally,
tetramycin can be widely applied for preventing and controlling
various plant diseases caused by fungal, bacterial, and viral
pathogens (Chen et al., 2017; Gao et al,, 2018; Song et al.,, 2016;
Li et al,, 2023; Ma et al., 2017, 2018; Zhao et al., 2010). Wang et al.
(2021a) reported that tetramycin exhibited superior antifungal
activity against Alternaria tenuissima, a kiwifruit brown-spot
pathogen with an ECs, value of 0.16 mg kg'. Moreover, our
previous research findings showed that tetramycin, when
combined with chitosan or matrine, could reliably control leaf
spot or soft rot diseases in kiwifruit, improving its resistance,
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photosynthesis, and quality (Wang et al, 2021b; Zhang et al,
2022a, 2022b). In this study, TA 2000+TE 1000 displayed the best
performance in controlling leaf spot and viral diseases, with effects
0£90.03%~90.46% and 71.67%~73.08% at 15~30 days after the final
fungicide application, respectively; these values are obviously higher
than those of TA 1500, TA 2000, TE 500, and TE 1000. These results
demonstrate that low-dosage tetramycin, combined with low-
dosage tebuconazole-azoxystrobin, could more efficiently control
leaf spot and viral diseases compared with high-dosage
tebuconazole-azoxystrobin or tetramycin alone, as well as
effectively reduce tebuconazole-azoxystrobin application. The
superior antimicrobial activity of tetramycin, and the systemic,
protective, and therapeutic characteristics of tebuconazole or
azoxystrobin, effectively drove the synergistic effect of low-dosage
tetramycin and tebuconazole-azoxystrobin in leaf spot and
viral diseases.

Inducing disease resistance is considered a feasible method for
controlling plant diseases. MDA, flavonoids, phenols, SOD, PAL,
POD, and PPO activities, are actively involved in disease-resistance
processes in plants (Vlot et al, 2021; Zhang et al, 2022a). For
instance, flavonoids and phenols can enhance host cells’
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ligninization by participating in lignin biosynthesis, SOD and POD
can alleviate reactive oxygen species damage, and PAL and PPO can
participate in lignin or phytoalexins biosynthesis (Vlot et al., 2021).
Wang et al. (2021a) found that tetramycin could significant (P < 0.01)
enhance the phenolic and flavonoid contents, as well as the SOD and
PPO activities of kiwifruit, and notably increase fruit disease
resistance. In this study, TA 2000+TE 1000 significant (P < 0.05)
increased the total soluble flavonoids and total soluble phenols
contents, SOD, PAL, POD, and PPO activities of Taizishen at 30
days post-treatment, while decreasing its MDA content. Meanwhile,
the promoting or inhibitory effects of TA 1500, TA 2000, TE 500, and
TE 1000 on these resistance parameters were weaker than those of TA
2000+TE 1000. These results show how the combined application of
low-dosage tetramycin and tebuconazole-azoxystrobin could more
promote the resistance substance contents and resistance enzyme
activities of Taizishen than their high-dosage application alone. In
this way, this treatment has promising potential for ameliorating
disease resistance in Taizishen.

A plant’s electrophysiological activities run throughout almost
all of its life processes; these activities are considered the fastest
responses to environmental stresses (Sukhov, 2016; Szechynska-
Hebda et al,, 2017; Xing et al., 2022). Abiotic or biotic stress, such as
diseases, insect pests, drought, and so on, can directly or indirectly
causes dramatic changes in their electrophysiological activities
(Sukhov, 2016; Szechynska-Hebda et al., 2017; Xing et al., 2022;
Tian et al,, 2024; Zhang et al., 2020, 2021a, 2021b). Previously, it has
been shown that C, R, Z, Xc, and XL are the most common electrical
signals used to evaluate various plants’ physiological status (Zhang
et al,, 2015; Xing et al., 2021; Zhang et al., 2020, 2021a, 2021b; Tian
et al, 2024). In this work, the co-application of low-dosage
tetramycin and tebuconazole-azoxystrobin could more effectively
enhance the IC, intracellular water metabolism, nutrient transport,
and plant metabolic activity of Taizishen and decline its IR, 1Z, IXL,
and IXc than their high-dosage, singular application. These results
emphasize that the co-application of low-dosage tetramycin and
tebuconazole-azoxystrobin could effectively promote healthy
growth in Taizishen. This plant’s electrophysiological information
can effectively aid in characterizing its physiological activities, thus
supporting the research conclusions of the above disease control
roles following photosynthesis, biomass, and agronomic traits.

The physiological basis of plant growth and development is
photosynthesis, and good growth facilities high biomass and quality.
Wang et al. (2021b) reported that tetramycin, when used together with
chitosan, could enhance the photosynthesis, growth, and quality of
kiwifruit. Similarly, our previous research findings showed that
tetramycin combined with matrine could also reliably enhance
kiwifruit’s photosynthesis, quality, and amino acid levels (Wang et al,,
2021b; Zhang et al., 2022a, 2022b). In this study, compared with high-
dosage tetramycin and tebuconazole-azoxystrobin, the combined
application of low doses could more promote the chlorophyll, Pn, Tr,
Ci, and Gs of Taizishen; more reliably increase its total, above-, and
underground biomass, as well as its plant length, leaf area, and stem
diameter; and more notably ameliorate its root weight, length, and
diameter, as well as more obviously enhance its roots’ extractum, ash,
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polysaccharide, and total saponin contents. Moreover, the control effect
of leaf spot disease in Taizishen treated by the combination oflow-dosage
tebuconazole-azoxystrobin and tetramycin exhibited significant
correlations with its electrophysiology, photosynthesis, and growth
parameters, and the control effect of viral disease in Taizishen treated
by the combination of low-dosage tebuconazole-azoxystrobin and
tetramycin exhibited significant correlations with its MDA, total
soluble flavonoids, total soluble phenols, protective enzyme activity,
photosynthesis, growth, and quality parameters. These positive results
underscore how the co-application of low-dosage tetramycin and
tebuconazole-azoxystrobin can effectively control leaf spot and viral
diseases in Taizishen, thereby facilitating good growth, high biomass,
and an excellent medicinal quality.

In general, reducing the use of chemical pesticides and exploiting
alternative technologies are two approaches that will always be favored
by the public and the government. Meanwhile, high-efficacy and low-
toxicity natural products for use as synergists in managing plant
diseases and decreasing chemical pesticide use are being increasingly
welcomed (Wang et al., 2022). In this study, the combined application
of low-dosage tetramycin and tebuconazole-azoxystrobin could more
control leaf spot and viral diseases in Taizishen compared with high-
dosage tebuconazole-azoxystrobin or tetramycin alone. This treatment
combination could enhance its disease resistance, intracellular
water metabolism, nutrient transport, plant metabolic activity,
photosynthesis, growth, yield, and quality, and reliably decrease
tebuconazole-azoxystrobin application. Furthermore, the safe interval
period is very long at over 60 days, and tetramycin is a natural,
environmentally friendly, and low-toxicity antibiotic with wide
applications in medical, agricultural, and other fields. Thus, the food
safety risk with this combined treatment is minuscule to nonexistent.
All in all, this work highlights how 75% tebuconazole-azoxystrobin
WDG 2000-time + 0.3% tetramycin AS diluted 1000 times is a
practicable formula for controlling leaf spot and viral diseases
in Taizishen.

5 Conclusions

In summary, tetramycin could effectively assist low-dosage
tebuconazole-azoxystrobin in protecting against leaf spot and viral
diseases in Taizishen. Moreover, the co-application of low-dosage
tetramycin and tebuconazole-azoxystrobin could more effectively
improve the resistance-related substance contents and resistance
enzyme activities of Taizishen than their high-dosage, singular
application. Meanwhile, their combined application could more
effectively ameliorate the plant’s IC, intracellular water metabolism,
nutrient transport, and plant metabolic activity, and decrease its IR,
1Z, IXL, and IXc. Additionally, their combined application could
also more effectively enhance the plant’s photosynthesis, biomass,
agronomic traits, and root growth and quality. This study highlights
that the combined application of low-dosage tetramycin and
tebuconazole-azoxystrobin can be recommended as a novel and
practicable measure for controlling leaf spot and viral diseases

in Taizishen.
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Background and aim: Pine wilt disease (PWD), caused by the pine wood
nematode (PWN) Bursaphelenchus xylophilus, poses a significant threat to pine
forests worldwide. This study aimed to isolate bacterial strains from the
rhizosphere of healthy Pinus massoniana and elucidate their biocontrol
potential in mitigating PWD through direct nematicidal activity and
manipulation of host microbiome.

Results: We successfully isolated the rhizobacterium strain DP2-30 from
rhizosphere of healthy pine plants, which was identified as Luteibacter pinisoli
on the basis of morphological, biochemical, and molecular analyses. The
fermentation filtrates of strain DP2-30 displayed direct nematicidal activity of
>95% (corrected mortality rate) on PWN after 48 hours of treatment. The
fermentation broth and filtrates of strain DP2-30 significantly inhibited PWN
egg hatching by 49.38% and 43.05%, respectively. Additionally, root drenching of
strain DP2-30 fermentation broth significantly reduced PWD severity in pine
seedlings (2 years old), with a control effect of 62.50%. Microbiome analyses
revealed significant variations in the diversity, structure, and relative abundance
of bacterial and fungal communities of pine plants combined treated with DP2-
30 and PWN (T2), solely treated with PWN (T1), and control (treated with water).
Bacterial phyla, Proteobacteria, Actinobacteriota, Chloroflexi, Acidobacteriota,
and Armatimonadota and fungal phyla Ascomycota, Basidiomycota and
Mortierellomycota were dominant in the all root and stem samples. The
application of L. pinisoli DP2-30 significantly increased the relative abundance
of the family Rhodanobacteraceae in the roots and stems of pine seedlings.
Additionally, intra-kingdom co-occurrence network analysis revealed reduced
complexity in the bacterial networks but increased complexity in the fungal
networks of treated plants, suggesting enhanced functional redundancy and
ecosystem stability.
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Conclusions: Overall, this study highlights the potential of L. pinisoli DP2-30 as
an effective biocontrol agent against PWD by directly killing PWN and
manipulating the host microbiota.

KEYWORDS

Bursaphelenchus xylophilus, Luteibacter pinisoli DP2-30, biocontrol, host microbiome
manipulation, forest health

1 Introduction

Plant-parasitic nematodes (PPNs) are economically significant
pests that negatively impact crop yield (Ayaz et al., 2021). To date,
~4100 species of PPNs have been documented in the literature,
resulting in annually economic losses exceeding $150 billion (USD),
globally (Diyapoglu et al., 2022). Bursaphelenchus xylophilus, the
pine wood nematode (PWN), is a highly destructive pathogen
responsible for causing pine wilt disease (PWD), which poses a
substantial threat to pine forests worldwide (Kamaruzzaman et al.,
2024) and ranks as the sixth most economically important PPN
(Jones et al,, 2013). PWN is originally native to North America,
however it has been subsequently spread to numerous regions of
Asia and Europe, resulting in significant ecological and economic
losses (Dou and Yan, 2022). Insect vectors, usually longhorn beetles
of the genus Monochamus, transmit and introduce the PWN into
healthy pine trees from infected pine trees during oviposition or
feeding (Akbulut and Stamps, 2012). Upon entering the susceptible
host, the PWN undergoes fast reproduction and dissemination
throughout the tree’s vascular system, resulting in symptoms of
wilting and eventually leading to the death of the whole tree
(Modesto et al., 2022). Disease development is particularly severe
in vulnerable pine species under favorable climatic conditions such
as drought stress (Estorninho et al., 2022) and elevated
temperatures (Pimentel and Ayres, 2018). Considering the far-
reaching importance of pine forests for biodiversity preservation,
ecological services, and timber supply the management of PWD and
the mitigation of PWN effects on forest ecosystems have become the
main objectives of researchers worldwide.

Currently, PWD management strategies focus on a combination
of monitoring, early detection, and rapid response approaches (Chen
et al,, 2023). Integrated pest management (IPM) approaches such as
cultural practices (improving tree health by appropriate watering,
mulching, and pruning), biological control approaches, and chemical
applications (insecticides and nematicides) are widely adopted to
mitigate PWD incidence (Kim et al., 2020a). Efforts are being made in
certain regions to decrease the population of pine sawyer beetles
(Monochamus spp.), which serve as carriers for the PWN (He et al.,
2020; Kim et al., 2020b). Additionally, there is an increasing focus on
utilizing pine species (Pinus pinea and P. radiata) having resistant to
PWN for reforestation and landscaping to mitigate incidence of
PWD more effectively (Kamata, 2008). In heavily impacted regions,
more extreme IPM approaches, such as removal, burning, and
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fumigation of trees and aerial spray and trunk injection of
nematicides and insecticides have been undertaken to control the
spread of the disease (Takai et al., 2003; Kwon et al., 2005; Bonifacio
et al,, 2014). Although, these approaches are effective to some extent,
they also negatively impact the forest ecosystems. For example,
excessive use of nematicides influences the diversity of other
organism because of their nonselective nature, causes environmental
hazards, and increases the risk of forest fires (Dou and Yan, 2022).
Therefore, it is imperative to establish ecologically friendly methods to
reduce the prevalence of PWD.

Biocontrol approaches using biocontrol agents (BCAs) have
emerged as sustainable and environmentally friendly viable
substitutes for chemical control for the management of PWD and
mitigation of PWN impact (Sun et al., 2022; Kamaruzzaman et al.,
2024). These strategies provide multiple advantages, such as a smaller
ecological footprint, the possibility for long-lasting efficacy, and the
ability to target specific pathogens (Dou and Yan, 2022). BCAs
(bacteria and fungi) have shown great potential in mitigating PWD
through different mechanisms, such as directly killing PWN (Liu et al,,
2019b; Yin et al,, 2020), producing specific nematicidal and volatile
organic compounds (Li et al., 2018; Kang et al., 2021; Kamaruzzaman
et al,, 2024), and triggering host resistance (Chu et al., 2019; Kim et al,,
2019). For example, Esteya vermicola, a nematophagous fungus that
preys on PWN, has shown promising results in reducing populations
of PWN and decreasing the incidence of PWD by killing and
parasitizing PWN (Wang et al,, 2018; Pires et al, 2022). Similarly,
Beauveria bassiana and Metarhizium anisopliae possess the potential to
kill PWN, hence reducing their numbers and halting the spread of
PWD (Maehara et al., 2007; Kim et al., 2020b). Members of bacterial
genera such as Bacillus, Pseudomonas, Curtobacterium, and
Stenotrophomonas demonstrated strong nematicidal activities against
PWN, mitigate PWD incidence and enhanced the plant growth by
producing certain metabolites and volatile organic compounds (VOCs)
that are toxic to PWN and by stimulating host immunity (Nascimento
et al, 2013; Li et al, 2018; Dou and Yan, 2022). These BCAs can
directly be directly applied to diseased trees and provide a viable
solution, as they target various stages of the PWN life cycle, hence
mitigates PWD in the pine forests. The biocontrol of PWN using fungi
as BCAs is more prevalent than that of bacteria, and 100 strains from
51 fungal genera were reported as BCAs compared to bacteria (28
strains of 13 genera) (Dou and Yan, 2022). Thus, the biocontrol of
PWD via bacterial BCAs has not yet been fully developed and needs
further study.
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The plant rhizosphere is recognized as one of the most complex
ecosystems on Earth and serves as a hotspot for diverse microbes
(Raaijmakers, 2014). The rhizosphere microbiome acts as a first line
of defense for plants by establishing a complex community of
beneficial microorganisms that can inhibit pathogen invasion (Li
et al, 2021). Recently, the host microbiome has gained much
attention for improving plant health and disease resistance against
pathogens (Trivedi et al, 2020; Ahmed et al, 2022a). Beneficial
microorganisms can colonize the host plant, improve nutrient
absorption ability, secrete antimicrobial compounds, and stimulate
host resistance against many plant pathogens, including PPNs (Ali
et al, 2023; Dai et al, 2023). Many previous studies have
demonstrated that introducing BCAs significantly mitigates disease
incidence by manipulating the host microbiome and increasing the
abundance of native microbial communities (Ahmed et al., 2022b; Li
et al., 2023b). The microbiome of pine trees consists of diverse of
bacterial and fungal communities that play vital roles in disease
suppression, nutrient cycling, and plant growth promotion. Previous
studies directly explained the biocontrol potential of BCAs (bacteria
and fungi) against PWN by extraction of nematicidal compounds,
specific secondary metabolites, and VOCs. However, no research has
explored the potential of beneficial bacteria as BCAs in mitigating
PWD by manipulating the host microbiome. In the present study, we
screened a strain of rhizosphere bacteria with strong nematicidal
activity against PWN from the rhizosphere soil of a healthy pine
(Pinus massoniana) plant, and its biocontrol potential was studied
against PWD through reshaping the host microbiome via amplicon
sequencing. We assume that understanding and harnessing the
potential of the host microbiome offers new avenues for developing
innovative biocontrol strategies against PWN and improving the
overall resilience of pine forests to PWD.

2 Materials and methods
2.1 Cultivation of pine wood nematode

The pine wood nematode (PWN) Bursaphelenchus xylophilus
(Steiner and Buhrer, 1934) Nickle 1970 isolate was previously isolated
and stored in our laboratory, Guangdong Province Key Laboratory of
Microbial Signals and Disease Control, South China Agricultural
University, China (Kamaruzzaman et al., 2024). PWN was grown on
the mycelium of Botrytis cinerea (7-days old culture) cultured at 25°C
for one week in the dark on potato dextrose agar. The Baermann
funnel method was employed to harvest the PWN from the culture
medium (Mannaa and Seo, 2023). The harvested nematodes were
thoroughly washed with sterilized distilled water (sdH,O) to remove
most contaminants from the cuticle and stored at 4°C for future use.

2.2 Isolation and purification of
bacterial strains

Soil samples were collected from roots of the of healthy Pinus

massoniana free from PWN infestation, on the campus of South China
Agricultural University, Guangzhou, China. Three soil samples were
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collected from P. massoniana and mixed together to create a composite
sample. Bacterial strains were isolated from the collected soil sample using
a serial dilution method described by Ahmed (Ahmed et al,, 2022¢). For
the isolation of bacterial strains, one gram of soil was thoroughly mixed in
9 mL of sdH,0 and incubated at 28°C and 180 rpm for 30 minutes. The
mixture was subsequently serially diluted (10-folds), and 100 UL of the
diluted solution was spread on nutrient agar (NA) media supplemented
with 50 mg/L Nystatin (to inhibit fungi growth) with a sterile spreader
and incubated at 28°C for two days. On the basis of colony morphology
(shape and color), a single colony was picked and streaked on NA
medium for purification and 63 rhizobacterial strains were collected.
After five rounds of streaking and purification, the purified strains were
stored in 50% glycerol stock solution (v/v) at —20°C for future use (strains
identification and nematode mortality assays).

2.3 Nematicidal potential of isolated
bacterial strains against PWN

The isolated bacterial strains were reactivated on NA media at 28°
C for 48 hours to determine their nematocidal potential against PWN.
The nematicidal activity of the isolated strains was assessed against
PWN via the preparation of fermentation filtrates (FFs) according to
the methodology of Puttawong et al. (2024). The seeds solutions of the
isolated bacterial strains were prepared by adding a single colony from
each strain into 50 mL of nutrient broth (NB) and incubating at 28°C
for 15 hours. For the preparation of FFs, 100 mL of NB was inoculated
with 1% seed solution and incubated on a shaker for 72 hours at 28°C
and 180 rpm. The fermentation mixture was subsequently centrifuged
at 4°C and 10,000 rpm for 10 minutes, which was repeated twice. The
supernatant was collected and subsequently filtered using a 0.22 um
bacterial filter to obtain FFs and then stored at 4°C for later use. We
used the immersion method to evaluate the nematicidal activity of FFs
of each bacterial strain against PWN (Moo-Koh et al, 2022). A
mixture of 10 uL of nematodes suspension (~100 PWN) and 90 puL
of FFs was added to a 48-well cell culture plate (each well) and
incubated in the dark at 28°C for 48 hours, whereas sdH,O was used
as a control. Nematodes morphology was observed every 24 hours
using a stereomicroscope (Nikon SMZ 745; Nikon, Tokyo, Japan) to
calculate the corrected mortality rate (C-M-R). Nematodes were
determined to be dead when their bodies were stiff and
unresponsive to stimulation by a dissecting needle (Ali et al.,, 2023).
The C-M-R was calculated via the following formula (Ayaz et al,
2021): CM (%) = (T- CK)/(1 — CK) x 100. Where T represents the
mortality rate in the treatment group and CK represents the mortality
rate in the control group. The assay was repeated three times, with
minimum three replicates per treatment. From the isolated bacterial
strains, strain DP2-30 exhibited strong nematicidal activity against
PWN and was selected for subsequent analyses.

2.4 ldentification and characterization of
potent biocontrol strain

The potential biocontrol strain DP2-30 was identified on the
basis of morphological (colony shape, color, cell size, and Gram
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staining) and molecular (PCR amplification and phylogenetic
analysis) characteristics. Morphological identification of strain
DP2-30 was performed by growing it on NA media at 28°C for
48 hours. Gram staining of strain DP2-30 was performed using a
Gram Stain Kit, Solarbio Life Sciences & Technology Co., Ltd.
(Beijing, China). The cell morphology and size were observed by
Scanning Electron Microscope (SEM; (LEO 1450 VP SEM,
Germany) (Taheri et al., 2023). Molecular identification of strain
DP2-30 was performed by PCR amplification of 16S rRNA gene via
primer pair 27F-(5-AGAGTTTGATCCTGGCTCAG-3) and 1492R
(5-GGTTACCTTGTTACGACTT-3) (Zhang et al., 2022b). The
PCR products were observed using a 1% agarose gel
electrophoresis in a gel documentation system (Tanon 2500) and
sent to Guangzhou Aiji Biotechnology Co., Ltd. (Guangdong,
China) for sequencing. The obtained sequencing results were
analyzed by the BLASTN tool in the NCBI database. Mega 11
was used to edit, build, Clustal W, and alignment of sequences, and
a phylogenetic tree was constructed with the neighbor-joining
method (bootstrap analysis with 1000 replicates) by taking
Bacillus sp. as an outgroup (Tamura et al., 2021).

2.5 Optimizing culture medium conditions
to enhance Luteibacter pinisoli DP2-30
nematicidal activity against PWN

The effects of different culture medium conditions, such as
incubation time (days), temperature (°C), shaking speed (rpm/
min), and culture medium pH on the nematicidal activity of the
L. pinisoli DP2-30 against PWN were assessed to optimize the
fermentation conditions to maximize the nematicidal activity
(Kamaruzzaman et al., 2024). The seed solution of strain DP2-30
was prepared as described above (Section 2.3), and 1% of the seed
solution was used for subsequent analyses. The impact of
incubation time on the nematicidal activity of strain DP2-30 was
examined by growing strain DP2-30 in 100 mL of NB for 1, 2, 3, 4,
5, 6, and 7 days and the nematicidal activity was checked every 24
hours. To study how the pH of the culture medium influences the
nematicidal activity of DP2-30 against PWN, the pH of the culture
medium was adjusted to 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0.
Subsequently, 100 mL of culture mediums (NB) with different pH
values were inoculated with strain DP2-30 seed solution and
incubated at 180 rpm/min and 28°C for 72 hours. To assess the
effect of incubation temperature (°C), 100 mL of culture medium
(NB) containing DP2-30 seed solution was cultured at 180 rpm/min
and different temperatures 22, 25, 28, 31, 34, and 37°C for 72 hours.
Finally, the impact of shaking speed (rpm/min) on the nematicidal
activity of strain DP2-30 was determined by culturing 100 mL of NB
at 120, 140, 160, 180, 200 and 220 rpm/min and 28°C for 72 hours.
The FFs of strain DP2-30 for each assay were collected via
centrifugation as mentioned in section 2.3, and their nematicidal
activity was assessed as described above (Section 2.3). All the assays
were performed three times, with at least three replications per
treatment for each assay.
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2.6 Effect of the Luteibacter pinisoli DP2-
30 on the success hatching of PWN eggs

The eftects of different conditions (FFs, fermentation broth
(FB), and bacterial suspension) of strain DP2-30 on PWN eggs
hatching were studied as described by Sun et al. (2022). The PWN
eggs were collected following the methodology of Liu and colleagues
(Liu et al., 2019a) and adjusted to a concentration of 100 eggs per 10
UL via a microscope (Nikon SMZ 745; Nikon, Tokyo, Japan). A 10
UL of egg suspension (contained ~100 PWN eggs) was added to a
48-well cell culture plate containing 90 UL of FFs, FB, and bacterial
suspension (ODgpo = 0.5) and incubated in the dark at 28°C for 36
h, while sdH,O was used as a control. The PWN (L2 stage) number
was counted under a stereomicroscope (Nikon SMZ 745; Nikon,
Tokyo, Japan). The PWN egg hatching rate (HR: %) and relative
inhibition rate (IR: %) were calculated using the following formulas:
HR (%) = L2 x 100/eggs + L2 and IR (%) = (HR of control - HR of
treatment) x 100/HR of control. The experiment was performed
three times, with three replication per treatment.

2.7 Determining the plant growth-
promoting ability of Luteibacter pinisoli
DP2-30

The growth-promoting potential of strain DP2-30 was assessed
on a model plant (tobacco; Nicotiana benthamiana). For the growth
promotion assay, the FB and FFs of strain DP2-30 were obtained by
growing it in NB media at 28°C and 180 rpm/min for 72 hours.
Tobacco seeds were first surface sterilized with 10% sodium
hypochlorite solution for 5 min, followed by 4 times washing
with sdH,O (Shoyeb et al., 2020). After surface sterilization, the
tobacco seeds (30) were soaked in 2 mL of FFs and FB for 12 hours,
while NB and sdH,O were used as controls. The seeds (30 seeds per
dish, 3 dishes per treatment) were then placed in Petri dishes
containing MS media (0.8% agar, 1.5% sucrose, and pH 5.7) and
placed in a light incubator at 25°C (12 h light and 12 h dark) under
controlled conditions (Sheikh et al., 2023). The assay was performed
three times with three dishes per treatment as replicates and each
dish contained ten seeds. After 14 days, the seed germination rate,
fresh weight, root length, and stem length were recorded and
calculated (Sheikh et al., 2023).

2.8 In planta assay for determining the
biocontrol efficacy of Luteibacter pinisoli
DP2-30 against pine wilt disease and
samples collection

The biocontrol potential of strain DP2-30 against PWD was
investigated in a greenhouse pot experiment on 2-year-old pine
seedlings (P. massoniana) artificially inoculated with PWN. Before
the experiment, strain DP2-30 was grown in NB medium at 28°C
and 180 rpm/min for 72 hours to prepare FB. The experiment was
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executed following a completely randomized design under three
conditions: T1 (inoculation of ~3000 PWN per mL/plant), T2
(combined application of DP2-30 FB and ~3000 PWN per mL/
plant), and CK (application of sdH,O as blank control). We used
sdH,O as control to establish a baseline for comparison, which
allows us to assess the effects of DP2-30 without any confounding
variables that might arise from other treatments. Strain DP2-30 FB
(30 mL/plant) was inoculated via the root drenching method
around the base of pine plant by disturbing the above 1 c¢m layer,
and the PWN suspension was artificially inoculated into the main
stem 5 cm below the top with superficial longitudinal incisions in a
well-sealed premade parafilm funnel and kept moist (Rodrigues
et al,, 2021). Disease development was observed at 9 days of post-
inoculation with PWN to 45 days with an interval of 9 days. The
disease severity index (%) was calculated for each treatment using a
5-point disease grading scale (0: asymptomatic plants, 1: 1-25%
wilting of pine needles, 2: 26-50% wilting of pine needles, 3: 51
—-75% wilting of pine needles, and 4: 76-100% wilting of pine
needles or death of plant). The disease severity index (%) and
control effect (%) were calculated using formulas as previously
described by Kamaruzzaman et al. (2024). The experiment was
repeated three times and 8 pine seedlings were inoculated per
treatment as replicates for each individual assay. To study, the
impact of strain DP2-30 on the host microbiome, particularly in the
context of its potential role in managing PWN infestations through
modulation of host microbiome. Root and stem samples were
collected from the pine seedlings under different treatments from
the in-planta biocontrol assay. A total of 36 samples (18 roots and
18 stems; 6 samples per treatment) were collected under different
treatments (CK, T1, and T2), placed in liquid nitrogen, and stored
at —80°C for host-microbiome analysis. The samples collected from
each treatment were labelled according to sample type: CK-R, T1-R,
and T2-R (roots) and CK-S, T1-S, and T2-S (stem).

2.9 DNA extraction, Illumina MiSeq
sequencing, and data processing

The total genomic DNA from the plant samples were extracted
as previously described in our study (Ahmed et al., 2022a), using a
Plant DNA Extraction Kit (Zymo Research, USA). The quality of
the extracted DNA was assessed at an ODjs60/4280 ratio of>1.8
using an ND2000 nanodrop spectrophotometer (Thermo Scientific,
USA). For microbiome analysis, the V5-V7 region of bacterial 16S
rRNA gene and fungal ITS1 region were amplified with the primer
sets 799F (5-AACMGGATTAGATACCCKG-3)/1193R (5-
ACGTCATCCCCACCTTCC-3) (Li et al., 2023b) and ITSI-
F_KYO2 (5-TAGAGGAAGTAAAAGTCGTAA-3)/ITS-86R (5-
TTCAAAGATTCGATGATTCAC-3) (Toju et al., 2012),
respectively. The obtained PCR samples were subjected to paired-
end sequencing on an Illumina MiSeq platform at Gene Denovo
Biotechnology Co., Ltd. (Guangzhou, China). The raw sequences of
bacteria and fungi were analyzed and processed using the UPARSE
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pipeline according to standard protocols and quality controlled by
USEARCH software to generate clean reads (Edgar, 2013).
Chimeras were eliminated via UCHIME, and subsequently, the
remaining clean sequences were allocated to operational taxonomic
units (OTUs) on the basis of a similarity standard of 97% (Edgar
etal, 2011). Ultimately, the sequence of each OTU was compared to
the RDP database of bacteria and UNITE database of fungi
according to the Naive Bayesian algorithm of the RDP Classifier
for taxonomic annotation at a confidence threshold level of 0.8~1
(Wang et al., 2007; Nilsson et al., 2019). The raw data from the
greenhouse experiments are available in the NCBI Sequence Read
Archive (SRA) under BioProject No. PRINA1132778 with the
sample names of CK-R, T1-R, and T2-R (R; root) and CK-S, T1-
S, and T2-S (S; stem).

2.10 Statistical and bioinformatics analyses

The alpha diversities of diversities (Shannon, Chao, PD-whole-
tree, and Chao-1) bacterial and fungal communities alpha were
calculated using QIIME 2 (Bolyen et al., 2019). We used principal
coordinate analysis (PCoA) based on the Bray—Curtis distance metric
to assess the variations in the structure of the bacterial and fungal
community compositions. PERMANOVA with Adonis function was
employed to determine the overall dissimilarity in the structure of the
microbial communities using “vegan” package in R (version 4.0.1)
(Oksanen et al.,, 2013). The relative abundance bar, box, and bubble
plots for the bacterial and fungal communities were generated using
the “ggplot” package in R (version 4.0.1). The intra-kingdom
microbial network analysis was performed at the OTU level by
excluding those with a relative abundance < 0.01, p < 0.05, and
Pearson correlation coefficient > 0.7 using R sparcc package and
visualized with Gephi 0.9.2 (Zhang et al., 2024). We employed one-
way ANOVA in SPSS v20.0 (SPSS Inc. USA) to evaluate the impact of
different treatments on the disease severity index, nematicidal
activity, alpha diversity, and microbial community composition and
were considered significant if p < 0.05 according to Tukey-HSD and
Duncan’s multiple range tests. The figures were edited, merged, and
combined using Adobe Illustrator 2022.

3 Results

3.1 Isolation and characterization of
Luteibacter pinisoli DP2-30

A total of 63 bacterial strains were preliminarily isolated and
purified from the rhizosphere soil of healthy Pinus massoniana
plants. The nematicidal activity of isolated bacterial strains was
investigated against PWN using fermentation filtrates (FFs) by the
immersion method, among which 10 bacterial strains showed
various degree of nematicidal activity (20.70% to 92.08%) against
PWN after 48 h of exposure. The strain DP2-30 displayed the
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highest nematicidal activity with a corrected mortality rate (C-M-R)
of 92.08% against PWN (Figures 1A, B), followed by strains DP1-4
and DP2-15 with C-M-R of 75.01% and 73.94% (moderate
nematicidal activity), respectively. Several strains, including DP2-
13, DP2-27, DP1-2, DP1-18, Dp2-2, DP2-24, and DP2-41 exhibited
low nematicidal activity against PWN, with C-M-R values less than
40% (Table 1). In light of these findings, we therefore, chose DP2-30
as a possible biocontrol strain for further investigation.
Morphological and biochemical analyses were performed for
strain DP2-30. On NA media strain DP2-30 produced smooth,
opaque, and round to convex yellow color colonies (Figures 1C, D).
Scanning electron microscopy revealed that the bacterial cells were
rod-shaped with 1.19 + 0.20 pm in length and 0.37 + 0.03 pum in
diameter, and Gram staining was negative (Figures 1E, F).
Molecular identification of strain DP2-30 was performed via PCR
amplification of the 16S rDNA gene using primer set 27F/1492R. A
938 bp PCR product was obtained, and NCBI BLASTN analysis
showed 98.80% similarity with Luteibacter pinisoli MAH-14
(NR_179163.1). Further phylogenetic tree analysis via neighbor-
joining method revealed that strain DP2-30 was in the same clade as
L. pinisoli and was different from other Luteibacter species
(Figure 1G). Thus, on the basis of morphological, biochemical,

36
o1 MK559963.1 Luteibacter sp. strain L20

86} MK559966.1 Luteibacter sp. strain L50

10.3389/fpls.2025.1515506

and molecular analyses, the isolated strain DP2-30 was determined
to be L. pinisoli and was named as L. pinisoli P2-30.

3.2 Fermentation conditions for maximal
nematicidal activity of Luteibacter pinisoli
DP2-30

The effects of various fermentation conditions, including culture
medium time, pH, temperature, and shaker speed on the nematicidal
activity of L. pinisoli DP2-30 were assessed against pine wood
nematode (PWN) using fermentation filtrates (FFs). Results
revealed that the nematicidal activity of strain DP2-30 FFs first
increased with the increasing in incubation time, temperature,
speed, and fermentation medium pH and then gradually decreased
(Figures 2A-D). The nematocidal activity of strain DP2-30 FFs was
the highest against PWN at 3 d of incubation with a C-M-R of 95.21%
(Figure 2A). At pH 7, the nematicidal activity of strain DP2-30 FFs
was maximum, with a C-M-R of 94.10% (Figure 2B). When the
incubation temperature was 28°C, strain DP2-30 FFs presented the
highest killing rate against PWN with a C-M-R of 94.60%
(Figure 2C). The FFs of strain DP2-30 exhibited strong nematicidal

KM589043.1 Luteibacter yeojuensis T-79

KF668474.1 Luteibacter yeojuensis strain IHB B 6856
0Q442348.1 Luteibacter yeojuensis strain UN32
MW365223.1 Luteibacter yeojuensis strain HBU72524
MN589767.1 Luteibacter rhizovicinus strain LrLB9
AY785744.1 Luteibactor rhizovicinus OUCZ70

OM841661.1 Luteibacter anthropi strain KTB5
54 —|
98

KX982773.1 Luteibacter anthropi strain UMBR 3080
— OP811704.1 Luteibacter pinisoli strain 110_2
0Q913549.1 Luteibacter pinisoli strain DR2.52
NR 179163.1 Luteibacter pinisoli strain MAH-14
@ DP2-30
AY785744.1 Luteibactor rhizovicina isolate OUCZ70

88

7
98

" MTO008462.1 Luteibacter rhizovicinus strain gene

MZ234592.1 Luteibacter sp. strain VM SES39

73l MK559964.1 Luteibacter sp. strain L21
r NR 074540.1 Bacillus cereus ATCC 14579 1

[ ———
0.02

FIGURE 1

100 | LC804381.1 Bacillus cereus BFP1

Nematicidal activity, morphological, and molecular characterization of Luteibacter pinisoli DP2-30. Nematicidal activity of strain DP2-30 against
PWN (A), control (B), colony morphology on NA medium (C, D), scanning electron microscope image of bacterial cells (E), Gram staining (F), and
phylogenetic tree based on 16S rRNA sequence illustrating the evolutionary position of strain DP2-30 via neighbor-joining method with a bootstrap

value of 1000.
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TABLE 1 Nematicidal activity of fermentation filtrates of isolated activity against PWN when cultured at 180 rpm/min and 200 rpm/
bacterial strains on pine wood nematode in a co-culture assay. min, having a C-M-R values of 92.43% and 91.71%, respectively
(Figure 2D). On the basis of these findings, the optimal fermentation
Strains rate (%) rate (%) conditions for maximizing the nematicidal activity of L. pinisoli DP2-

48 h mortality 48 h corrected mortality

30 against PWN appear to be 3 days of incubation at 28°C, pH 7, and

DP1-2 3801 +216b 3570 £2.24 b
: * a shaking speed of 180 rpm/min.
DP 1-4 75.90 + 2.52 ab 75.01 + 2.61 ab
DP1-18 70.33 £2.93 b 69.22£293 b . L
- oo 596t el 3.3 Luteibacter pinisoli DP2-30
- 19 5, 78 + 6. . A

fermentation broth inhibits PWN
DP2-13 57.72 + 3.81 ab 56.14 + 3.96 ab egg-hatching
DP2-15 74.87 £ 4.61 ab 73.94 + 478 ab

The effects of strain DP2-30 fermentation broth (FB), FFs, and

DP2-24 34.12+295b 31.67 £3.06 b ) ) )

bacterial suspension on PWN egg hatching were calculated after 36
DP2-27 5621+ 123b 5458+128b hours of incubation at 28°C. The FB and FFs significantly reduced
DP2-30 9236 + 1.26 a 92.08 + 131 a PWN egg hatching compared to the control group. The hatchability

rates were recorded at 41.17% and 46.33% for the FB and FES,
DP2-41 23.55+£195b 20.70 £2.02 b ) : i

respectively, which were substantially lower than the control. In
CK-NE 12.66 £ 3.06 be — contrast, the bacterial suspension of strain DP2-30 itself had only a
CK-sdH,0 914 + 127 ¢ . slight inhibitory effect on egg hatching, with a hatchability rate

Different letters within a column indicate significant differences among bacterial strains Shghtly lower than that of the control group. The FB and FFs
according to the Duncans multiple range test at p < 0.5. demonstrated a relatively high inhibition rates of 49.38% and

22 25 28 31 34 37 40 CK 120 140 160 180 200 220 CK
Temperature Speed (rpm/min)

FIGURE 2

Optimization of fermentation conditions for maximal nematicidal activity of Luteibacter pinisoli DP2-30. Effects of different fermentation conditions,
including incubation time (A), pH (B), temperature °C (C), and rotation speed (rpm/min) (D), on the nematicidal activity of L. pinisoli DP2-30 against
PWN. Different letters on the error bars (+ SD of three biological replicates) indicate significant differences among treatments according to Duncan’s
test at p < 0.05.
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43.055%, respectively, on PWN egg hatching compared to the
control (Table 2). These results indicate that the metabolites
produced during fermentation by strain DP2-30, rather than the
bacteria themselves, are responsible for the significant inhibition of
PWN egg hatching.

3.4 Growth-promoting effects of
Luteibacter pinisoli DP2-30 on tobacco as
model plant

The effects of strain DP2-30 FB and FFs were evaluated on tobacco
seed germination and seedling growth (Supplementary Table SI;
Supplementary Figure S1). After the tobacco seeds were soaked in
strain DP2-30 FB, FFs, nutrient broth (NB medium) and sdH,O for 12
h, they germinated normally and no significant effects were observed
among treatments. The germination rate reached more than 90.00% in
all treatments, and no significant difference was observed among
treatments, indicating that strain DP2-30 did not affect the tobacco
seed germination rate. After 14 days of tobacco seed growth in the
dish, the tobacco seeds in the treatment group had stronger buds,
thicker green leaves, longer roots, and greater fresh weight than the
control group (Supplementary Figure S1). The root length of tobacco
seedlings treated with FB was significantly increased by 75.05% and
74.30% compared with control groups, while the fresh weight was
increased by 58.6% and 61.4%, respectively. Similarly, the root length
of tobacco seedlings treated with FFs significantly increased by 60.4%
and 59.8% compared with control groups, whereas the fresh weight
increased by 49.1% and 51.8%, respectively (Supplementary Table S1).
The results showed that strain DP2-30 significantly promote the
growth of the tobacco seedlings, and could be used as a potential
plant growth promoting agent.

3.5 Luteibacter pinisoli DP2-30
fermentation broth reduces pine wilt
disease incidence in pine seedlings

The biocontrol efficacy of L. pinisoli DP2-30 was assessed in
mitigating PWD in pine seedlings treated with PWN and strain DP2-
30 FB. The disease severity index (%) was calculated from the gth day
after inoculation with PWN till the 45 days, with the interval of 9
days, whereas the control effect (%) was calculated at the end of the

TABLE 2 Impact of Luteibacter pinisoli DP2-30 on pine wood nematode
egg hatching.

Egg hatching Relative inhibition

Treatments rate (%) rate (%)
Fermentation broth 41.17 + 1.03b 49.38 + 1.54b
Fermentation filtrate 46.33 + 1.71b 43.05 + 1.54b
Bacterial suspension 77.25 + 0.94a 5.01 + 1.81a
Sterile distilled 82,00 + 0.942 o

water (CK)

Data are present as mean + SD of three biological replicates. Different letters within a column
indicated significant differences among treatments according to Duncan’s test at p < 0.05.
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experiment (Table 3 and Figure 3). The results indicated that
symptom of PWD (fade, yellowing, and wilting of needles) were
first observed on the 9" day post-inoculation with PWN in treatment
T1 (pine seedlings solely inoculated with PWN). In contrast, the
application of DP2-30 FB (T2; combined treatment with DP2-30 FB
and PWN) resulted in delayed symptom development in pine
seedlings, and PWD symptoms were first observed on the 27 after
inoculation with PWN. The disease incidence of PWD gradually
increased with the increasing time in treatments T1 and T2, whereas
the control plants (CK) treated with sdH2O exhibited normal growth,
were healthy, and remained lush green (Figure 3). At 45 days after
inoculation with PWN, the highest disease severity index of 100% was
observed in treatment T1. However, pine seedlings treated with DP2-
30 FB + PWN (T2) displayed a minimum disease severity index of
37.5% and maximum control effect of 62.50% (Table 3). These results
showed that the application of DP2-30 FB (T2) significantly delayed
the occurrence of PWD in pine seedlings.

3.6 Pine plant microbial community
assembly, diversity, and structure analyses

Thirty-six samples (18 roots and 18 stems) of pine plants from
different treatments (CK, T1, and T2) were subjected on the Illumina
platform for analysis of the host endophytic microbiome (bacteria and
fungi). The 16S rRNA and ITS amplicon sequencing of V5-V7 and
ITS1 variable regions of bacteria and fungi resulted in a total of 4.547
and 4.523 million raw reads, respectively. After quality control and
chimera removal, 3.285 and 4.228 million effective tags of bacteria and
fungi were obtained, with an average of 0.091 and 0.117 million
effective tags per sample of bacteria and fungi, respectively. These
effective tags were then clustered into 29909 bacterial and 16952 fungal
OTUs for taxonomic annotation, with an average of 830 bacterial and
470 fungal OTUs per sample (Supplementary Tables S2, S3). The
obtained OTUs were used to calculate the alpha diversity indices
(Chao-1, Shannon, Simpson, and PD-whole-tree indices) and the beta
diversity (changes in the structure) of the bacterial and fungal
communities in different samples. A significant difference was
observed in the alpha diversity indices of bacterial and fungal
communities among the samples under different treatments
(Figures 4A, B; Tukey-HSD, p < 0.05). The values of alpha diversity
indices for bacterial communities under treatment T2 (T2-S) were
significantly decreased as compared to other treatments (Figure 4A;
Tukey-HSD, p < 0.05), while for fungal community values of alpha
diversity indices were increased dramatically under treatment T2 (T2-
S) than other treatments (Figure 4B; Tukey-HSD, p < 0.05). PCoA
based on Bray-Curti’s dissimilarity matrix and PERMANOVA
(Adonis) demonstrated a significant difference in the structure of
bacterial and fungal communities under different treatments. The first
two components of PCoA explained 77.10% (PERMANOVA, p =
0.001 and R” = 0.8259) and 60.74% (PERMANOVA, p = 0.001 and R®
= 0.7257) of the variation in the structure of the bacterial and fungal
communities, respectively under different treatments (Figures 4C, D;
Supplementary Table S4). First, we generated Upset plots to show the
shared and unique bacterial and fungal OTUs among samples (roots
and stems) under different treatments (Supplementary Figures S2A-
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TABLE 3 Control effect of Luteibacter pinisoli DP2-30 fermentation broth on incidence of pine wilt disease.

T1 15.63 + 1.23a 34.38 + 2.52a 59.38 + 3.51a 84.37 £ 2.92a 100.00 + 0.00a —
T2 0.00 + 0.00b 0.00 + 0.00b 12.50 + 1.24b 21.86 + 1.94b 37.50 £ 2.24b 62.50 + 1.79a
CK 0.00 + 0.00b 0.00 + 0.00b 0.00 + 0.00c 0.00 + 0.00c 0.00 + 0.00c —

Here: T1; sdH,O + PWN, T2; L. pinisoli DP2-30 fermentation broth + PWN, and CK; sdH,O. Data are present as mean + SD of three biological replicates. Lowercase letters in each column show
significant differences among treatments according to Duncans’s test at p < 0.05.

C). The flower Venn diagram also revealed 303 bacterial and 92 fungal ~ presented as unique OTUs in CK-R, T1-R, T2-R, CK-S, T1-S, and T2-
shared OTUs among the samples (roots and stems) under the different S, respectively (Figures 4E, F). These results suggested that the
treatments. Further OTUs analysis revealed that 397, 51, 73, 130, 88,  variations in the diversity and structure of the bacterial and fungal
and 13 bacterial and 68, 22, 66, 150, 20, and 158 fungal OTUs were =~ communities might be due to these common and shared OTUs.

FIGURE 3

Biocontrol potential of Luteibacter pinisoli DP2-30 fermentation broth against pine wilt disease in a greenhouse assay. Here: CK; application of
sdH20, T1; application of PWN, and T2; combined application of L. pinisoli DP2-30 fermentation broth + PWN. Different letters on the error bars
represent significant differences among treatments according to Duncan’s test at p < 0.05. Data related to the disease severity index (%) and control
effect (%) are presented in Table 3.
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FIGURE 4

Diversity and structure of root and stem-associated microbial communities under different treatments. Alpha diversity metrics of bacterial (A) and
fungal (B) communities under different treatments. Principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity metrics and permutational
multivariate analysis of variance (PERMANOVA) showing the distance in the bacterial (C) and fungal (D) communities between the treatments. The
flower Venn diagram displays the common and unique bacterial (E) and fungal (F) OTUs under different treatments. Here, CK; application of water as
control, T1; application of PWNs, and T2; combined application of PWNs + L. pinisoli DP2-30. R, root; S, stem. Different letters on the error bars
indicate significant differences among treatments according to the Tukey-HSD test p < 0.05.

3.7 Variations in the microbial community
composition under different treatments

Analysis of the microbial community composition across
different treatments revealed significant variations in the relative
abundances of major bacterial and fungal communities at the
phylum, class, and family levels in the samples (root and stem)
(ANOVA, p-adjusted < 0.0001; Figures 5, 6). We detected the top 10
bacterial and fungal phyla in the samples (root and stem) under
different treatments and their average relative abundance (RA) in
each sample is shown by taxon bar plots (Figures 5A, B). Bacterial
phylum, such as Proteobacteria, Actinobacteriota, Chloroflexi, and
Acidobacteriota and fungal phylum, including Ascomycota and
Basidiomycota were the dominant microbial phyla in all the
samples with an average RA > 1% across the treatments. Phylum
Proteobacteria and Actinobacteriota accounted for 81.63% and
11.45% of the host total bacteriome, respectively (Figure 5A), and
the phylum Ascomycota and Basidiomycota described 86.38% and
12.82% of host total fungal communities, respectively (Figure 5B).
Further box plots were constructed to observe the overall variations
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in microbial community compositions of the most abundant
bacterial and fungal phyla among the treatments. Phylum
Proteobacteria was present in significantly high RA in T1-R, T2-
R, and T2-S compared to CK-R, CK-S, and T1-S (Tukey-HSD, p <
0.05). The RA of phyla Actinobacteriota, Chloroflexi, and
Armatimonadota was significantly higher in CK-S, and
Acidobacteriota was the dominated bacterial phyla in CK-R and
T1-S than other treatments (Tukey-HSD, p < 0.05; Figure 5C). In
the fungal communities, the RA of phylum Ascomycota varied
significantly among treatments (p < 0.05) and was present in
significantly high RA in T1-R, T1-S, and T2-S samples compared
to others CK-R, T2-R, and CK-S. The RA of phylum Basidiomycota
was substantially higher in T2-R than others, and phylum
Mortierellomycota was present in significantly higher RA in CK-
R than others (Tukey-HSD, p < 0.05; Figure 5D).

At the class and family levels, the taxonomic distribution patterns
of bacterial and fungal communities became more apparent (Tukey-
HSD, p < 0.05; Figure 6). The RA of the top 10 most abundant
bacterial and fungal communities at class and family levels are shown
by bubble plots (Figures 6A-D). Among the bacterial communities,
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Gammaproteobacteria and Alphaproteobacteria were the highly
abundant classes, and Rhodanobacteraceae and Burkholderiaceae
were the most abundant families in all samples across the
treatments. The class Gammaproteobacteria was present in
significantly high RA in T1-R, T2-R, and T2-S as compared to
other samples and class Alphaproteobacteria was significantly
dominated in CK-S than in the other samples (Tukey-HSD, p <
0.05; Figure 6E). The RA of the family Rhodanobacteraceae increased
considerably in T2-S followed by T2-R compared with CK-R, CK-S,
T1-R, and T1-S, and the family Burkholderiaceae was present at a high
RA in TI1-R than in the other samples (Tukey-HSD, p < 0.05;
Figure 6F). Among the fungal community’s classes, Sordariomycetes
and Dothideomycetes and the families Nectriaceae and Diaporthaceae
were present at high RA in all samples among the treatments. The
class Sordariomycetes had significantly higher RA in T1-S than in the
other samples, and Sordariomycetes exhibited in significantly greater
RA in CK-S and T2-S than in the other samples under different
treatments. The family Nectriaceae was more dominant in the T1-R
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sample than other samples, and the family Diaporthaceae was more
abundant in the T1-S sample than in the other samples across the
treatments (Tukey-HSD, p < 0.05; Figures 6G, H). Analysis of the
bacterial community composition at the family level revealed that the
application of biocontrol agent L. pinisoli DP2-30 significantly
increased the RA of the family Rhodanobacteraceae in the roots and
stems (T2-R and T2-S) of pine seedlings, as L. pinisoli belongs to the
family Rhodanobacteraceae.

3.8 Intra-kingdom microbial co-
occurrence network analysis of pine plants
under different treatments

To further explore the impact of different treatments on the host
microbiome, we assessed the intra-kingdom co-occurrence patterns
of the bacterial and fungal communities in the different components
(root and stem) of the host plants (Figures 7, 8). For bacterial
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Variations in the relative abundance of microbial communities at the class and family levels under different treatments. Bubble plots illustrating the
relative abundance (%) of the most abundant bacterial classes and families (A, B) and fungal classes and families (C, D) across the treatments. Bar
plots showing the significant differences in the relative abundance of dominant bacterial classes and families (E, F) and fungal classes and families (G,
H). Here, CK; application of water as control, T1; application of PWNs, and T2; combined application of PWNs + L. pinisoli DP2-30. R, root; S, stem.
Different letters on the error bars indicate the significant differences among treatments according to the Tukey-HSD test at p < 0.05.

communities, the control group (CK) exhibited a complex co-
occurrence network; however, the complexity of the bacterial co-
occurrence network was reduced significantly from the root to stem
in CK and T2 than in T1, in which the network complexity
increased (Figure 7). For fungal communities treatment T2
showed a more complex co-occurrence network as compared to
CK and T1, and network complexity increased from the root to
stem (Figure 8). The modularity of all networks was calculated to be
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>0.4, which suggests a modular network structure of bacterial and
fungal communities (Figures 7, 8). The bacterial co-occurrence
network of CK-R and T1-S was divided into 3 modules, which
showed a more complex network with a maximum number of
nodes (CK-R; 541, T1-S; 307), edges (CK-R; 9444, T1-S; 3557), and
average degree (CK-R; 34.913, TI-S; 23.173). In contrast, the
networks of T1-R (nodes; 264, edges; 2719, and average degree;
20.598), T2-R (nodes; 297, edges; 3401, and average degree; 22.902),
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CK-R 541 9444 5784 3660 34.913 2.245 3 0.481 0.433 3
T1-R 264 2719 2043 676 20.598 2.336 5 0.498 0.405 4
T2-R 297 3401 2311 1090 22.902 2.351 4 0.532 0.492 4
CK-S 331 3453 1802 1641 20.864 2.379 4 0.486 0.482 5
T1-S 307 3557 2670 887 23.173 2.306 5 0.487 0.437 3
T2-S 181 1081 652 429 11.945 2.581 5 0.501 0.519 6

FIGURE 7

Intra-kingdom (bacteria-bacteria) co-occurrence network analysis under different treatments. The topological characteristics of the co-occurrence
network within each compartment niche are listed in the table. Red and green lines in the networks represent the significant positive and negative
relationships among bacterial communities (Spearman’s correlation, p < 0.05). Network analysis was performed at the OTU level by excluding the
relative abundance < 0.01 (p < 0.05 and correlation coefficient > 0.7). Here, CK; application of water as a control, T1; application of PWNs, and T2;

combined application of PWNs + L. pinisoli DP2-30. R, root; S, stem.

CK-S (nodes; 331, edges; 3453, and average degree; 20.864), and T2-
S (nodes; 181, edges; 1081, and average degree; 11.945) were divided
into 4, 4, 5, and 6 modules, respectively which demonstrated a
decrease in the network complexity. The number of nodes
decreased in CK and T2 from the root to stem but increased in
T1 from the root to stem. A higher number of positive edges were
observed in T1-S (2670) than in CK-S (1802) and T2-S (652), which
increased in the order T1-S > CK-S > T2-S (Figure 7). In contrast,
the complexity of the fungal co-occurrence network was increased
from root to stem under different treatments. A highly complex
microbial co-occurrence network was observed for fungal
communities in T2-S S (nodes; 260, edges; 2163, average degree;
16.431, and module; 4) and CK-S (nodes; 243, edges; 1821, average
degree; 14.987, and module; 4). In comparison, the networks of CK-
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R (nodes; 165, edges; 855, average degree; 10.363), T1-R (nodes;
148, edges; 794, average degree; 10.730), T2-R (nodes; 162, edges;
880, average degree; 10.864), and T1-S (nodes; 164, edges; 873,
average degree; 10.646) were divided into 5 modules, which showed
less complexity in co-occurrence network. In the stem, the number
of positive edges decreased from T2-S (1104) to CK-S (1034) to T1-
R (525), while in root, the number of positive edges decreased in
order CK-R (455) < T1-R (562) < T2-R (578) (Figure 8). These
results suggest that the application of L. pinisoli DP2-30
significantly reduced the positive correlation between the PWN
and bacterial communities, which resulted in low disease
development. The decrease in complexity of the T2 bacterial co-
occurrence network might be due to the strong colonization L.
pinisoli DP2-30 ability in the host plant, as it significantly enhances
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CK-R 165 855 455 400 10.363 2.670 3 0.464 0.524 5
T1-R 148 794 562 232 10.730 2.675 5 0.515 0.543 5
T2-R 162 880 578 302 10.864 2.608 4 0.484 0.509 5
CK-S 243 1821 1034 787 14.987 2.543 4 0.488 0.501 4
T1-8 164 873 525 348 10.646 2.643 5 0.484 0.523 5
T2-8 260 2136 1104 1032 16.431 2.416 5 0.459 0.447 4

FIGURE 8

Intra-kingdom (fungi-fungi) co-occurrence network analysis under different treatments. The topological characteristics of the co-occurrence
network within each compartment niche are listed in the table. Red and green lines in the networks represent the significant positive and negative
relationships among bacterial communities (Spearman’s correlation, p < 0.05). Network analysis was performed at the OTU level by excluding the
relative abundance < 0.01 (p < 0.05 and correlation coefficient > 0.7). Here, CK; application of water as control, T1; application of PWNs, and T2;

combined application of PWNs + L. pinisoli DP2-30. R, root; S, stem.

the RA of Rhodanobacteraceae family in the host plant. Moreover,
L. pinisoli DP2-30 make the fungal network more complex by
recruiting more fungal communities that plays an important role in
disease suppression.

4 Discussion

Pine wilt disease (PWD) caused by B. xylophilus is a severe
threat to pine forests around the globe, affecting forest ecology,
natural biodiversity and habitats, climate, and timber production
(Pires et al., 2022). Thus, it is necessary to manage the spread of this
devastating disease through the application of environmentally
friendly management measures to save the natural ecosystem and
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biodiversity. Pine trees provide habitats for diverse microbial
communities, which are crucial for plant health and can suppress
by combating pests, thus showing great potential for use as
biocontrol agents (Liu et al., 2019b; Kamaruzzaman et al., 2024).
This study aimed to explore the potential of Luteibacter pinisoli
DP2-30 in mitigating PWD via direct antagonism and
manipulation of the host microbiome.

Sixty-three bacterial strains were isolated from the rhizosphere
soil of healthy P. massoniana. Among these strains, DP2-30 showed
the highest nematicidal activity against pine wood nematode
(PWN), with a C-M-R of 92.08% after 48 hours of treatment. The
strain DP2-30 has been identified as L. pinisoli through
morphological, biochemical, and molecular studies and is
identical to a strain previously isolated from the rhizosphere of P.
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koraiensis (Akter and Hugq, 2018). The significant nematicidal
activity observed in this study is consistent with earlier research
that has shown the potential of bacterial BCAs in effectively
managing PPNs in different plants (Liu et al., 2019b; Sun et al,
20225 Ali et al,, 2023). To further investigate the biocontrol ability of
L. pinisoli DP2-30 against PWN, we modified the fermentation
conditions to maximize the nematicidal activity of strain DP2-30
fermentation filtrates (FFs) against PWN. The results of optimizing
fermentation conditions for L. pinisoli DP2-30 showed that the
highest level of nematicidal activity (>95%) of FFs was obtained
after 3 days of incubation at a temperature of 28°C, a pH of 7, and a
shaking speed of 180 rpm. These findings emphasize the
importance of improving fermentation conditions to increase the
biocontrol efficiency of BCAs against phytopathogens. Many other
studies have highlighted the impact of these environmental factors
on enhancing the biocontrol potential of BCAs (Spadaro et al., 20105
Liu et al., 2017; Kamaruzzaman et al., 2024).

The application of L. pinisoli DP2-30 fermentation broth (FB) and
FFs resulted in 49.38% and 43.05% decreases in the hatching of PWN
eggs, respectively, compared to the bacterium itself (5.01%) and control.
We assumed that this inhibitory effect was mainly due to the metabolites
produced during fermentation rather than the bacteria (DP2-30). The
substantial suppression of PWN egg hatching by fermentation
metabolites indicates that secondary metabolites play an important
role in inhibiting nematode growth; a similar phenomenon has also
been reported in other rhizobacteria, such as Lysinimonas sp. M4. The
nematicidal compounds 2-coumaranone and cyclo-(Pro-Phe) produced
by Lysinimonas sp. M4 significantly inhibited the PWN egg hatching by
59.92% and 50.77%, respectively, at 0.1 mM concentration (Sun et al,
2022). The root drenching of L. pinisoli DP2-30 FB substantially
mitigated the PWD in pine seedlings treated with PWN with a
control effect of 62.50%. The achieved control effect of L. pinisoli
DP2-30 against PWD might be due to the direct nematicidal activity
of L. pinisoli DP2-30 on PWN and the induction of host resistance
against PWN infestation. Previous studies have demonstrated that
beneficial rhizobacteria trigger plant defense against PWN and
effectively reduce PWD, supporting our findings (Han et al, 2021;
Sun et al, 2022; Li et al, 2023a). Although not the main goal, the
growth-promoting effect of L. pinisoli DP2-30 on tobacco seedlings
indicates its potential as a strong plant growth-promoting
rhizobacterium (PGPR). The ability of L. pinisoli DP2-30 to serve as
both a BCA and PGPR is highly advantageous for sustainable
agriculture and forestry management. This finding is in accordance
with previous reports that some rhizobacteria can play a dual role,
promoting plant growth and providing protection from diseases
simultaneously (Ayaz et al., 2021; Han et al., 2021; Ahmed et al., 2022b).

Analysis of the microbiome in L. pinisoli DP2-30 treated and
untreated pine seedlings revealed notable differences in the
proportions of bacterial and fungal communities in the roots and
stems of the pine plants. These results align with prior findings that the
use of BCAs alters the relative abundance of microbial communities
(Han et al, 20215 Dai et al,, 2023). The prominent bacterial phyla
identified in all samples were Proteobacteria, Actinobacteriota,
Chloroflexi, and Acidobacteriota, whereas the dominant fungal
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phyla were Ascomycota and Basidiomycota, corroborating the
findings of previous researchers (Ponpandian et al, 2019; Zhang
et al,, 2022¢). The proportion of Proteobacteria was notably greater
in TI-R, T2-R, and T2-S samples than in the other samples, but
Actinobacteriota, Chloroflexi, and Armatimonadota were more
dominant in the CK-S samples. The Ascomycota phylum of fungi
showed substantial variation across treatments and exhibited high
relative abundance in the T1-R and T2-S samples. The results indicate
a notable change in the microbial community composition in the
treated samples compared with the untreated ones. This change
involves an increase in the abundance of beneficial bacteria and
fungi, specifically Proteobacteria and Ascomycota, which are
recognized for their ability to decrease diseases (Mendes et al,
2011). Lysobacter and Trichoderma, which belong to Proteobacteria
and Ascomycota, respectively, are widely used to prevent plants from
diseases by producing specific secondary metabolites and volatile
organic compounds (VOCs) (Khan et al., 2020; Liu et al., 2022; Dai
etal., 2023; Xing et al., 2023). The notable increase in the proportion of
Basidiomycota in the treated roots (T2-R) of the fungal communities
is worth mentioning. This phylum includes various members, such as
Arbuscular mycorrhizae and Ectomycorrhizae, which are known to
establish mycorrhizal associations with plant roots. These associations
improve the absorption of nutrients by plants and offer protection
against pathogens (Sharma et al., 2014; Tripathi et al., 2017).

At the class and family levels Gammaproteobacteria and
Alphaproteobacteria were the predominant bacterial classes and
Rhodanobacteraceae and Burkholderiaceae were the most
dominant families. The prevalence of Rhodanobacteraceae was
notably higher in T2-S and T2-R samples than in the other
samples, suggesting successful colonization by L. pinisoli DP2-30.
Interestingly, the application of L. pinisoli DP2-30 (T2) resulted in a
decrease in bacterial alpha diversity but an increase in fungal alpha
diversity compared to control (CK) and PWN-infected (T1) plants.
The reduction in bacterial alpha diversity in T2 might have
occurred because the application of DP2-30 increased the relative
abundance of Rhodanobacteraceae (to which L. pinisoli belongs).
This finding is in accordance with the study of Li and colleagues,
who reported that B. subtilis L1-21 enhanced its diversity in the host
by successful colonization (Li et al., 2023b) and also Proteobacteria
is fasting growing bacteria that prefers to grow under nutrient-rich
conditions and healthy environment (Fierer et al., 2007). The PCoA
and PERMANOVA results revealed distinct microbial community
structures between the treated and control samples. These findings
suggest BCAs may create a hostile environment for pathogens by
promoting the abundance of beneficial microbes. Ahmed et al.
(2022b) and Zhang et al (Zhang et al., 2022a), reported similar
results, demonstrating that the application of beneficial
microorganisms can effectively modify the structure of microbial
communities, lowering the prevalence of decreases in agricultural
crops. Sordariomycetes and Dothideomycetes were the most
dominant classes in the fungal communities, whereas the most
prevalent families were Nectriaceae and Diaporthaceae. Application
of biocontrol strain DP2-30 significantly reduced the RA of family
Diaporthaceae in the root and stem of pine seedling combine treated
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with PWN+DP2-30. Studies showed that members (Diaporthe
ampelina, D. eres, and D. foeniculina) of Diaporthaceae found be
pathogenic to grapevines and causes Phomopsis cane and leaf spot
diseases (Fedele et al,, 2024). This also suggest the antifungal potential
of strain DP2-30, however future study is suggested to prove
this claim.

Intra-kingdom co-occurrence network analysis revealed that the
complexity of bacterial co-occurrence networks was reduced from the
root to stem in both control (CK) and L. pinisoli DP2-30-treated (T2)
plants compared to PWN-infected (T1) plants, where network
complexity increased. These findings suggests that the populations
of the bacterial ecological network increased following PWN
infection. The decrease in bacterial network complexity in T2
plants suggests a more stable and resilient microbial community
structure, which could help suppress diseases. Conversely, complexity
of fungal co-occurrence network was increased from root to stem in
the pine seedlings under different treatments (CK, T1, and T2), with
the most complex network was observed in the stem of pine seedlings
under treatment T2 (T2-S). This increased complexity in fungal
networks may be due to the recruitment of more fungal communities
that play a role in disease suppression. Previous studies revealed that
bacterial communities nodes or network complexity significantly
increased in the phyllosphere and rhizosphere of pine plants after
PWN infection (Deng et al., 2021).

10.3389/fpls.2025.1515506

5 Conclusions

In summary, we conclude that Luteibacter pinisoli DP2-30 isolated
from the rhizosphere soil of P. massoniana demonstrated solid
nematicidal activity against PWN, with a corrected mortality rate of
92.08%, and could be used as a promising biocontrol agent for the
management of pine wilt disease. The optimization of fermentation
conditions (pH 7 and 3 days of incubation at 28°C and 180 rpm) plays
a role in maximizing (>95%) the nematicidal activity of strain DP2-30
against PWN. L. pinisoli DP2-30 fermentation broth and filtrates
significantly inhibited PWN egg hatching, indicating that the
metabolites produced during fermentation play a critical role in
nematode suppression. Additionally, the application of L. pinisoli
DP2-30 fermentation broth significantly reduced PWD severity in
pine seedlings, with a control effect of 62.50%, demonstrating its
efficacy in mitigating disease symptoms and improving plant health.
A key finding of this study is the ability of L. pinisoli DP2-30 to reshape
the pine seedling microbiome, potentially enhancing disease resistance.
Intra-kingdom co-occurrence network analysis revealed reduced
complexity in the bacterial networks but increased complexity in the
fungal networks of the pine seedling combine treated with PWN+DP2-
30, indicate a shift towards a community composition dominated by
taxa that can effectively compete against PWN (Figure 9). This study
also revealed the plant growth-promoting potential of L. pinisoli DP2-

s
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microbiome ©BCA < Fungi

FIGURE 9

The concluding figure illustrates the effects of biocontrol agent (BCA) on the host microbiome and its role in reducing pine wilt disease. Luteibacter
pinisoli DP2-30 (BCA) altered the composition of the host microbiome, promoting the growth of beneficial microorganisms and increasing microbial
diversity, resulting in reduced PWD severity and healthier pine trees. The left side displays the pine tree subjected to the PWN, exhibiting a reduced
abundance of beneficial microbes, a higher population of PWN, and higher disease incidence. The right side displays the pine tree treated with PWN
+BCA, which showed an increase in beneficial microbes and an elevated microbial diversity, thus resulting in a healthier pine tree. The microbial
networks depict the alterations in the diversity and interactions of microbial populations. The bacterial networks in the BCA-treated plants exhibited
decreased complexity, whereas the fungal networks showed increased complexity, indicating a more stable and resilient microbial

community structure.
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30, as it significantly enhanced the growth of tobacco seedlings. Overall,
this study demonstrates the dual functionality of L. pinisoli DP2-30 as
both a biocontrol agent and a plant growth-promoting bacterium,
offering a sustainable and environmentally friendly strategy for
managing PWD. However, future research will be carried out to
optimize BCA formulations, clarify the specific underlying
mechanisms of host-microbe interactions, and conduct field trials to
validate the biocontrol efficacy of L. pinisoli DP2-30 under
natural conditions.
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Introduction: Bacterial wilt (BW) caused by Ralstonia pseudosolanacearum is a
devastating soil-borne disease. Bacteriophages are important biocontrol
resources that rapidly and specifically lyse host bacteria, showing good
application potential in agricultural production.

Methods: This study isolated nine phages (YL1-YL9) and, using host range and
pot experiments, identified two broader host range phages (YL1and YL4) and two
higher control efficacy phages (YL2 and YL3), which were combined to obtain five
cocktails (BPC-1-BPC-5).

Results: Pot experiments showed that BPC-1 (YL3 and YL4) had the highest
control efficacy (99.25%). Biological characterization revealed that these four
phages had substantial thermal stability and pH tolerance. Whole genome
sequencing and analysis showed that YL1, YL2, YL3, and YL4 belonged to the
genus Gervaisevirus. AlphaFold 3 predictions of tail fiber protein Il structures
showed that YL1 differed significantly from the other phages. Amino acid
sequence alignment revealed that the ORF66 (YL1) “tip domain” of contained a
higher proportion of aromatic and positively charged amino acids. However, the
surface of the ORF69 (YL4) "tip domain” exhibited more positively charged
residues than ORF66 (YL2) and ORF70 (YL3). These characteristics are
hypothesized to confer a broader host range to YL1 and YL4.

Discussion: This study demonstrates that phages assembling a broad host range
and high control efficacy have better biocontrol potential, providing high-quality
resources for the biological control of BW.

KEYWORDS

bacteria wilt (BW), Ralstonia solanacearum, Ralstonia phage, phage cocktail, control
efficacy, tail fiber
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1 Introduction

The Ralstonia solanacearum species complex (RSSC) infects
over 200 plant species from 50 families, including tobacco, tomato,
potato, and pepper, causing typical bacterial wilt (BW) (Denny,
2000; Lowe-Power et al., 2020; Paudel et al., 2020). Surveys have
shown that BW is the second most frequent plant disease globally,
causing annual economic losses of about USD 1 billion (Mansfield
et al, 2012; Elphinstone, 2005). RSSC has high variability and
complex genetic diversity (Jiang et al., 2017). Based on its
geographical origins and phylogenetic analysis, RSSC can be
divided into three species: R. pseudosolanacearum (formerly
Asian phylotype I and African phylotype III), R. solanacearum
(formerly American phylotype II), and R. syzygii (formerly the
Indonesian phylotype) (Paudel et al., 2020; Zhao et al., 2023).

Lytic Ralstonia phages that infect hosts have the following
characteristics: fast infection, short lysis time, and high host
specificity (Dion et al., 2020; Mushegian, 2020). They reduce the
number of host bacteria in the environment in a short time, without
causing harm to beneficial microorganisms in the environment,
while simultaneously regulating rhizosphere microbial composition
and function to collectively resist pathogen invasion. (Trivedi et al.,
20205 Ji et al,, 2021; Markwitz et al., 2022). Therefore, phage therapy
is considered an effective method for BW control (Buttimer et al.,
2017). Askora et al. (2017) isolated and purified Ralstonia phage
ORSY1 from the soil, and root irrigation and stem injection with R.
solanacearum M4S infected with ORSY1 (10 cell/mL) significantly
reduced the incidence and disease index of tomato BW. Wang X
et al. (2019) inoculated soil with Ralstonia phages (10° PFU/mL)
and found that they significantly reduced the R. solanacearum
population, with a control efficacy of 83.4% against tomato BW.

Due to the strong host specificity of phages, their application
mostly follows the principle of “isolating phages from farm soil and
returning them to the farm” (Diaz-Munoz and Koskella, 2014; Ye
et al, 2019). Studies have shown that the combination of multiple
phages effectively inhibits resistance development in R.
solanacearum and improves the control efficacy of BW (Wang
etal, 2024). In current reports on phage cocktail applications, most
Ralstonia phages used in these combinations belong to the class
Caudoviricetes. Wei et al. (2017) screened phage P1 combinations
capable of lysing the host within a short period based on lysis
kinetics, resulting in a 20% reduction in BW incidence; Magar et al.
(2022) utilized a combination of Ralstonia phages RpT1 and RpY2,
which exhibit a broad host range, to significantly reduce BW
incidence. Therefore, the biological characteristics of phages, such
as host range and lysis kinetics, are critical criteria for formulating
effective phage cocktails (Gill and Hyman, 2010; Villalpando-
Aguilar et al., 2022; Tang et al., 2024).

To construct a phage cocktail with good control efficacy on
tobacco BW in different areas of Xiangxi Tujia Zu and Miao Zu
Autonomous Prefecture, Hunan Province, China, this study
isolated R. pseudosolanacearum and its phages from tobacco
fields with a high BW incidence in this region. After comparing
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the host range and single phage control efficacy, four phages were
selected to construct a phage cocktail. Pot experiments showed
that phage cocktails improved the control efficacy of BW. This
study provides high-quality candidate resources for the biological
control of BW.

2 Materials and methods

2.1 Isolation, purification, and identification
of R. pseudosolanacearum and phages

Ralstonia pseudosolanacearum strains were isolated from
tobacco plants with BW collected among towns in the Xiangxi
Tujia Zu and Miao Zu Autonomous Prefecture (Xiangxi
Prefecture), Hunan Province. Ralstonia pseudosolanacearum
strains were obtained using the plate streaking method on
nutrient broth (NB) medium (10 g tryptone, 3 g beef extract,
10 g glucose, and 5 g NaCl, 1000 mL ddH,O) and identified using
16S rRNA gene sequencing and strain-specific PCR (759/760)
(Wicker et al., 2007). Lytic phages were isolated from tobacco
rhizosphere soil using the isolated R. pseudosolanacearum strains
as hosts and employing the modified double-layer agar method, in
which 1 g of soil was added to 10 mL of sterile water, vortexed, and
centrifuged at 12,000 rpm for 10 min. The supernatant was
filtered through a 0.22-pum bacterial filter (Millex, Tullagreen,
Carrigtwohill, Co. Cork., Ireland). Equal volumes of NB
medium and 0.3% host bacterial suspension (V/V) were added
to the filtrate and co-cultured at 30°C for 12 h. The culture was
centrifuged and filtered, and the filtrate was diluted 1000-fold with
SM buffer (50 mM Tris-CL, pH=7.5, 100 mM NaCl, 10 mM
MgSO,, and 0.01% gelatin solution). The diluted solution was
mixed with an equal volume of the R. pseudosolanacearum
suspension (ODgoo = 1.0), comprising the top layer of the plate,
which was incubated at 37°C until plaques appeared. This process
was repeated more than five times to complete phage purification
(Kropinski et al., 2009).

2.2 Phage host range determination

Host range determination experiments were conducted using
38 R. pseudosolanacearum strains, among which 31 were isolated
from tobacco (RStab-1 to RStab-31), 2 from peppers (RSpep-1,
RSpep-2), 2 from potatoes (RSpot-1, RSpot-2), and 3 from peanuts
(RSpea-1, RSpea-2, RSpea-3) (Supplementary Table S1). Each R.
pseudosolanacearum strain was mixed with NB solid medium
(0.2%, V/V) at 45°C and poured into plates. After the medium
solidified, 5 UL of phage was added to the plate surface, spread
evenly, and incubated overnight at 30°C. Plaque transparency was
observed, and the host range was recorded. Ralstonia
pseudosolanacearum strains with clear plaques were selected for
subsequent pot inoculation experiments (Wang et al., 2022).
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2.3 Pot experiments for the control of
tobacco BW with phages

Yunyan 87 tobacco plants at the four-leaf stage were
transplanted into a seedling substrate (Hunan Xianghui
Agricultural Technology Development Co., Ltd., China). The
pathogen used to inoculate tobacco was selected from the R.
pseudosolanacearum strain, which was lysed using all nine phages
in section 2.2. The pathogen was adjusted to ODggy = 0.1 with
phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10
mM Na,HPO,, and 1000 mL ddH,O), and the phage titer was
adjusted to 10® PFU/mL. Each plant was first inoculated with 10 mL
of the R. pseudosolanacearum suspension (ODggo = 0.1), followed
by 50 mL of the phage suspension. The experimental design
comprised 12 individual tobacco plants per treatment with 3
experimental replicates, the temperature of the greenhouse was
kept at 30°C throughout the experiment. The disease incidence was
investigated and recorded for each plant at the early and peak stages
of disease development. The disease index (DI) and control efficacy
(CE) were calculated (Huang et al., 2024) as follows:

DI=100 x (1 xnl+3Xxn3+5xn5+7xn7+9xn9)/(nx9) (1)

CE = (C-T)/C x 100% ©)

Where DI is the disease index; 1-9 refers to different disease
classification levels; n1-n9 is the number of infected plants in each
disease classification level; n is the number of plants investigated;
CE is the control efficacy (T versus C); C is the disease index of the
control group; and T is the disease index of the treatment group.

2.4 Construction and efficacy evaluation of
the phage cocktail

Lytic Ralstonia phages were divided into two groups based on the
host range and control efficacy. Two phages were selected from each
group to construct five phage cocktails following the principle of
‘broader host range + higher control efficacy’: BPC-1 (YL3, YL4),
BPC-2 (YLL, Y12, YL3, YL4), BPC-3 (YL1, YL3, YL4), BPC-4 (YLI,
YL4), and BPC-5 (YL2, YL3). Adjust all phage titers to 1x10® PFU/
mL using PBS buffer, then combine the phages in equal proportions
according to the cocktail combination to ensure a consistent final titer
of 1x10® PFU/mL in each cocktail. To simulate the infection of plants
with different R. pseudosolanacearum strains under natural conditions
(Genin and Denny, 2012), three virulent R. pseudosolanacearum
strains (RStab-5, RStab-12, and RStab-19) were mixed for
inoculation (Supplementary Figure S1). Pot experiments were
conducted to evaluate the control efficacy of the five phage cocktails.

2.5 Biological characteristics and
lysis curves

For the temperature tolerance experiments, 1 mL of phage
culture with an initial phage titer of 1x10° PFU/mL was subjected to
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water bath treatment at different temperatures (30, 37, 50, 60, 70,
80, and 90°C) for 1 h and then cooled to room temperature. The
plaques number were determined in the double-layer plate method
to compare the phage titers after different temperature treatments.
For the pH tolerance experiments, 10 pL of phage culture with an
initial phage titer of 1x10° PFU/mL was added to 990 UL of SM
buffer with different pH values (1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
10.0, 11.0, 12.0, and 13.0) and treated in a water bath at the optimal
temperature for 1 h. The pH was monitored using pH test strips
(JINLIDA, Tianjin Jinda Chemical Reagent Co., Ltd., China) after
the experiment to verify the stability of acid-base conditions
throughout the experimental process. Phage titers after different
pH treatments were determined using the double-layer plate
method. For optimal multiplicity of infection (MOI)
determination, phages and host bacteria (0.3%, V/V) were used
for inoculation and cultured overnight, and the host bacterial and
phage concentrations were determined. They were then mixed at
MOI = 10%, 10 10", 1, 107", 107, and 10> (Table 1) and incubated
at the optimal temperature and pH for 6 h. The phage titers were
determined at different ratios using the double-layer plate method
(Huang et al., 2022; Tian et al., 2022). Equal proportions of the
phage culture and host were added to 48-well plates at the optimal
MOI and co-cultured at the optimal temperature for 12 h. The
ODg values of the co-culture were measured after 0-12 h using a
microplate reader (TECAN spark, Tecan (Shanghai)Trading Co.,
Ltd., Shanghai) to plot the lysis curves (Wei et al., 2017).

2.6 Electron microscopy observation of
phage morphology

Each phage culture (1x10® PFU/mL) was concentrated using a
100-kDa ultrafiltration tube (Millipore, Tullagreen, Carrigtwohill,
Co. Cork,, Ireland), and 20 UL of concentrated phage solution was
dropped onto a copper grid and allowed to settle naturally for
15 min. The excess liquid was removed with filter paper, and 20 uL
of 2% phosphotungstic acid was added and left for 5 min for
staining. After drying, four phages were observed and
photographed using a Hitachi transmission electron microscopy
(HT7800, Hitachi America Ltd., Japan) (Ahmad et al,, 2021).

2.7 Genome sequencing and assembly

Each phage suspension was concentrated using 100-kDa
ultrafiltration tubes (Millipore, Tullagreen, Carrigtwohill, Co. Cork.,
Ireland). DNase I (1 pg/mL, TransGen Biotech, TransGen Biotech

TABLE 1 Phage MOI rationing.

MO 10 102 10 1 10' 10% 10°

(Phage/Host)

Phage (PFU/mL) 10° 10° 10° 10° | 10° 10° 10°

Host bacteria

108 107 10° 10°  10* 10° 10%
(CFU/mL)
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Co., Ltd., Beijing) and RNase A (1 pug/mL, TransGen Biotech) were
used to digest possible host nucleic acids in the suspensions and
inactivated using water bath treatment at 75°C for 30 min. Phage
genomes were extracted using a Virus DNA/RNA Extraction Kit
(Beijing Tiangen DP-315). DNase I, RNase A, and EcoRI (New
England Biolabs, Inc) were used to determine the nucleic acid type of
the phages (Wilcox et al., 1996).

Whole genome sequencing was performed on the Illumina
NovaSeq platform. The original sequencing data were quality
controlled using FastQC and quality trimmed using
Trimmomatic (Bolger et al., 2014). The A5-MiSeq and SPAdes de
novo assembly methods were used to obtain complete phage
genome sequences (Bankevich et al., 2012; Coil et al., 2015).

2.8 Comparative genomic analysis

GeneMarkS and RAST were used to predict the open reading
frames (ORFs) in phage genomes (Besemer and Borodovsky, 2005; Aziz
et al,, 2008). For functional annotation, Diamond was used to compare
the predicted protein sequences with the NCBI Non-Redundant (NR)
database (Buchfink et al., 2015). Gene Ontology (GO) term annotation
was performed using Blast2GO (Conesa et al.,, 2005).

Skani was used to calculate the average nucleotide identity
(ANI) between phage genomes, and heat maps were generated to
visualize genome similarities (Shaw and Yu, 2023). Phylogenetic
analysis was performed using the Mashtree method based on Mash
distances (Katz et al,, 2019). Mash was used to calculate Mash
distances between phage genomes (Ondov et al, 2016), and
Mashtree was used to construct a phylogenetic tree based on
Mash distances, with the kmer set to 21 and sketch set to 1000.
iTOL was used to visualize and annotate the phylogenetic tree
(Letunic and Bork, 2021). To identify genome structure
conservation and variation, Easyfig 2.2.5 was used for collinearity
analysis of phage genome sequences (Sullivan et al., 2011).

2.9 Tail fiber protein structure and
function analysis

Jalview was used to visualize the alignment results and identify
conserved and variable regions (Sievers and Higgins, 2018; Procter
et al,, 2021). AlphaFold 3 was used for three-dimensional structure
prediction of tail fiber protein amino acid sequences (Abramson
et al, 2024). To verify the AlphaFold prediction results, SWISS-
Model was used for homology modeling (Waterhouse et al., 2018).
PyMOL was used for visualization analysis and coloring of the
predicted structures, focusing on analysis the tip domain, which
may affect host recognition (Rosignoli and Paiardini, 2022).

2.10 Statistical analysis
Analysis of variance (ANOVA) in SPSS was used to identify

significant differences in the control efficacies of single phages and
phage cocktails (p<0.05).
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3 Results

3.1 Isolation and identification of R.
pseudosolanacearum and phages, and
construction of phage cocktails

3.1.1 Isolation and identification of R.
pseudosolanacearum and phages, evaluation of
single-phage biocontrol potential, and
construction of phage cocktails

This study collected tobacco with BW to screen phages with
effective Iytic activity against tobacco BW pathogens in Xiangxi Tujia
Zu and Miao Zu Autonomous Prefecture, Hunan Province. A total of
26 R. pseudosolanacearum strains (RStab1-RStab26) and 9 phages
(YL1-YL9) were isolated and purified (Supplementary Figure S2).

Host range analysis (Supplementary Table S1) showed that there
were significant differences in the host ranges of nine phages against
38 R. pseudosolanacearum strains isolated from tobacco, peanut,
pepper, and potato. YL1 and YL4 lysed 84.21 and 81.58% of the
tested R. pseudosolanacearum strains, respectively, showing higher
lysis rates than the other seven phages. Therefore, YL1 and YL4 were
defined as broader host range phages. As all nine phages could lyse
RStab-12 with obvious plaques, RStab-12 was selected to evaluate the
biocontrol potential of individual phages.

Pot experiments were conducted to compare the control efficacies
of nine individually inoculated phages against tobacco BW to evaluate
their biocontrol potential. The survey showed that at 7 days after
inoculation with RStab-12, seedlings in the control treatment (CK)
entered the peak period of BW, while only partial wilting was observed
in the phage-treated groups at the same time. At 14 days after
inoculation, the DI of CK were significantly higher than that of the
phage-treated groups. Among them, YL3 had the highest control effect
on BW (93.98 + 3.03%), followed by YL2 (76.39 + 8.37%), and YL9
had the lowest control efficacy (61.11 + 1.60%) (Figures 1A, B). This
indicates that phage inoculation effectively reduces the occurrence of
BW but that there are large differences in efficacy between phages.

The two phages with the highest control efficacy (YL2 and YL3)
were selected and combined with YL1 and YL4 to construct five
phage cocktails: BPC-1 (YL3, YL4), BPC-2 (YLI, YL2, YL3, YL4),
BPC-3 (YL1, YL3, YL4), BPC-4 (YL1, YL4), and BPC-5 (YL2, YL3).
Further research on YL1, YL2, YL3, and YL4 was conducted to
clarify their biological characteristics and taxonomic relationships.

3.1.2 Control efficacy of phage cocktails against
tobacco BW inoculation with three R.
pseudosolanacearium strains

Using pot experiments, the control efficacy of five cocktails and
four single phages was compared against mixed inoculation with three
R. pseudosolanacearum strains of high virulence (Supplementary
Figure S1). At 14 days after inoculation, the survey results showed
that the control efficacies of all five phage cocktails against BW were
above 87%. BPC-1 exhibited the highest control efficacy (99.25 +
0.65%), and the control efficacies of BPC-2, BPC-3, BPC-4, and
BPC-5 were 9549 + 1.95, 95.49 + 4.06, 94.36 + 3.90, and 87.22 +
11.30%, respectively. The control efficacy of each phage was between
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62.03 = 6.60 and 78.57 * 13.30%. Comparisons between phage
cocktails and individual phages showed no significant differences
among the five cocktails. However, the control efficacies of BPC-1,
BPC-2, BPC-3, and BPC-4 were significantly higher than those of the
individual phages; all phage cocktails achieved control efficacies above
94% against BW. The combination of two high control efficacy phages
(YL2 and YL3) in a cocktail (BPC-5) exhibited a control efficacy of
87.22 + 11.30%, which was significantly improved compared to that of
phage YL1. BPC-5 had a 10.9% increase in control efficacy compared
to YL2 and YL3. The addition of two broader host range phages (YL1
and YL4) to BPC-5 (forming BPC-2) improved the control efficacy
against BW by 8.27% (Figures 1C, D). The experimental results
indicate that combining phages with a broad host range and high
control efficacy enhances their coverage against R. pseudosolanacearum
strains and improves their control efficacy against BW.

3.2 Biological characteristics

Phage stability is affected by environmental factors, such as
temperature and pH. Temperature sensitivity experiments showed
that YL1’s titer remained stable in the range of 30-50°C but decreased
significantly at temperature greater than 60°C. The titers of YL2, YL3,
and YL4 remained stable in the range of 30-60°C but decreased
significantly after water bath treatment at 70°C for 1 h, with YL2
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showing a smaller decrease than YL3 and YL4. No plaques were
detected for the four phages at 80 or 90°C (Figure 2A-a), indicating
that 80°C was the lethal temperature.

pH stability experiments showed that the titers of all four
phages remained stable above 10" PFU/mL in the pH range of 4-
11 but decreased significantly at pH 11. No plaques were detected at
pH 3. At pH 12, YL2 showed no plaque, while the titers of YL1, YL2,
and YL3 decreased to 10* PFU/mL. No plaques were detected at pH
13 (Figure 2A-b). These results indicate that the four phages have
substantial application potential under environmental conditions of
30-50°C and pH 4-11.

The optimal MOI for all four phages was 107> (Figure 2A-c).
The lysis curves of phages against RStab-12 were determined at the
optimal MOI. After combining the four phages, the ODgq, of the
co-culture decreased to less than 0.074 within 4 h. Notably, the
ODggp of YL3 increased to 0.135 at 5 h and decreased again to 0.053
after 1 h. In CK (RStab-12), the ODggo of CK continued to increase
within 12 h, reaching 1.128 at 12 h (Figure 2A-d). The experimental
results showed that an MOI = 10> enabled all four bacteriophages
to produce more progeny and lyse the host within 4 h.

Transmission electron microscopy observation revealed that all
four phages had large icosahedral heads (YL1: 72.03 + 6.50 nm; YL2:
70 + 0.82 nm; YL3: 71 + 0.82 nm; YL4: 72.67 + 1.25 nm) and
relatively short tails (YL1: 31.33 + 1.70 nm; YL2: 32 + 2.83 nm; YL3:
30 + 2.45 nm; YL4: 29.67 + 1.25 nm). (Figure 2B).

BPC-1 | BPC-2 [ BPC-3 | NCK

BPC4 | BPC-5| YLI K

yi2 | YLl | vie

Control efficiency of phages and phage cocktails against BW in pots. (A, B) show the evaluation of single-phage biocontrol potential; (C, D) show
the control efficacy of phage cocktails against tobacco BW inoculation with three R. pseudosolanacearium strains. Letters in the bar chart indicate
significant differences according to Duncan's analysis (P < 0.05); NCK is the negative control group.
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3.3 Genomic analysis

3.3.1 Genome characteristics and
phylogenetic analysis

The nucleic acids of YL1, YL2, YL3, and YL4 were not digested
by RNase A but were all cleaved into DNA fragments of different
sizes by EcoRI (Supplementary Figure S3), indicating that they were
all double-stranded DNA phages. Genome sequencing also
confirmed that they were all double-stranded circular DNA
phages, with genome lengths of 59,600, 60,770, 61,339, and
60,673 bp, respectively, G + C contents of 64.52, 64.86, 64.92, and
65.02%, respectively, and 73, 73, 75, and 74 ORFs, respectively
(Supplementary Tables S2-S5). The genome sequences of YL1, YL2,
YL3, and YL4 were submitted to GenBank under accession
numbers PQ295876, PQ295877, PQ295878, and PQ295879,
respectively. BLASTn analysis showed that YLI, YL2, YL3, and
YL4 had more than 92% similarity with the genome sequences of
previously reported Gervaisevirus phages in the Caudoviricetes
class, such as QKW1 (GenBank accession no. PP236328), AhaGv
(GenBank accession no. OR820515), P2110 (GenBank accession no.
OP947226), and GP4 (GenBank accession no. MH638294),
indicating that they belong to this genus and class.

The genome sequences of these four phages were compared
with 317 Ralstonia phages of the Caudoviricetes class recorded in
the NCBI database. These 321 phages were divided into four
families and eight genera according to their evolutionary
relationships. YL1, YL2, YL3, and YL4 were all located in the
Gervaisevirus branch (Supplementary Figure S4), showing high
similarity with other members of this genus. All four phages were
identified as belonging to the Gervaisevirus genus of the
Caudoviricetes class based on the classification principles of the
Bacterial and Archaeal Viruses Subcommittee (BAVS)
(Adriaenssens and Brister, 2017). Skani was used to calculate the
ANI between phage genomes to further quantify the differences
between genomes. The ANI values of YL2, YL3, and YL4 were all
above 95%, indicating that they belong to the same species, while
the ANI values between YL1 and YL2, YL3, and YL4 ranged from 92
to 94%, indicating that they are not the same species (Figure 3).

10.3389/fpls.2025.1554992

3.3.2 Protein function annotation and
comparative genome analysis

Annotation results of the four phage genomes showed that the
three functional proteins in YL1 and YL3 did not have similar proteins
in the NR protein database (BLASTp e-value less than 1e—5), while YL2
and Y14 each had four. YL1, YL2, YL3, and YL4 had 36, 38, 41, and 54
hypothetical proteins, respectively. ORF2 occupied a large proportion
of their genomes (YL1: 5.32%, YL2: 7.29%, YL3: 7.29%, YL4: 7.29%),
and annotation showed that ORF2 was homologous to DarB (defense
against restriction), which is required to protect foreign genomic DNA
from restriction by host type I R-M systems (Piya et al., 2017).

This study classified the ORFs of the four phages into four
functional types: lysis, morphogenesis, replication and regulation, and
packaging genes. Among the ORFs related to lysis, all four phages had
holin proteins. ORFs related to morphogenesis mainly encoded head
proteins, tail fiber proteins, virion structural proteins, and portal
proteins. ORFs related to replication and regulation encoded
functional proteins, such as RecE-like recombination exonuclease and
plasmid-derived single-stranded DNA-binding protein. ORFs related to
packaging encoded functional proteins such as terminase small subunit
and phage terminase large subunit (Supplementary Tables 52-55).

Easyfig was used for comparative genome analysis of the four
phage genomes, which showed good consistency with GP4 (Wang R
et al, 2019). The arrangement positions and transcription
directions of most genes with the same functions in the genome
were consistent, but there were partial gene deletions and position
shifts between phages. Compared to the other three phages, YLI1
had nucleic acid sequence deletions in ORF2, significant differences
in ORF11, ORF30-31, and ORF67 compared to YL2, and position
shifts in ORF55. ORF56 in YLI showed gene shifts in YL2, and YL2,
YL3, and YL4 showed high genome consistency, with ORF54 in YL3
and ORF58 in YL4 having position shifts (Figure 4).

3.3.3 Structure and function prediction of tail
fiber proteins

Host range analysis showed that the four phages had significant
differences in lysis capacity against 38 R. pseudosolanacearum
strains. Since phage tail fiber proteins play a key role in host
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FIGURE 2

Biological characteristics, lysis curves, and transmission electron microscopy showing the morphology of four phages. (A-a—A-d) show temperature
sensitivity, pH stability, MOI, and lysis curves, respectively of four phages; (B) shows the morphology of four phages observed using transmission

electron microscopy.
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FIGURE 3

10.3389/fpls.2025.1554992

YLI1,YL2,YL3 and YL4

Nucleotide similarity heatmap of four phages with 317 Ralstonia phages in the Caudoviricetes class. The ANI between phage genomes was
calculated using Skani and visualized as a heatmap. Different colored squares on the top and left sides of the heatmap represent different taxonomic
relationships among the phages. The color intensity in the heatmap indicates the degree of nucleotide similarity between phage genomes.

recognition and infection processes, analysis found that all four
phages had two types of tail fiber proteins: tail fiber protein I
(ORF65 (439 aa, YL1), ORF65 (439 aa, YL2), ORF69 (439 aa, YL3),
ORF68 (439 aa, YL4)), and tail fiber protein II (ORF66 (338 aa,
YL1), ORF66 (295 aa, YL2), ORF70 (290 aa, YL3), ORF69 (290 aa,
YL4)). Based on amino acid sequence alignment using Jalview, the
amino acid sequences of tail fiber protein I had high consistency in
the four phages, while the C-terminal amino acid sequences of tail
fiber protein II showed significant differences (Figure 5A).
Therefore, highly conserved tail fiber protein I is expected to have
little effect on host recognition, while tail fiber protein IT may play
an important role in host recognition.

AlphaFold 3 was used to predict the three-dimensional
structure of tail fiber protein II from four phages. The
visualization of the predicted structure revealed that tail fiber
protein II adopts a trimeric structure. Furthermore, the N-
terminal structure of tail fiber protein II was highly consistent
with that of ORF78 (GP4) (Zheng et al., 2023). However, the “tip
domain” (P160-V338) of ORF66 (YL1) was significantly different
from the “tip domains” of ORF66 (T207-T242, YL2), ORF70 (T207-
T242, YL3), and ORF69 (H207-T237, YL4), with 11 B-sheets and 5
o-helices. However, the “tip domains” of ORF66 (YL2), ORF70
(YL3) and ORF69 (YL4) had similar structures (Figure 5B). In
addition, the ORF66 (YL1) “tip domain” region also had more
aromatic amino acids, such as phenylalanine (F), tryptophan (W),
and tyrosine (Y), and positively charged amino acids, such as
arginine (R) and lysine (K), which provide more binding sites for
its interaction with hosts (Bartual et al., 2010; Vyas, 1991). The “tip
domain” amino acid sequences of ORF66 (YL2), ORF70 (YL3), and
OREF78 (GP4) had high consistency, but those of ORF69 (YL4) had
a large number of amino acid deletions and mutations, including

Frontiers in Plant Science

seven deleted polar amino acids (T207, N208, S209, N210, Y211,
Y212, N213) and three polar amino acids mutated to non-polar
amino acids (T221A, Q230A, S233A).

To further elucidate the differences in the “tip domains”
between ORF66 (YL2), ORF70 (YL3), and ORF69 (YL4), protein
surface electrostatic analysis was performed using Adaptive
Poisson-Boltzmann Solver in PyMOL (APBS) (Jurrus et al,
2018). Five amino acid residues (G217, G218, S219, G220, and
T221) on the “tip domain” surfaces of ORF66 (YL2) and ORF70
(YL3) carried negative charges, while that in ORF69 (YL4) carried
more positive charges (G218, G219, G220, A221, and F222)
(Supplementary Figure S5). More positive charges in the “tip
domain” are believed to enhance the binding ability of YL4 to
its host receptor, thereby potentially conferring a broader
host range.

4 Discussion

Phage therapy is considered a most promising technology for
controlling plant bacterial diseases (Kering et al., 2019; Pandit et al.,
2022). Ralstonia pseudosolanacearum is a typical “species complex”
with diverse genotypic variations. Due to the strong host specificity
and narrow host range of most phages, mixing phages with different
host ranges in phage cocktails can improve the efficacy of phage
therapy or biocontrol (Buttimer et al., 2017; Magar et al., 2022).
This study isolated 26 R. pseudosolanacearum strains and 9 lytic
phages from Xiangxi Tujia Zu and Miao Zu Autonomous
Prefecture, Hunan Province. By comparing the host range and
pot control efficacy of phages, four were selected to construct five
phage cocktails. The control efficacy of combined phages against
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mixed inoculation with R. pseudosolanacearum was significantly
higher than that of individual phages.

In field applications, complex soil environments affect phage lytic
activity. Most reported phages are stable in the range of 28-50°C
and pH 5-10 (Magar et al., 2022; Wang et al., 2022; Lin et al., 2023;
Huang et al., 2024). In this study, YL1, YL2, YL3, and YL4 maintained
stable titers at 30-50°C and pH 4-11, enabling better adaptation
to problems caused by changes in environmental temperature and
soil pH, which may reduce phage activity or infection ability
(Figures 2A-a, A-b).YL1, YL2, YL3, and YL4 had high lysis
efficiency and rapidly reduced the R. pseudosolanacearum
population within 4 h, thereby reducing disease occurrence
(Figure 2A-d). Wei et al. (2017) summarized four types of phage
lysis curves, including a mode that showed immediate growth
inhibition of host bacteria, similar to the lysis curves of the four
phages in this study. To delay host bacterial resistance to phages,
phages with broad lysis spectra, high control efficacy, and short
infection cycles should be used when constructing phage cocktails
(Jones et al,, 2007; Kaur et al,, 2021). This study, building on the
method established by Wei and Magar, concentrated on screening
phages with a broad host range and high control efficacy, which were
subsequently combined into a phage cocktail. The results
demonstrated that, compared to individual phages, the phage
cocktail significantly enhanced the control efficacy against a mixed
inoculation of three R. pseudosolanacearum strain. BPC-1 exhibited
the highest control effect (99.25% + 0.65%). Subsequent field
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experiments should further compare the control efficacy of phage
cocktails against BW in agricultural and ecological environments. In
addition, through whole genome sequencing and AlphaFold 3
prediction, this study discovered the tail fiber II and its three-
dimensional structure, hypothesizing that this structure provides
the capability to bind with the outer membrane protein receptors
of R. pseudosolanacearum. These findings provide valuable materials
for further research into the interaction mechanisms between phages
and their host receptors.

Whole genome sequencing provides critical insights into
the taxonomic relationships and genomic characteristics of
bacteriophages (Dion et al., 2020). According to genomic analysis
and BAVS dlassification principles (Adriaenssens and Brister, 2017),
the four Ralstonia phage strains belonged to the Gervaisevirus genus
within the Caudovirivetes class, demonstrating high similarity
(>92%) with other members of this genus. Functional annotation
revealed that the genomes of the four Ralstonia phage strains
contained four functional types, namely lysis, morphogenesis,
replication and regulation, and packaging genes, consistent with
previously reported Gervaisevirus phages GP4 and P2110 (Wang
etal, 2019; Chen et al., 2023). Comparative genome analysis revealed
variations in gene arrangement, even among genomically similar
phages. These variations suggest dynamic genomic rearrangement
and gene mutation processes potentially driven by horizontal gene
transfer and evolutionary selective pressures, which are critical
mechanisms underlying bacteriophage genomic diversity (Briissow
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Comparative genome of four phages. Comparison of whole genome similarity between YL1, YL2, YL3, and YL4. Arrows represent transcription
direction of genes, and genes with consistent functional annotations are represented by the same color. Gray bands between genomes indicate

amino acid similarity.
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and Hendrix, 2002). Overall, the genetic diversity and functional
predictions for these four bacteriophage strains highlight the
conserved characteristics and plasticity of bacteriophages in the
Gervaisevirus genus.

The abundant lipopolysaccharides (LPS) and outer membrane
proteins in bacteria are the main binding sites for phages. The
interactions between phage tail fiber proteins and bacterial
receptors determine the phage’s host range. The number of
positively charged amino acids and aromatic amino acids in the
“tip domain” of tail fiber proteins affects the host range and
adsorption ability of phages (Nobrega et al., 2018; Mourosi et al.,
2022). The “tip domain” of tail fiber protein II of ORF66 (YL1) had
more aromatic amino acids and positively charged amino acids,
which interact with rough LPS and negatively charged
phospholipids in the host outer membrane, respectively (Vyas,
1991; Raetz and Whitfield, 2002; Bartual et al., 2010; Rakhuba
etal., 2010). Phages that bind rough LPS usually have a broader host
lysis range, which potentially explains the broader host range of
YLI. The amino acid sequences of the “tip domains” of ORF66
(YL2) and ORF70 (YL3) were highly similar, with amino acid
mutations (S228G, V237I) in ORF70 (YL3), which reduced its
lysis rate by 13.16%. Compared to ORF69 (YL4), the amino acid
deletions and mutations in ORF66 (YL2) and ORF70 (YL3) may

10.3389/fpls.2025.1554992

reduce the binding ability of tail fiber II to the host receptor site
(Bolen and Rose, 2008). Further, the “tip domain” of tail fiber
protein II of ORF69 (YL4) also contained a positively charged
histidine (H207), which enhanced its electrostatic adsorption ability
to the host outer membrane (Bartual et al., 2010), increasing the
host range of YL4 (Figure 5B). Subsequent studies should verify
these speculations by performing amino acid mutations on the “tip
domain” of tail fiber protein II.

5 Conclusion

Phage therapy shows promising biocontrol potential for
managing BW caused by R. pseudosolanacearum in agricultural
production. This study isolated nine phages and selected those with
a broader host range (YL1 and YL4) and high control efficacy (YL2
and YL3) to construct five cocktails. In pot experiments, BPC-1
(YL3 and YL4) exhibited the highest control efficacy (99.25%). The
four phages maintained stable titers at 30-50°C and pH 4-11,
demonstrating substantial thermal stability and pH tolerance.
Whole genome sequencing revealed that phages YL1, YL2, YL3,
and YL4 belonged to the genus Gervaisevirus. AlphaFold 3

prediction of the three-dimensional structures of tail fiber protein
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II in the four phages showed that ORF66 (YL1) had a distinct
structure in the “tip domain” compared to the other three phages,
with more aromatic amino acids and positively charged amino
acids. ORF70 (YL3), ORF66 (YL2), and ORF69 (YL4) had similar
structures, but ORF69 (YL4) had more amino acid mutations and
deletions and more positive charges in the tip region, potentially
explaining their different host ranges.
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severity: implications for
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Southern corn rust (SCR), caused by Puccinia polysora, is a major foliar disease
that threatens global maize production. Current SCR management strategies
prioritize genetic resistance and chemical control, but how foliar endophytic
fungal communities modulate host susceptibility to P. polysora remains poorly
understood. In this study, we profiled the endophytic communities in P.
polysora-infected and non-infected maize leaves across 14 geographically
distinct regions in eastern China. Our results revealed that P. polysora infection
significantly altered the foliar endophytic community, with infected leaves
exhibiting higher operational taxonomic unit (OTU) richness (722 vs. 572 OTUs)
while reducing community evenness. Diversity metrics were significantly altered,
with significant reductions in Shannon diversity and Chaol index values for non-
infected states. Network analysis revealed that infection caused a notable
reduction in microbial connectivity and complexity, particularly in low- and
medium-susceptibility regions, where positive intertaxon associations declined
by 42.6% and 35.3%, respectively. High-susceptibility region networks retained
greater stability, suggesting differential microbial resilience under pathogen
pressure. Redundancy analysis further demonstrated that temperature was the
dominant environmental factor shaping microbial assemblages, especially under
infection conditions. Notably, correlation analysis further revealed that Alternaria
was positively associated with host resistance (r = 0.37, p = 0.05), underscoring
its potential role in enhancing resistance to P. polysora. Conversely, Dioszegia
and Naganishia were negatively correlated with resistance (r = —=0.36, p = 0.056;
and r = —=0.34, p = 0.074, respectively), implying potential roles in facilitating
infection. This study reveals key mechanistic links between foliar endophytic
communities and SCR infection, providing a basis for sustainable biocontrol
interventions in maize.

KEYWORDS

southern corn rust, Puccina ploysora, foliar endophyte fungi, microbial diversity, host-
pathogen interactions
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1 Introduction

Maize (Zea mays L.) is a globally vital crop that is integral to
food security and economic stability. In China, the increasing
demand for maize has prompted efforts to develop high-yielding
and disease-resistant cultivars, contributing to sustained production
gains. However, maize cultivation continues to face substantial
threats from both biotic and abiotic stressors. Among these is
southern corn rust (SCR), caused by the fungal pathogen Puccinia
polysora Underw. (P. polysora), which has emerged as a major
constraint, particularly in subtropical and temperate maize-growing
regions (Sun et al, 2021a; Sun et al, 2023; Yang et al., 2024).
Globally, SCR can cause yield losses ranging from 10% to 50% in
susceptible cultivars. In 2024, SCR was responsible for an estimated
loss of 244.27 million bushels of corn in the USA alone (Crop
Protection Network, 2025). Since its first report in China in 1972,
SCR has expanded swiftly across major maize-growing regions, now
affecting more than 100 million acres annually, with approximately
19.38 million hectares subjected to chemical control measures (Ma
et al., 2022; Ministry of Agriculture and Rural Affairs of the People’s
Republic of China, 2023). In epidemic years, yield losses can reach
50%, and their widespread distribution threatens national food
security (Wang et al., 2020; Meng et al.,, 2020; Sun et al., 2021a;
Ma et al., 2022).

The geographic spread of SCR is coupled with the rapid
dissemination and capacity of the pathogen to inflict severe crop
damage. While fungicides provide short-term control of SCR, their
widespread application poses significant challenges, including
environmental contamination, increased production costs, and
the emergence of fungicide-resistant P. polysora strains (Ma et al.,
2022; Yang et al., 2024). These concerns have intensified interest in
sustainable alternatives to fungicide control. Among these,
microbial-based strategies have gained attention for their
ecological compatibility and potential long-term efficacy.

Foliar endophytes play a pivotal role in modulating plant health
by influencing host immune responses, outcompeting pathogens for
niche occupancy, and altering the leaf microenvironment to
suppress disease development (Busby et al., 2013; Hardoim et al,,
2015; Busby et al,, 2016; Collinge et al., 2022). Community-level
shifts in foliar microbiota have been shown to significantly affect
disease susceptibility (Johnston-Monje and Raizada, 2011;
Raghavendra and Newcombe, 2013; Busby et al., 2016; Collinge
etal, 2022). A study revealed that Exserohilum turcicum, the causal
agent of northern corn leaf blight, is associated with reduced
microbial diversity, potentially compromising host resilience. This
association underscores the broader role of microbial community
composition in modulating plant health (Chao et al., 2025). Studies
have also shown that certain Bacillus and Pseudomonas species
isolated from maize leaves have antagonistic effects on Puccinia
sorghi while simultaneously promoting systemic resistance (Sartori
etal., 2017). These findings highlight the potential of harnessing the
native microbiome as a sustainable strategy for enhancing crop
disease resistance and reducing dependence on chemical control.

While previous studies have largely focused on endophyte-
pathogen interactions under controlled conditions (Porras-Alfaro
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and Bayman, 2011; Liu et al, 2022), the extent to which these
relationships are shaped by natural field variability remains unclear.
Emerging evidence suggests that geographic variations in disease
severity may have a stronger influence on the composition and
functional dynamics of foliar endophytic fungal communities than
pathogen-host interactions alone (Wheeler et al., 2019; Wagner
et al.,, 2020; Tedersoo et al., 2020a, b; Tay et al,, 2023; Wang et al.,
2023). However, investigations into how these communities
respond to P. polysora under natural infection pressure are
notably lacking. Moreover, the role of spatial heterogeneity in
modulating endophyte assemblages and its correlation with
disease outcomes has not been systematically addressed. These
gaps constrain the development of microbiome-informed
strategies for SCR suppression and limit our capacity to harness
beneficial endophytes in field-based disease management.

Given that pathogen-induced shifts in foliar endophytic fungal
communities may directly influence disease trajectories, addressing
these gaps represents a critical frontier in plant-microbe
interaction research. A mechanistic understanding of the
assembly, composition, and functional traits, particularly in the
context of P. polysora infection, is essential for linking microbial
diversity to host health and disease resistance in maize. Realizing
the potential of such approaches requires detailed insights into the
structure and ecological roles of endophytic communities in both
infected and non-infected tissues and how these roles are related to
gradients of disease severity.

This study aims to elucidate the ecological dynamics of foliar
endophytic fungal communities in maize under natural P. polysora
infection and to determine how shifts in community composition
correlate with disease severity. We hypothesize that common
endophytic fungi present in both healthy and P. polysora-infected
maize leaves influence SCR severity through shifts in community
composition and functional interactions. To test this hypothesis, we
i) characterize the taxonomic composition, richness, and diversity
of foliar endophytic communities in healthy versus infected leaves
using high-throughput internal transcribed spacer (ITS) amplicon
sequencing; ii) examine the relationships between community
structure and the relative disease index (RDI) across a gradient of
field infection severity; iii) identify keystone taxa and ecological
interactions using co-occurrence network analysis and random
forest modeling; and iv) assess the role of environmental drivers,
such as temperature, humidity, and rainfall, in shaping endophytic
community assembly and disease dynamics. By identifying key
fungal taxa that potentially suppress or promote SCR, we provide
a framework for developing sustainable, microbiome-informed
biocontrol strategies.

2 Materials and methods

2.1 Study locations, maize material
collection, and disease assessment

Maize plants were sampled and assessed during the 38th to 40th
weeks of the year (the grain-filling stage) across 14 geographically
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distinct regions in Shandong Province, China (Figures 1A, C) (Yang
et al,, 2024). At each sampling site, six leaves were collected from
healthy maize plants, alongside six leaves from P. polysora-infected
plants. Infected leaves were selected based on lesion coverage of
40%-60% of the leaf area with P. polysora pustules (Figure 1B). All
samples were taken and assessed from the fourth leaf up from the
base of each plant (Yang et al., 2024). The samples were
immediately placed in sterile bags and transported to the
laboratory on dry ice to preserve microbial integrity.

115°0'0"E  116°0'0"E  117°0'0"E  118°0'0"E 119°0'0"E 120°0'0"E 121°0'0"E 1

10.3389/fpls.2025.1554915

2.1.1 Endophyte sample collection

To eliminate epiphytic microorganisms and remove P. polysora
pustules from the leaf surface, a rigorous sterilization and washing
protocol was applied. Approximately 2 g of plant tissue was excised
from each sample and initially rinsed with sterile water to remove
surface debris. For infected samples, leaf tissues were immersed in
1x phosphate-buffered saline (PBS) and vibrated for 1 h to facilitate
the detachment of P. polysora uredinia into the solution. All the
samples were subsequently surface sterilized by sequential
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FIGURE 1

Foliar endophytes across the study location are compositionally variable. (A) The location of Shandong Province in China. (B) Non-infection (H) and
infection (D) symptoms of southern corn rust (SCR) of maize in the field. (C) Multiple sampling sites in Shandong Province. (D) The operational
taxonomic unit (OTU) relative abundance within non-infected and Puccinia polysora-infected samples at the phylum level and genus level are
shown for taxa with >1% mean relative abundance across all sites. Field samples are grouped along the x-axis by study, with color-coded site labels
located above the bars. The lines represent different phyla, and the different colored columns represent the taxonomic units of different

fungal genera.
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immersion in 70% ethanol for 1 min and 2% sodium hypochlorite
for 5 min, followed by three rinses in sterile distilled water (Yang
et al., 2023). To ensure the complete removal of residual
disinfectants, the tissues were additionally washed three times
with 1x PBS and then air-dried under sterile conditions. The
sterilized leaf tissues were then frozen at —80°C for subsequent
DNA extraction.

2.1.2 Disease and regional susceptibility
assessment

For disease assessment, P. polysora-infected maize leaves were
evaluated once at each sampling site during the same collection
period. A 5-point survey method was employed, in which 10 maize
plants per site were assessed. Evaluations began from the fourth leaf
above the base of each plant. The number of infected leaves and the
severity of infection were visually recorded. Disease severity was
classified on the basis of the percentage of leaf area covered by P.
polysora pustules, using the following scale: level 0 (0%), level 1
(1%-5%), level 3 (6%-25%), level 5 (26%-50%), level 7 (51%-75%),
and level 9 (76%-100%) (Yang et al., 2024). The disease index (DI)
(Equation 1) values obtained from each assessed site depict the
severity of the SCR (Madden et al,, 2017; Yang et al,, 2023):

Disease index DI% =

(No. of diseased leaves ~ x  disease grade per leaf)

x100

2 Total no. of disease leaves x highest disease grade
1)

The RDI (Equation 2) was computed to normalize SCR
susceptibility across regions (Xu and Hu, 2015):

Relative  disease index (RDI)

o The DI of each study site 2
~ The highest DI of all study sites

The regions were categorized on the basis of RDI values (0-1) as
follows: high-susceptibility (HS) regions, RDI < 0.20; medium-
susceptibility (MS) regions, 0.20 < RDI < 0.50; low-susceptibility
(LS) regions, 0.50 < RDI < 0.80; and high-resistance (HR) regions,
0.80 < RDI < 1.00.

2.2 DNA extraction and high-throughput
sequencing protocol

Total genomic DNA was extracted from maize leaf tissues via a
modified cetyltrimethylammonium bromide (CTAB) protocol
(Yang et al, 2023). Leaf samples were transferred into 2-mL
microcentrifuge tubes and ground in liquid nitrogen. Preheated
2% CTAB extraction buffer was then added, and the mixture was
incubated at 65°C for 1 h with random mixing. Following
incubation, an equal volume of phenol to chloroform:isoamyl
alcohol (24:1) was added to each tube, and the samples were
centrifuged at 10,000 rpm for 10 min. The upper aqueous phase
ensuring no visible cloudiness was transferred to new 1.5-mL tubes.
DNA was precipitated by adding 0.6 volumes of isopropanol and
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incubating at —20°C for 1 h (Abeywickrama et al., 2023). The DNA
pellet was collected by centrifugation at 12,000 rpm for 10 min,
washed twice with 70% ethanol, dried under vacuum, and
resuspended in 20-30 pL of Tris-EDTA (TE) buffer containing
RNase. DNA concentrations were quantified via a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA), and DNA quality was evaluated via 1% agarose
gel electrophoresis.

High-throughput sequencing (HTS) amplicon sequencing was
used to identify endophytic fungal taxa within maize leaf tissues
following established protocols (Pérez-Jaramillo et al., 2018; Xia
et al,, 2020). Individual morphotypes were selected for molecular
identification based on the amplification of the ITS region of the
nuclear ribosomal DNA (rDNA). The ITS region was targeted using
the primers ITS1-F and ITS2-R and subsequently used for amplicon
library preparation (Smith and Peay, 2014). PCR amplification was
performed in a 30-uL reaction volume containing 15 uL of 2xHieff®
Robust PCR master mix (Yeasen, Shanghai, China), 1 uL each of
primers (forward and reverse), 20 ng of DNA template, and
nuclease-free water to the final volume. The thermal cycling
conditions were as follows: initial denaturation at 94°C for 3 min;
25 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30's,
and extension at 72°C for 30 s; and a final extension at 72°C for
5 min.

Amplicons were purified using AMPure XP magnetic beads and
quantified using a Qubit fluorometer, and dual-index barcodes were
ligated to each sample following the standard Illumina library
preparation protocol (Nilsson et al., 2019). Equimolar amounts of
purified amplicons were pooled and sequenced using the Illumina
MiSeq platform (Illumina, San Diego, CA, USA) with a 2 x 250 bp
paired-end configuration, generating approximately 45,000 raw
reads per sample. The raw sequence data were subjected to
quality filtering using the QIIME2 (version 2024.2) and
USEARCH pipelines. Low-quality reads with a Phred score <
Q30, ambiguous bases, or read lengths < 200 bp were discarded.
Paired-end reads were merged using a minimum 20-bp overlap and
a maximum mismatch rate of 10%. Chimeric sequences were
identified and excluded using UCHIME. After sequencing, the
raw reads were quality-checked, and regions with a base error
probability > 5% were trimmed using GENEIOUS 6.1.7 (Kearse
et al, 2012). Paired-end reads were assembled into consensus
sequences, and chimeric sequences were removed.

2.3 Data processing and bioinformatics
analysis

2.3.1 OTU clustering, taxonomic assignment, and
database validation

Cleaned sequences were clustered into operational taxonomic
units (OTUs) at a 97% similarity threshold using the URAPE
algorithm against the UNITE fungal ITS reference database
(Wagner et al., 2020). Taxonomic assignments were performed
using QIIME2. OTUs with fewer than 10 reads were excluded to
reduce analytical noise and enhance result robustness.
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To ensure taxonomic accuracy, OTUs were annotated to the
genus level only if they shared >95% sequence identity with a
reference, whereas species-level assignments required >99% identity
and >90% alignment coverage (Raja et al., 2017). For validation, a
subset of high-abundance OTUs was subjected to BLAST searches
against the NCBI nucleotide database (https://blast.ncbi
.nlm.nih.gov/Blast.cgi). Only OTUs with consistent genus-level
classification across both databases were retained for
ecological interpretation.

2.3.2 Diversity indices and community analysis

To investigate the influence of P. polysora infection on the
endophytic community composition, both alpha and beta diversity
indices were computed. Differential abundance analysis between
non-infected and P. polysora-infected samples was conducted using
Python (v.3.9.0). OTUs with statistically significant differences (p <
0.05) were identified as potential indicators of SCR susceptibility.
Alpha diversity indices, including the ACE, Chaol, Shannon, and
Simpson indices, were used to evaluate the richness and evenness
within samples. Fungal richness and abundance were defined as the
average number of OTUs and isolates per sample, respectively, and
were calculated using Species Diversity and Richness v4.0 (Martins
et al,, 2021). Beta diversity was assessed using the Bray—Curtis and
weighted UniFrac dissimilarity indices. Community composition
differences between the infected and non-infected groups were
visualized through principal coordinate analysis (PCoA). These
analyses provide insights into how SCR infection influences the
composition and diversity of maize foliar fungal endophytes under
natural field conditions.

2.4 Statistical analysis

2.4.1 Diversity and community composition

Microbial diversity differences were analyzed using an analysis
of variance (ANOVA) in Python (v.3.9.0), with post-hoc
comparisons using Tukey’s honestly significant difference (HSD)
test (p < 0.05). To quantitatively link shifts in endophytic diversity
to P. polysora infection, permutational multivariate analysis of
variance (PERMANOVA) was employed to assess the effects of
infection status and sampling site on community variance.
Pearson’s correlation analysis was used to explore the relationship
between endophytic diversity and SCR severity.

2.4.2 Network analysis

Co-occurrence network analysis was used to identify potential
synergistic or antagonistic interactions among fungal genera during
P. polysora infection. Networks were constructed to compare
microbial interactions in infected vs. non-infected samples and to
detect keystone taxa that formed ecological hubs. Functional and
phylogenetic structural shifts were evaluated to reveal community-
level reorganization and adaptation in relation to SCR severity.
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2.4.3 Differential abundance and functional
analysis

Redundancy analysis (RDA) was performed using the
Hellinger-transformed OTU data to evaluate the effects of P.
polysora infection and abiotic factors [temperature (T), rainfall
(R), and relative humidity (RH)] on endophytic fungal
communities. RDA was conducted in Python using linear
regression followed by principal component analysis (PCA) of the
fitted values. The statistical significance of the model and
constrained axes was evaluated using permutation tests (n = 999).
The relative contribution of each explanatory variable was
visualized via ordination plots with fitted environmental vectors.

To identify endophytic taxa and functional pathways associated
with infection, a random forest algorithm was used to identify the
most critical fungal OTUs for distinguishing infected from non-
infected samples, with the mean decrease in Gini impurity
quantifying each OTU’s importance (Martins et al., 2021).
Specific OTUs associated with P. polysora-infected and non-
infected samples were identified, offering insights into microbial
roles in disease suppression or facilitation (Hardoim et al., 2015).
Fungal OTUs were categorized as commensal (no host effect),
beneficial (promoting growth or protection), or pathogenic
(including latent pathogens). After grouping, the changes in
fungal abundance and richness of each functional group across
different disease susceptibilities were determined among the LS, MS,
and HS regions. Regression analysis and ANOVA were then applied
to correlate the relative abundance of fungal OTUs identified by the
random forest with the RDI.

3 Results

3.1 Differences in fungal community
composition between non-infected and P.
polysora-infected maize leaves

At both the OTU and genus levels, the fungal community
composition differed between non-infected and P. polysora-
infected maize leaves. Compared with non-infected leaves,
infected leaves harbored a greater number of OTUs (n = 722; n =
572), reflecting an infection-induced expansion of the foliar
endophytic community. The fungal communities in both groups
were dominated by members of the phyla Ascomycota (non-
infection = 62.76%, infection = 63.02%) and Basidiomycota (non-
infection = 29.90%, infection = 32.55%). The Ascomycota phylum is
composed of the key genera Blumeria, Alternaria, and Cercospora,
whereas Basidiomycota is represented by the genera Hannaella,
Sporobolomyces, and Cryptococcus, each displaying distinct
distribution patterns under healthy and infected conditions
(Figure 1D).

Non-infected samples were characterized by relatively uniform
community structures, with dominant genera including Bullera
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(33.6%), Alternaria (14.62%), Cercospora (6.13%), Hannaella
(7.73%), Sporobolomyces (5.52%), Coniothyrium (2.60%),
Cryptococcus (2.13%), and Puccinia (0.31%) (Figure 1D). In
contrast, infection induced a shift in fungal community structure,
with increased relative abundances of Alternaria (26.76%),
Cercospora (14.75%), Hannaella (8.30%), Coniothyrium (4.21%),
Cryptococcus (2.29%), and Puccinia (1.01%).

At the species level, Blumeria graminis, Cercospora coniogrammes,
Hannaella sinensis, Naganishia albida, and Kodamaea ohmeri were
consistently present across multiple sites, with higher abundances
observed in infected leaves compared to non-infected leaves
(Supplementary Figure S1). While most sites presented increased
fungal richness in infected leaves, the patterns were site-specific,
suggesting that P. polysora infection may drive localized shifts in
endophytic community composition and diversity.

3.2 Diversity analysis of endophytic fungal
communities

Comparative diversity analyses revealed substantial differences in
the fungal community between the non-infected and P. polysora-
infected groups. At the genus level, the non-infected samples
contained 49 unique genera, whereas the infected samples contained
86 unique genera, with 222 genera shared between the two groups
(Figure 2A). These findings suggest that pathogen infection may
facilitate the recruitment or activation of rare or dormant fungal
taxa. Analysis of fungal richness across sites revealed that 64% of the
regions presented relatively high fungal richness in non-infected
samples (Figure 2B). Alpha diversity further highlighted significant
differences. Both ACE and Chaol indices were lower in the infected
samples (Figures 2C, D), indicating reduced species richness. In
contrast, the Shannon index slightly increased fungal diversity in the
infected samples, suggesting that infection increased community
heterogeneity (Figure 2E). The Simpson index was marginally greater
in non-infected samples (Figure 2F), reflecting greater evenness in the
healthy state.

Beta diversity analysis, as visualized by PCoA, revealed distinct
clustering between the non-infected and infected groups. Weighted
UniFrac distances revealed that PCol and PCo2 explained 38.76%
and 12.35% of the variance, respectively (Figure 2G), with 71% of
the non-infected individuals forming a distinct cluster. Similar
clustering patterns were observed via the Bray-Curtis
dissimilarity (PCol = 26.28%, PCo2 = 13.65%), with 78% of the
non-infected samples clustering into a single group (Figure 2H).

3.3 Foliar endophyte abundance across
SCR susceptibility regions and
environmental correlations

The DI values clearly classified the 14 sites based on their
susceptibility to SCR, revealing significant variation across the HS,
MS, and LS regions (Figure 3A). The DI values ranged from 48.42 to
58.29 for the HS regions (HY, JN, LY, WF, and ZZ), 31.76 to 45.46
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for the MS regions (BZ, DY, DZ, LC, and QD), and 18.86 to 26.98
for the LS regions (HZ, WH, YT, and ZB) (Figure 3A). Across all
categories, P. polysora infection led to a significant reduction in
OTU richness (Figure 3B). In the non-infected state, the HS and MS
regions presented greater richness than the LS regions, with a
significant difference observed between the MS and LS regions (p
< 0.001 and p < 0.05) (Figure 3B). Under infection, the OTU
richness was significantly greater in the HS regions than in the LS
regions (p < 0.001), whereas no significant differences were detected
between the MS regions and either the HS or LS regions (Figure 3B).

Pearson’s correlation analysis between the OTUs and DI showed
negative correlations in the HS regions (r = —0.35) and LS regions (r =
—0.73), whereas the MS regions displayed a positive correlation (r =
0.30). In the infection samples, the HS regions still presented a weak
negative correlation (r = —0.33), the MS regions presented a moderate
positive correlation (r = 0.42), and the LS regions presented a weaker
negative correlation (r = —0.38) (Figure 3C).

The Shannon diversity for both the infection and non-infection
states was analyzed in relation to the DI, and the results revealed that, in
the non-infection state, the HS regions showed a slight positive
correlation (r = 0.27), whereas the MS regions exhibited a
significantly negative correlation (r = -0.91, p = 0.034), indicating
that greater fungal diversity in the non-infected samples was associated
with lower disease severity in the MS regions. The LS regions displayed
a weaker positive correlation (r = 0.40). In the infection state, the HS
regions presented a moderate positive correlation (r = 0.74), suggesting
that greater diversity in infected samples may correspond to greater
disease severity. The MS regions showed a moderate negative
correlation (r = —0.38), whereas the LS regions demonstrated a weak
negative correlation (r = —-0.18) (Figure 3D).

RDA revealed that under non-infected conditions, T and R were
the primary environmental variables influencing community structure,
with JN and ZZ showing unique microbial structures (Figure 3E). The
overall variance explained by the first two axes (34.3%) suggested
moderate environmental filtering of fungal endophytes in non-infected
maize leaves (Figure 3E). In the infected group, T emerged as the
dominant environmental factor, showing the longest gradient vector
and strongest alignment with samples (LC and JN). In contrast, RH
and R appeared to decrease, indicating that biotic stress may override
the influence of microclimatic factors under pathogen pressure. DI
exhibited a strong directional effect, suggesting that disease severity
reshaped the endophytic community. The distinct spatial separation of
samples along the RDAL axis highlights the role of temperature and DI
in driving microbial reassembly during SCR infection (Figure 3F).

3.4 Network analysis of the foliar
endophytic community

Microbial co-occurrence networks were constructed to explore
interactions among fungal genera under non-infected and infected
conditions. The networks revealed distinct structural differences
between the two groups. In non-infected samples, the endophytic
fungal community exhibited a dense network with numerous
significant positive correlations (p < 0.05), suggesting stable and
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FIGURE 2

Differential analysis of fungal microbial communities and diversity. (A) Total analysis of genera in the non-infected and infected groups. (B) Analysis
of genera associated with non-infected and infected states at each sampling site. (C) ACE index. (D) Chao index. (E) Shannon index. (F) Simpson
index. Box plots depict medians (central horizontal lines), interquartile ranges (boxes), 95% confidence intervals (whiskers), and outliers (dots).
Statistically significant differences between pairs of values are shown over horizontal lines. p-Values indicate statistically significant differences
between the non-infected and infected samples. (G, H) Principal coordinate analysis (PCoA) plots based on weighted UniFrac (G) and Bray—Curtis
(H) dissimilarity of non-infected and infected fungal communities at the study sites.

the HS regions displayed the most highly connected network,
followed by the MS and LS regions (Figures 4C-E).
Upon infection, these networks exhibited reduced connectivity,

cooperative interactions among endophytic taxa (Figure 4A). In
contrast, the infection network showed a reduction in connectivity,
with a higher proportion of non-significant correlations, indicating a
disruption of microbial interactions under infection stress (Figure 4B).

Networks from the HS, MS, and LS regions further highlighted
site-specific differences. Among the non-infected networks,

with the HS regions maintaining higher connectivity than
the MS and LS regions (Figures 4F-H). Some OTUs emerged
as hubs-larger nodes with multiple connections, which are
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likelyto represent key taxa that underpin network stability and
functionality.

3.5 Correlation analysis between specific
OTUs and the relative disease index

The random forest model revealed that OTU2 (Alternaria) and
OTUS5 (Hannaella) were the most influential taxa shaping
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community structure in both the non-infected and infected
groups (Figures 5A, B). In the non-infected group, OTUIL5
(Dioszegia), OTU16 (Plectosphaerella), and OTU17 (Naganishia)
were the main contributors to the microbial community structure
(Figure 5A); in the infected group, OTU26 (Puccinia) and OTU39
(Phaeosphaeria) also emerged as major contributors (Figure 5B).
These relationships, although moderate, were consistent across the
sampling sites, suggesting a potentially conserved ecological role of
these genera in SCR infection.
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Functional prediction of foliar endophyte abundance and southern corn rust (SCR) severity. (A, B) Relative importance of the top 10 operational
taxonomic units (OTUs) for predicting the severity of SCR as identified by random forest analysis, comparing the mean contribution values between
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Correlation analyses revealed distinct association patterns
between specific OTUs and RDI, where higher RDI values
corresponded to increased resistance. Approximately 39% of the
OTUs were associated with increased disease severity, whereas 61%
were linked to potential roles in disease suppression. OTU2 was
significantly positively correlated with RDI (r = 0.37, p = 0.05),
suggesting its potential role in promoting host resistance to P.
polysora. Conversely, OTUL5 and OTU17 showed moderate
negative correlations with RDI (r = -0.36, p = 0.056; and r = —0.34,
p = 0.074, respectively), and the remaining OTUs exhibited weak or
no significant associations (Figure 5C). Notably, the correlations
tended to be stronger in the infected group than in the non-non-
infected group, implying that microbial dynamics are more predictive
of disease severity under pathogen pressure.

4 Discussion

4.1 Composition and diversity of foliar
endophytes in maize

This study provides a comprehensive characterization of foliar
fungal endophytic communities in maize under natural field
conditions, comparing healthy (non-infected) and diseased (P.
polysora-infected) states. Marked differences in community
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composition and relative abundance were observed between
infection states, with variation also evident across geographically
distinct sites. Genera such as Alternaria, Blumeria, Hannaella,
Naganishia, and Dioszegia were consistently abundant across
multiple sites, suggesting possible roles in disease progression or
opportunistic colonization of infected tissues. Diversity analyses
revealed that P. polysora infection significantly increased fungal
richness but reduced community evenness, indicating a skewed
proliferation of certain taxa in infected tissues, facilitated by
pathogen-induced niche openings or host immune suppression.
The PCoA results further supported the infection-driven
restructuring of fungal communities, marked by an increased
abundance of select genera, potentially contributing to disease
progression and host stress responses. These findings emphasize
the dual role of endophytic fungi during disease development,
which act as mutualistic symbionts under healthy conditions
while potentially transitioning into opportunistic pathogens under
stress (Raghavendra and Newcombe, 2013; Abeywickrama et al.,
2023; Zhang et al., 2018).

The regional patterns of foliar endophytic fungal richness
followed a trend of LS < MS < HS, with a 1.3-fold increase
observed between the LS and HS regions. This difference suggests
that local foliar endophytes change in relation to the severity of the
disease. Fungal richness was significantly greater in P. polysora-
infected samples from the HS regions than in those from the LS
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regions, suggesting pathogen-driven community expansion.
However, the correlation between OTU richness and DI showed
divergent patterns across susceptibility levels, with the LS regions
showing a strong negative trend (r = —0.73), although the difference
was not statistically significant, likely due to the limited sample size.
These findings support the hypothesis that fungal diversity
increases with disease progression (Wagner et al., 2020; Martins
et al,, 2021) and highlight the importance of site-specific microbial
dynamics in shaping host-pathogen interactions. These results
underscore the critical role of foliar endophytes in SCR infections
and plant stress responses, providing a foundation for future
investigations into their potential applications in disease
prevention and management strategies.

4.2 Network analysis of microbial
interactions

Co-occurrence network analysis revealed core fungal genera
shared among multiple study sites, suggesting that the presence of
conserved taxa is critical for maintaining host health and mediating
responses to P. polysora infection, revealing the profound effects of
P. polysora infection on community stability and diversity. Under
non-infected conditions, microbial networks were dense and
cooperative, reflecting the stability and connectivity of endophytic
fungal communities in healthy hosts. The microbial networks from
the HS regions presented the highest connectivity, followed by those
from the MS and LS regions, indicating site-specific differences in
network complexity. Upon infection, network connectivity declined
significantly, characterized by fewer significant correlations and
fragmented networks. This destabilization was particularly evident
in the LS and MS regions, whereas the HS regions retained greater
connectivity, suggesting that certain endophytic fungal communities
exhibit greater resistance to infection. The shifts in endophytic
fungal diversity and network stability observed in response to P.
polysora infection are broadly consistent with previous reports in
other pathosystems (Wagner et al., 2020; Ampt et al., 2022), such as
corn leaf blight in maize (Chao et al., 2025), Melampsora rust in
poplar (Raghavendra and Newcombe, 2013), and powdery mildew
in pumpkin (Zhang et al, 2018). This shift toward a more
heterogeneous and unstable microbial network could compromise
the functional resilience of the microbiome, thereby influencing
disease progression and plant fitness. This finding suggests that
infection-driven perturbations reshape endophytic community
dynamics and highlight keystone taxa as potential targets for
biocontrol interventions aimed at disease suppression or mitigation.

4.3 Associations of specific fungal genera
with SCR susceptibility

Keystone taxa emerged as critical nodes within microbial
networks, maintaining community structure and functionality.
The infection-induced loss or diminished connectivity of these
keystone taxa underscores their importance in sustaining
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microbial stability (Ampt et al, 2019, 2022). Our findings
demonstrate that specific fungal genes are distinctly associated
with SCR severity, highlighting the functional divergence of
endophytic fungal communities in non-infected and infected
states. Alternaria emerged as a dominant genus in both healthy
and infected tissues, and its positive correlation with disease severity
suggests that it may act as a latent pathogen or disease-facilitating
endophyte. This dual role aligns with previous observations (Busby
et al, 2016), where Alternaria enriched under stress may serve as
a competitive colonizer or conditionally pathogenic taxon.
Furthermore, 60% of the genera were identified as potential
protective agents, likely modulating host resistance to P. polysora,
underscoring their potential as biocontrol agents for targeted
disease management. The core genera identified here have been
consistently reported in maize studies across diverse environments
(Johnston-Monje and Raizada, 2011; Busby et al., 2016; Chao et al,,
2025), suggesting a degree of ecological generalizability. These data
support the concept of disease-modulating endophytic consortia
and emphasize the need for functional validation of candidate taxa.
While further validation is needed, the selective enrichment of
beneficial endophytes through microbial inoculants or cropping
practices could increase maize resilience.

4.4 Environmental and geographic factors
shaping endophytic communities

Our results also revealed that shifts in foliar endophytic
communities in response to P. polysora infection were modulated
by environmental and geographic factors. Regional variation in
pathogen pressure, along with local microclimatic conditions such
as temperature and humidity, contributed to the observed
differences in both disease severity and microbial community
composition. These results suggest that pathogen stress amplifies
the influence of environmental variables on endophyte assembly,
driving spatial heterogeneity in community dynamics and disease
outcomes. Although sampling was standardized at the grain-filling
stage, unaccounted seasonal and weather-related fluctuations may
further shape the microbial structure and confound infection
effects. These findings emphasize the importance of incorporating
site-specific environmental variables into predictive models of SCR
risk and microbiome dynamics in future research. Such models
could facilitate the disentanglement of the direct effects of
endophytic communities on SCR progression from the indirect
effects of environmental drivers.

5 Conclusions

This study highlights the critical role of foliar endophytic
community restructuring in mediating maize resistance to SCR
under natural environmental conditions. By linking changes in SCR
severity to shifts in foliar endophytic communities, we provide
novel insights into the maize-P. polysora pathosystem. Core fungal
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genera such as Alternaria and Kodamaea have emerged as key
modulators of disease severity, whereas Hannaella and Naganishia
have been implicated in disease facilitation, offering a nuanced
understanding of the dual roles of endophytes in host-pathogen
interactions. The identification of fungal taxa with potential
biocontrol activity presents opportunities for the development of
sustainable disease management strategies. Future studies should
incorporate multi-seasonal sampling, controlled inoculation
experiments, and detailed microclimatic monitoring to better
understand the ecological mechanisms shaping the foliar
microbiomes of maize. Functional validation of candidate taxa
through culture-dependent methods and in planta assays will be
critical for confirming their biocontrol potential. Additionally,
predictive models incorporating host-microbiome interactions
under varying environmental conditions could offer critical
insights into endophyte-mediated plant defense mechanisms.
Such efforts will facilitate the development of targeted biocontrol
strategies that leverage the natural variability in fungal communities
to mitigate the severity of SCR and increase crop resilience.
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