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Abstract

Trichoderma harzianum, a beneficial rhizosphere ascomycete, is widely used for the control
of a variety of plant diseases. However, powdered T. harzianum inoculant (PTH) suffers
from poor root-colonization capacity and variable biocontrol efficacy, which limits its
field application. In this study, an antagonistic T. harzianum strain TH10 was isolated
from marine algal sediments. Using spent mushroom substrate (SMS) as the carrier for
TH10, we developed an SMS-based T. harzianum inoculant (STH) for rice blast control.
Scanning electron microscopy (SEM) revealed dense fungal mycelial networks on root
surfaces of STH-treated rice, and these hyphae were presumed to be T. harzianum. At
the three-leaf, tillering, and jointing stages, shoot height and root length of Pyricularia
oryzae-infected rice treated with STH increased by 0.56-26.48% and 25.02-29.51% relative to
those treated with PTH, respectively. Furthermore, STH increased the 1000-grain weight
by 23.70% relative to the untreated control and by 12.99% relative to PTH, and improved
grain number per panicle and panicle weight. STH exhibited a biocontrol efficacy of 51.34
=+ 6.39% under greenhouse conditions, and reduced panicle-blast severity to 14.60 £ 2.68%.
Transcriptomic data suggest that SMS may promote cuticular lipid biosynthesis in root
tissues, and these lipids might in turn serve as carbon sources for T. harzianum. Most
defense-related pathways, including phenylpropanoid biosynthesis, effector-triggered
immunity (ETI), and MAPK cascades, were significantly upregulated in rice blast-infected
shoots. These pathways may be associated with the accumulation of the immune-signaling
molecules abscisic acid (ABA) and salicylic acid (SA), a response accompanying enhanced
disease resistance in rice.

Keywords: Trichoderma harzianum; spent mushroom substrate; biological control;

Pyricularia oryzae

1. Introduction

Rice (Oryza sativa), one of the most important cereal crops, serves as the staple food
for more than half of the global population, with Asia dominating both its total output and
consumption [1]. However, rice cultivation is constantly challenged by diverse pathogens,
among which Pyricularia oryzae poses one of the most destructive threats [2]. Rice blast
varies in severity among rice-producing countries, and moderate-to-severe epidemics
are frequent in China’s rice-growing regions in most years [3]. It is estimated that rice
blast causes annual yield losses of 10-30%, and the lost grain can meet the annual food
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requirements of around 60 million people. When environmental conditions favor pathogen
outbreaks, rice blast may cause 70-80% grain loss and even complete yield failure [4].
Beyond yield reduction, rice blast severely degrades grain quality, posing a serious threat
to global food security and sustainable rice production [5].

Pyricularia oryzae, a hemibiotrophic fungus belonging to the phylum Ascomycota,
mainly exists in its anamorphic state in nature [6-8]. Its lightweight, wind-dispersed conidia
can infect rice leaves, stems and panicles. They adhere to leaf cuticles, germinate, and form
melanized appressoria that generate high intracellular turgor pressure to penetrate host
epidermal cells. Subsequently, necrotic lesions develop on host tissues, and the pathogen
produces new asexual conidia. These spores spread to neighboring rice plants, completing
the infection cycle and causing substantial yield losses [9]. Although chemical control
can achieve satisfactory efficacy, it often causes environmental pollution and accelerates
the emergence of fungicide resistance [10,11]. Therefore, biological control has attracted
considerable attention owing to its environmentally friendly and sustainable advantages.

Trichoderma species, well-known natural biocontrol agents capable of colonizing host
plants as endophytic symbionts, are widely used to control fungal diseases due to their
mycoparasitic traits [12]. Although Trichoderma is generally regarded as a terrestrial genus,
numerous strains with biocontrol potential have been continuously isolated from man-
grove plants, marine sediments, invertebrates, and macroalgae [13]. These non-terrestrial
Trichoderma strains exhibit unique physiological traits. For instance, Trichoderma sp. isolated
from marine environments can produce structurally diverse and novel metabolites, such as
terpenoids, polyketides, peptaibols, and alkaloids, some of which display antimicrobial,
cytotoxic, and anti-inflammatory activities [14,15]. In this study, we isolated an antagonistic
strain of T. harzianum, designated as strain TH10, from marine algal sediments. Strain TH10
displayed strong antagonistic activity against P. oryzae. Nevertheless, T. harzianum TH10
powder (PTH) prepared using conventional culture techniques frequently exhibits poor
agronomic performance and inconsistent biocontrol performance, limiting its practical
application [16,17]. To address this problem, this study focuses on developing effective
strategies to improve the agronomic performance of T. harzianum TH10.

Notably, root-colonizing fungi establish mutualistic symbiotic relationships by trig-
gering root cutin or lignin biosynthesis. The degradation products of these polymers can
subsequently serve as carbon sources for the fungi [18]. T. harzianum secretes cutinase to
hydrolyze root-derived cutin, releasing C16- and C18-hydroxy fatty-acid monomers, and
lignocellulases to degrade residual lignin for nutrition [19,20]. Physical contact between
fungal mycelia and root cells activates plant cutin or lignin biosynthetic pathways, a re-
sponse that restricts excessive fungal ingress and facilitates sustained rhizosphere coloniza-
tion [21,22]. Previous studies have preliminarily revealed the cutin-dependent interaction
model between Trichoderma and plant roots [18,23]. Given that lignocellulose resources
are critical for sustaining Trichoderma populations in the rhizosphere, spent mushroom
substrate (SMS) was considered a promising carrier for strain TH10. SMS is a by-product of
edible mushroom cultivation and is rich in residual cellulose, lignin, fungal biomass, macro-
and micronutrients, organic matter, and extracellular enzymes, which might facilitate the
survival of strain TH10 and its rhizosphere-colonization capacity [24-26].

As mentioned above, T. harzianum has broad application potential in eco-friendly and
sustainable biocontrol of crop diseases [27,28]. However, effective strategies for improving
its rhizosphere-colonization capacity and biocontrol efficiency are still lacking [29]. This
study aimed to establish an SMS-mediated strategy and explore whether SMS can improve
the agronomic performance and control efficacy of strain TH10 against rice blast caused by
P. oryzae, as well as to reveal the physiological and phenotypic characteristics associated
with STH-induced growth promotion and disease resistance through greenhouse trials,

https:/ /doi.org/10.3390 / microorganisms14112420


https://doi.org/10.3390/microorganisms14112420

Microorganisms 2026, 14, 2420

30f23

SEM, and transcriptome sequencing. Moreover, we characterized the relationships between
STH-induced alterations in soil physicochemical properties and plant phytohormones.
Experimentally, we demonstrated that STH promoted rice growth and improved biocontrol
efficacy against rice blast. To explain these beneficial effects, we hypothesize that residual
fungal mycelia in SMS act as a signal to trigger cuticular lipid accumulation in rice roots,
and the resulting cuticular lipids in turn serve as abundant carbon sources for T. harzianum.
Nevertheless, this hypothesized mechanistic causal link cannot be directly proven by
the present dataset, as SMS also provides plant-available nutrients. Further functional
experiments will be conducted in follow-up studies.

2. Materials and Methods
2.1. Fungal and Plant Material and Cultivation

T. harzianum strain TH10 was isolated from marine algal sediments off the coast of
Tianjin, Bohai Bay, China, following the isolation procedure described by Zhang et al. [30],
with minor modifications. Briefly, sediment samples were aseptically collected, sealed in
sterile polyethylene bags, and transported to the laboratory on ice. After serial dilution
of sediment suspensions, spread-plating was carried out on potato dextrose agar (PDA,
consisting of 200 g/L potato infusion, 20 g/L glucose, and 15 g/L agar, pH 6.0) supple-
mented with streptomycin (0.1 g/L), chloramphenicol (0.3 g/L), and rose bengal (0.02 g/L).
Candidate Trichoderma isolates were purified by repeated streaking on fresh PDA plates
and further identified by morphological and molecular characterization. Four types of SMS
derived from cultivation of Ganoderma lucidum, Ganoderma amboinense, Tricholoma matsutake,
and Pleurotus nebrodensis were used in this study. Samples were collected from Yuxin Edible
Mushroom Planting Professional Cooperative, Yuzhou, Henan, China. The original culture
medium for these edible mushrooms consisted of 79% sawdust, 20% wheat bran and 1%
gypsum w/w, with the moisture content adjusted to 50-60%. Specifically, pine sawdust was
used as the sole cultivation substrate for T. matsutake. These four SMS materials were mixed
at an equal mass ratio (1:1:1:1 w/w/w/w) to obtain the mixed-SMS powder used for inocu-
lant preparation. P. oryzae Guy11 used in this study was provided by Hangzhou Fengxun
Biotechnology Co., Ltd. (Hangzhou, China). The strain was activated and maintained
on PDA medium at 28 °C in darkness for 7 days. To harvest abundant conidia, mycelial
plugs from the PDA plates were inoculated into potato dextrose broth (PDB) and incubated
for 7 days at 28 °C with shaking at 180 rpm. The rice cultivar, Zhenghan 10, was used for
all experiments in this study, with seeds provided by the Henan Academy of Agricultural
Sciences. All strains and plant materials used in this study are listed in Table S1.

2.2. Preparation of SMS-Based T. harzianum Inoculants (STH)

To obtain high-viability T. harzianum powder for subsequent inoculant preparation,
solid-state fermentation was performed following the protocol reported by Naeimi et al.,
with minor modifications [31]. T. harzianum TH10 was first cultured and activated on PDA
plates at 28 °C for 7 days. After incubation, fungal spores were eluted using sterile distilled
water and diluted to a final concentration of 1 x 10° CFU/mL. The spore suspension
was inoculated into sterilized substrate consisting of wheat bran and rice husk (1:1 w/w,
initial pH 5.8 £ 0.2) for solid-state culture at 28 °C for 7 days, with an inoculation rate
of 10% and initial substrate moisture of 50%. The fermented substrate was harvested,
oven-dried at 40 °C to constant weight, milled, and passed through a 40-mesh sieve to
yield spore powder [32]. Subsequently, the viable conidial concentration of TH10 spore
powder was quantified via the plate-counting method. Appropriate serial dilutions of
the spore powder sample were prepared, and dilutions of 107¢, 107, and 10~% were
spread onto PDA plates and incubated at 28 °C for 5-7 days for colony counting. Results
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were expressed as 1 x 10! CFU/g sample. For the preparation of SMS-based TH10 (STH),
four SMS materials from Ganoderma lucidum, Ganoderma amboinense, Tricholoma matsutake,
and Pleurotus nebrodensis were individually ground and sieved through a 100-mesh sieve,
and mixed at a mass ratio of 1:1:1:1 w/w/w/w. The initial physicochemical properties of
the mixed SMS were pH 7.4, moisture content 58%, organic matter 526 g/kg, and C/N ratio
25. The pH, organic matter, and C/N ratio were within the reported ranges for raw spent
mushroom substrates of various edible fungi [33]. The spore powder of TH10 was fully
blended with mixed SMS powder (1:8 w/w). The mixture was humidified with sterile water,
and then compressed into round tablets using a tablet press. Each tablet was 10 mm in
diameter and 3 mm in thickness, with a weight of approximately 0.2 g. The viable conidial
load per tablet was determined using the plate-counting method, yielding approximately
2.2 x 10® CFU per tablet. For PTH preparation, the spore powder was directly processed
without the addition of SMS.

2.3. Activity Assessment of Strain TH10 Against Pyricularia oryzae In Vitro

T. harzianum TH10 and P. oryzae Guy11 were activated on PDA at 28 °C in darkness
for 7 d. Six-mm mycelial plugs of each fungus were placed 3 cm apart on opposite sides
of fresh PDA plates and incubated under identical conditions for dual-culture interaction
observation. Agar blocks of around 1 cm? were excised from single-culture plates of each
strain and the interaction zone of confrontation plates, air-dried and gold-sputtered. The
samples were subsequently observed with a ZEISS MERLIN compact scanning electron
microscope (SEM) (Zeiss, Jena, Germany) for qualitative observation of morphological
changes in Guyl1 hyphae and the antagonistic interaction between strain TH10 and Guy11.
The antifungal activity of extracellular secretions produced by strain TH10 against P. oryzae
Guyl1 was determined by a mycelial inhibition assay. The broth of strain TH10, cultured in
PDB at 28 °C and 180 rpm for 7 d (viable population: 2.4 x 10° CFU/mL), was centrifuged,
and the resulting supernatant was sterilized by filtration through a 0.22 um membrane to
obtain a cell-free filtrate for subsequent antifungal assays.

The cell-free filtrate was serially diluted 10-fold from x10~! to x10~7, and 200 pL
of each diluted filtrate was spread evenly onto a PDA plate. Once the plate surface
dried naturally, a 6 mm mycelial plug of Guyl1 was inoculated at the plate center. After
incubation at 28 °C in darkness for 7 d, Guy11 colony diameters were measured by the
cross-diameter method to calculate the inhibition rate according to Formula (1):

DCk - Dx

%) = 2% X %100 1
M%) =5 ~D, (1)

where yu stands for the mycelial inhibition rate, D¢k represents the colony diameter of the
blank control group, Dx denotes the colony diameter of the treatment group, and Dy is
the initial diameter of the inoculated mycelial plug. Linear regression was performed with
inhibition rate on the Y-axis and the logarithm of the dilution factor on the X-axis. The fitted
regression equation was used to calculate the ECsg value of strain TH10 against P. oryzae
Guyll. All activity assays were performed in triplicate.

2.4. Rice Blast Disease Model Establishment and Biocontrol Evaluation

Healthy, disease-free rice seeds were selected and surface-sterilized by soaking in
75% C,H50H for 30 s with vigorous shaking, followed by immersion in 1% NaClO solution
for 8-10 min with repeated inverting. After rinsing with sterile water five times, the seeds
were soaked in the same water and germinated at 28 °C in darkness for 72 h. Germinated
seeds were sown in seedling trays and cultivated to the three-leaf stage. Seedlings of
uniform growth were then transplanted into plastic pots. Each pot contained 5.0 kg of
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air-dried paddy soil collected from local paddy field (Xuchang, Henan Province, China),
and served as one independent biological replicate. Each pot had six planting hills, with six
rice seedlings transplanted per hill. For STH treatment, 5 tablets (total 1 g) were applied per
planting hole, containing 1.10 X 10° CFU viable TH10 conidia; for PTH treatment, 0.11 g
inoculant (1.10 x 10° CFU) was used per hole to achieve equivalent conidial dosage.
The mixed SMS addition corresponded to 1.067 g of mixed SMS per kg soil, applied to
a soil depth of approximately 2-3 cm around rice seedling roots prior to transplanting.
Three independent pots were established per treatment. The rice seedlings receiving
no inoculant treatment served as the control (CK). The experiment used a randomized
complete-block design (RCBD) with three replicates. Seven treatments were tested: PTH,
STH, G. lucidum SMS-based TH10, T. matsutake SMS-based TH10, P. nebrodensis SMS-based
TH10, G. amboinense SMS-based TH10, and an untreated control (CK). One pot served as
one replicate. The RCBD experimental layout is shown in Figure S1; each row represented
one block containing all seven treatments, and pots within each block were randomly
arranged under greenhouse conditions. Data obtained from this greenhouse RCBD trial
were analyzed by one-way ANOVA, and mean separations were performed using Duncan’s
multiple-range test at p < 0.05. Due to space limitations, an SMS-only treatment was not
included, and therefore the individual effects of SMS and TH10 cannot be fully separated
in the present study.

A detached leaf inoculation assay was conducted to evaluate the biocontrol potential of
strain TH10 against rice blast. Healthy rice leaves were collected from the above potted rice
seedlings at the early tillering stage, surface-sterilized, and placed on moist filter paper for
the detached-leaf assay. The conidial suspension of P. oryzae Guy11 (1 x 10° CFU/mL) was
used for inoculation by dropping it onto the wound sites. Inoculated leaves were incubated
at 28 °C with relative humidity > 90% under a 12 h light/12 h dark photoperiod, and
strain TH10 cell-free supernatant was sprayed onto inoculation sites every other day. Each
treatment contained six biological replicates, with sterile water treatment (CK1) and single
P. oryzae inoculation (CK2) as controls. Lesion development was monitored at 2, 4, and 6 dpi.
Lesion length and width were measured to assess disease severity, and the cross-diameter
method was applied to calculate equivalent lesion diameters. For sequential lesion-size
measurements obtained from the same detached leaves at 2, 4, and 6 dpi, repeated-measures
ANOVA was performed to assess the effects of treatment, time, and their treatment-by-time
interaction. Leaf blast was surveyed at 7, 14 and 21 days post P. oryzae inoculation. Leaf
blast severity was evaluated according to the 0-9 Standard Evaluation System (SES) scale
standard of the International Rice Research Institute (IRRI, 2013) [32]. The lesion expansion
rate was calculated using the following Formula (2):

(D6dpi - Ddei)

Lesion expansion rate (%) = x 100 ()

Daapi
where Dyqpi and Dgqp; represent the equivalent lesion diameters at 2 dpi and 6 dpi,
respectively.

At the tillering stage, the nodal tissues were inoculated with P. oryzae Guyl1 using a
modified toothpick-inoculation method from Kumar et al. [34]. Briefly, sterile toothpicks
were used to prick actively growing Guy11 mycelial mats on PDA plates to harvest fresh
mycelium, followed by piercing rice internode tissues for inoculation. After inoculation,
the relative humidity was maintained at >90%, and the plants were incubated at 28 °C.
At maturity, one hill consisting of six seedlings was sampled from each independent
pot for panicle-blast severity assessment. Panicle-blast severity was calculated as the
percentage of withered spikelets relative to total spikelets per panicle. Disease grades were
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evaluated according to the Standard Evaluation System for Rice Panicle-blast severity (%)
was calculated using the following Formula (3):

. ..o,y _ Withered spikelets per panicle
Panicle-blast severity (%) = Total spikelets per panicle

x 100 3)

2.5. Vegetative Growth and Biological Characteristics Assessment

To assess vegetative growth, six plants were randomly selected from each pot to
determine rice plant height, root length, and above- and below-ground dry weights at
the three-leaf, tillering, and jointing stages. Plants within each pot were pooled, and pot-
averaged values were used for subsequent statistical analysis. The panicles were air-dried
in a cool, dry place, and their moisture content was monitored using an SF101 coulometric
Karl-Fischer analyzer (Shandong SF Analytical Instrument Co., Ltd., Zibo, Shandong,
China) until it dropped below 13.5%, and then manually threshed for yield-component
analysis. The number of grains per panicle and seed-setting rate were recorded. One
hundred plump grains were randomly selected and weighed to calculate the 1000-grain
weight according to Formula (4),

Wiooo = Wigo x 10 4)

where Wy is the 1000-grain weight (g), and Wy represents the average weight of 100
plump rice grains (g). All measurements were performed in triplicate using independent
pots. Theoretical yield was further calculated based on yield components.

2.6. Observation of Rice Root Tissue

Rice root tissue was observed under a ZEISS MERLIN compact scanning electron mi-
croscope (SEM) (Zeiss, Jena, Germany). At 14 days after STH and PTH treatment, 0.5-1.0 cm
root-tip segments collected from each pot were cut into 5 mm pieces and longitudinally dis-
sected. After washing three times using double-distilled water, the samples were fixed in 2.5%
glutaraldehyde at 4 °C overnight, rinsed three times with 0.1 M phosphate-buffered saline
(PBS) for 15 min each, and dehydrated through a graded ethanol series of 30%, 50%, 70%,
80%, 90%, and 100% (twice), with each step lasting 15-20 min. After vacuum freeze-drying,
the samples were coated with an ETD 2000C ion coater (Beijing Elaborate Technology, Beijing,
China) and observed under SEM to provide qualitative morphological evidence for fungal
hyphae on rice roots. Roots without any treatment were used as the control (CK).

2.7. Rhizosphere Soil Physicochemical Properties (RSPP) Determination

The initial alkaline paddy soil had a pH of 7.51, and no additional chemical fertilizers
were used in this greenhouse experiment. Four types of SMS, including Ganoderma lucidum,
Tricholoma matsutake, Pleurotus nebrodensis and Ganoderma amboinense, were separately used
to prepare STHs, which were applied at 1 g per planting hole into pots holding 5.0 kg paddy
soil by hole placement before rice transplanting. An SMS-only treatment was included,
where four types of SMS powder without strain TH10 were applied at the same dosage
of 1 g per planting hole, to separate the effects originating from SMS itself. Soil from
untreated-control pots represented the experimental baseline soil condition. Rhizosphere
soil samples were collected from each treatment pot at the tillering stage, retaining only
soil tightly attached to root surfaces after shaking off loose bulk soil, and air-dried for
physicochemical analysis. RSPP were determined with reference to official recommended
forestry industry standards [35]. Soil total nitrogen (TN) was determined by the Kjel-
dahl digestion-distillation titration method, and alkaline-hydrolyzable nitrogen (AN) was
detected using the alkaline diffusion method according to LY /T 1228-2015. Soil total phos-
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phorus (TP) and available phosphorus (AP) were analyzed by the molybdenum-antimony
anti-spectrophotometric method following LY /T 1232-2015. Soil total potassium (TK) and
rapidly available potassium (AK) were measured by flame photometry in accordance with
LY /T 1234-2015. Soil organic matter (OM) was determined by the potassium dichromate
oil-bath heating titration method as specified in NY/T 1121.6-2006. Soil pH was tested
using potentiometry with a water—soil ratio of 2.5:1, according to HJ 962-2018. The ex-
periment was conducted with self-prepared reagents instead of commercial test kits and
arranged in a randomized complete-block design with three replicates. However, these
SMS-only pots were not incorporated into the greenhouse biological assay owing to space
limitations. As a result, we cannot completely separate the effects of SMS and TH10.

2.8. Transcriptome Sequencing and Analysis

Samples were collected at the jointing stage from leaves and roots of rice plants in
the STH and PTH treatment and control groups. The samples were immediately frozen in
liquid nitrogen and stored at —80 °C. Total RNA was extracted using the MJZol Total RNA
Extraction Kit (Shanghai Meiji Junhua Biomedical Technology Co., Ltd., Shanghai, China).
RNA concentration and purity were assessed using a Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA), and RNA integrity was verified by
agarose gel electrophoresis; samples with RIN > 7.0 were considered qualified. Qualified
RNA samples were used to construct strand-specific libraries and sequenced on the Illumina
NovaSeq X Plus platform (Illumina Inc., San Diego, CA, USA) with 150 bp paired-end reads.
Raw reads were quality-filtered using fastp, and the resulting clean reads were aligned to the
rice reference genome (MSU 7.0) using Hisat2, followed by quantification of gene expression
levels. Differential expression analysis was performed using DESeq2, with significance
thresholds set at p < 0.05 and |log,FC | > 1.0. GO and KEGG enrichment analyses were
conducted on the differentially expressed genes. All transcriptome-sequencing analyses
were performed in triplicate.

2.9. Determination of SA, ABA, and GA3 Content

Endogenous gibberellin (GA3), abscisic acid (ABA), and salicylic acid (SA) contents
in rice plants were determined using high-performance liquid chromatography (HPLC).
Fresh plant samples (0.2 g) were ground in liquid nitrogen and extracted with 750 pL of
extraction solution (methanol:ultrapure water:glacial acetic acid = 80:19:1, v/v/v) at 4 °C
on a rotary shaker at 300 rpm overnight. After centrifugation at 10,000 rpm for 20 min
at 4 °C, the supernatant was collected. The pellet was re-extracted with 450 pL of the
same extraction solution at 4 °C on a rotary shaker at 300 rpm for 4 h, and centrifuged
at 10,000 rpm for 20 min at 4 °C. The two supernatants were combined, filtered through a
0.22 pm membrane, mixed with 300 pL of 0.1% formic acid, and centrifuged at 10,000 rpm
for 15 min at 4 °C to obtain the final sample solution.

Chromatographic separation was performed on an ACCHROM XAqua C18 column
(4.6 x 250 mm, 5 pm), Acchrom Technologies Co., Ltd., Beijing, China, at 40 °C. The
mobile phase consisted of 0.1% formic acid in water (A) and methanol (B) under isocratic
elution at a flow rate of 1.0 mL/min, with an injection volume of 10 uL. The detection
wavelengths were set at 210 nm and 254 nm with full wavelength scanning. Standard
curves were constructed using serial dilutions of authentic standards, with a linear range
of 0.125-4 mg/L, which fully covered the hormone concentration range (0.2-3 mg/L)
detected in the samples. Each endogenous phytohormone was measured in triplicate.

2.10. Statistical Analysis

All experiments were performed with at least three biological replicates. Plant-growth-
related indices including shoot height, root length and biomass were determined via
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destructive sampling at individual developmental stages; different batches of experimental
units were used for each time-point measurement. A separate one-way ANOVA was
therefore applied to data from each developmental stage. All statistical analyses were
performed using R 4.5.2 software. One-way analysis of variance (ANOVA) was conducted
for phenotypic disease parameters, physiological indexes, phytohormone contents, and
in vitro antagonism test data. Significant differences between group means were deter-
mined by Duncan’s multiple-range test at p < 0.05. For multiple soil physicochemical
variables evaluated within the same experiment, no formal correction for multiple testing
was applied; results are interpreted with caution and presented for descriptive purposes.
The dose-response regression used to calculate the ECsg value of strain TH10 cell-free
culture filtrate was performed in Origin 2019b. All experimental data were expressed as
means =+ standard deviation (SD). Clean reads obtained after quality control of transcrip-
tome sequencing data were aligned to the rice reference genome using HISAT2. Gene
expression abundance was quantified with RSEM. Differentially expressed genes (DEGs)
were screened using the embedded DESeq2 module on the Majorbio cloud-based platform
(https:/ /www.majorbio.com/), with thresholds of |logy(fold change)| > 1.0 and adjusted
p-value < 0.05. DESeq2 implements Benjamini-Hochberg correction for multiple testing for
transcriptomic DEG identification. KEGG enrichment analyses for transcriptomic datasets
were also conducted on the Majorbio cloud-based platform.

3. Results

3.1. In Vitro Antagonistic Activity of Trichoderma harzianum TH10 Against Pyricularia oryzae
3.1.1. Preliminary Antagonism Identification of Strain TH10 Against P. oryzae Guyll

To preliminarily verify the antifungal potential of strain TH10 against P. oryzae Guy11, we
used dual-culture assays and scanning electron microscopy (SEM) observations to investigate
its antagonistic behaviors and systematically characterize its antagonistic modes of action
(MOA) [36]. The phenotypes on confrontation plates were sequentially recorded at 3, 7, and
14 days post-inoculation (dpi) and displayed in Figure 1a. On day 3, a distinct and well-
defined inhibition zone appeared around Guy11 colonies, demonstrating that strain TH10
secreted antagonistic metabolites to inhibit the mycelial growth of Guy11 by inducing mycelial
lysis. With incubation prolonged for 7 days, the mycelia of strain TH10 gradually spread
towards the interaction zone and partially colonized this area. The original inhibition zone
faded gradually, and abundant conidia began to form. At 14 dpi, strain TH10 covered the
whole plate and bore abundant green conidia, rendering the colony green. The radial-direction
growth of Guy11 hyphae was significantly suppressed, and no mycelial interweaving was
observed between the two strains, indicating strong spatial-site competition.

Mycelial samples collected from the dual-culture interaction zone were observed by
SEM to investigate hyphal interactions. The three SEM images in Figure 1b from left to right
represent monocultured Guy11 hyphae, the hyphal contact interface of Guy11 and strain TH10,
and monocultured strain TH10 hyphae. These micrographs revealed that abundant hyphae of
strain TH10 tightly adhered to, twisted around, and fully encased the hyphae and conidia of
Guyll. Such heavy encapsulation caused severe morphological deformation of vegetative
and reproductive structures in Guyl1l and inhibited the formation of mature conidia. In
contrast, the Guy11 strain grown in monoculture produced intact, well-differentiated, plump
and uniform hyphae and conidia. The slight shrinkage and distortion of Guy11 cell walls
were presumably induced by metabolites secreted by strain TH10.

Taken together, macroscopic and microscopic phenotypic observations suggested that
strain TH10 inhibits Guy11 through three distinct antagonistic MOAs, including metabolite-
mediated long-distance inhibition, spatial exclusion, and direct mycoparasitism accompanied
by the coiling and degradation of pathogen hyphae and conidia. The three antagonistic MOAs
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exert synergistic effects to suppress the proliferation of Guy11, simultaneously inhibiting
colony expansion and disrupting its cellular morphological development.
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Figure 1. Antagonistic activity of strain TH10 against P. oryzae Guy11. (a) Time-course dual-culture
assay of T. harzianum TH10 and Guy11 at 3, 7, and 14 dpi. Each plate was inoculated with T. harzianum
TH10 on the left and P. oryzae Guy11 on the right. Scale bar: 10 mm; (b) SEM images arranged from
left to right: monocultured Guy11, hyphal contact interface, and monocultured strain TH10. Scale
bar: 2 um.

3.1.2. Antifungal Activity of Strain TH10 Secretions Against P. oryzae Guy11l

Previous studies have reported that Trichoderma strains can secrete trichotoxins and
diverse bioactive metabolites to suppress the growth of phytopathogens [37]. To further
confirm that the extracellular metabolites secreted by strain TH10 exert antifungal activ-
ity against P. oryzae Guy11, gradient-dilution assays were performed to determine the
half-maximal effective concentration (ECsg) of its cell-free supernatant [38]. Serial ten-fold
dilutions ranging from x10~! to x10~7 were prepared for antifungal testing. Each diluted
filtrate was evenly spread onto PDA plates. Mycelial plugs of Guy11 were subsequently
inoculated onto the metabolite-treated plates, followed by incubation at 28 °C to observe
mycelial growth. Results showed that the supernatant had a significant inhibitory effect
on the mycelial growth of Guy1l in a concentration-dependent manner, and higher super-
natant concentrations led to stronger inhibition of radial mycelial growth. As shown in
Figure S2, the highest inhibition rate of 70.00% was observed under the 10-fold dilution
treatment. Antifungal activity dropped progressively with increasing dilution factor, with
a 21.33% inhibition rate remaining at the 10°-fold dilution.

The cross-diameter method was employed to measure the colony diameters of Guy11.
The mycelial-growth inhibition rates were subsequently calculated to determine the
ECs value. ECsp was calculated by fitting the dose-response regression equation, which
was p = —14.15 logjo(n) + 93.88 (R? = 0.9942). Here, n represents the dilution factor of the
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original fermentation filtrate, # stands for the mycelial inhibition rate (%), and R? denotes
the coefficient of determination. Accordingly, the corresponding ECsy value was deter-
mined to be a 1.262 x 103-fold dilution of the original filtrate. These quantitative data were
highly consistent with the macroscopic antagonism phenotype, including well-defined
inhibition zones observed during dual-culture testing, which indicated that strain TH10
suppresses the mycelial growth of Guy11 by secreting extracellular bioactive metabolites
(Supplementary Data S1).

3.2. Assessment of SMS-Based TH10 for Rice Blast Biocontrol and Rice Growth Promotion
3.2.1. Strain TH10 Biocontrol of Rice Blast

The dual-culture assays confirmed that strain TH10 exerted significant inhibitory effects
on P. oryzae Guy1l. Accordingly, detached rice-leaf inoculation assays were performed to
further evaluate the biocontrol potential of T. harzianum TH10 against rice blast. The cell-free
culture supernatant of strain TH10 was sprayed onto the inoculation site of Guy11 on detached
rice leaves every other day. Six biological replicates were arranged for each treatment. The
mechanical-wound group (CK1) and the Guyl1l-inoculated group (CK2), each sprayed with
sterile water, served as controls. Lesion progression was recorded at 2, 4, and 6 dpi, and the
results are shown in Figure 2a. Lesion length and width were measured to determine disease
severity, and the cross-diameter method was used to calculate the equivalent lesion diameter,
and all quantitative results are displayed in Figure 2b and Table S2.

CKl CK2 TH Equivalent lesion diameter (mm)
2 3 $

CK1
CK2
TH

2 dpi

4 dpi

(b)

Figure 2. Biocontrol assessment of strain TH10 against rice blast. (a) Detached leaf blast symptoms at
2,4 and 6 dpi. Scale bar = 2 mm. (b) Temporal quantitative analysis of lesion equivalent-diameter
(n =6). Different lowercase letters denote significant differences at p < 0.05. CK1: mechanical-
wound group sprayed with sterile water; CK2: Guy1l1l-inoculated group sprayed with sterile water;
TH: Guyl1l-inoculated group sprayed with strain TH10 cell-free culture supernatant.

Faint physiological brown speckles appeared on rice leaves treated with sterile water
(CK1). The speckle diameter reached 1.18 & 0.09 mm on day 2 and 1.40 &= 0.04 mm on day 6,
corresponding to an expansion of approximately 18.64%, while the disease grade remained
0. In contrast, lesions expanded significantly on leaves inoculated with Guy11 alone
(CK2). The lesion diameter reached 2.15 4= 0.18 mm at 2 dpi and 4.48 &= 0.13 mm at 6 dpi,
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corresponding to an expansion of approximately 108.37%, with the disease grade reaching
6. However, leaf-blast symptoms were markedly suppressed after spraying the strain TH10
supernatant onto Guy1l1l-inoculated sites. Compared with the value measured at 2 dpi,
the lesion diameter increased by approximately 50.33% at 6 dpi, which corresponded to a
disease grade of 3. Detached rice-leaf assays revealed that strain TH10 exhibited strong
inhibitory activity against P. oryzae Guy11l. We subsequently performed greenhouse pot
trials to evaluate the biocontrol efficacy of PTH and STH, in which rice blast was triggered
by inoculating rice tiller nodes with Guy11 mycelia.

At maturity, panicle blast severity was assessed according to the Standard Evaluation
System for Rice. Rice panicles and the potted-plant growth status under the three treatments
are presented in Figure S3. Raw spikelet count data used to calculate panicle blast severity
and biocontrol efficacy are provided in Table S3. This metric reflects disease severity
rather than classical disease incidence. Data in Table 1 reveal that the STH treatment
significantly reduced disease severity to 14.60 £ 2.68%, with a greenhouse biocontrol
efficacy of 51.34 £ 6.39% and a 51.89% inhibition rate of withered grains. The plants
showed a moderately susceptible disease grade of 3. In contrast, PTH treatment reduced
disease severity to 25.94 £ 2.75%, with a greenhouse biocontrol efficacy of 12.56 & 18.81%
and a panicle-blast severity inhibition rate of 14.53%, which was classified as disease
grade 5. The large standard deviation indicated unstable biocontrol efficacy of PTH among
greenhouse experimental replicates. The in planta assay showed that both treatments
effectively alleviated panicle-blast damage, and STH showed a superior disease-suppressive
effect compared with PTH. By comparison, the untreated control group (CK) exhibited a
panicle-blast severity of 30.35 £ 5.94%, which attained the highly susceptible disease grade
7. The mitigation of panicle-blast damage further affected grain yield performance, so the
seed-setting rate was highest for STH, followed by PTH and then the untreated control,
with values of 85.40 + 2.68%, 74.06 + 2.75%, and 69.65 £ 5.94%, respectively.

Table 1. Effects of SMS-based T. harzianum TH10 on rice blast resistance.

Panicle Blast Panicle-Blast Severity

Seed-Setting Rate (%)

Disease Severity (%) Greenhouse Biocontrol Efficacy (%) Inhibition Rate (%)
CK 30.35 +£5.94% n.d. 0.00 69.65 £5.942
PTH 25.94 + 275 12.56 +18.81 14.53 74.06 +£2.75%
STH 14.60 £ 2.68 © 51.34 £+ 6.39 51.89 85.40 +2.68°

Data are presented as mean + SD of three independent experimental pots. One hill
(six plants per hill) was sampled from each pot as a subsample. Different lowercase
letters denote significant differences among Guyll-inoculated CK, PTH and STH treat-
ments (p < 0.05). n.d., not detected. CK: untreated-control plants; PTH: plants hole-
applied with strain TH10 powder; STH: plants hole-applied with SMS-based TH10 inoculant.
Panicle-blast severity (%) = Withered spikelets per panicle/Total spikelets per panicle x 100. Seed-
setting rate (%) = 1 — panicle-blast severity.

3.2.2. SMS-Mediated Rice Growth Promotion by Strain TH10

Concurrently with the greenhouse experiment, rice growth traits were determined at
different vegetative stages to compare the growth-regulating effects of STH and PTH. As
shown in Table 2, when treated with STH, rice reached a plant height of 14.29 + 2.94 cm at
the three-leaf stage, which exceeded that under PTH treatment by 0.56% and that of untreated
seedlings by 2.22%. At the tillering stage, the plant height of rice under STH treatment was
26.48% and 51.77% higher than that of the PTH group and the untreated-control seedlings,
respectively. The corresponding promotion values stood at 19.53% and 44.97% at the jointing
stage. Consistent trends were also observed for root length, shoot dry weight, and root
dry weight at all developmental stages. Compared with PTH and CK, the STH treatment
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increased root length by 25.02-29.51% and 60-75%, root dry weight by 40-45% and 70-80%,
and shoot dry weight by 34% and 7-8%, respectively. Furthermore, the dynamics of tiller
development revealed that STH exhibited stronger promoting effects on tiller initiation and
emergence at the mid-to-late tillering stage, producing a maximum net tiller increment of
17 and the highest relative growth rate of 54.84%, the latter being 23.13% and 3.23% higher
than those of the untreated-control and PTH-treated groups, respectively. Finally, the STH-
treated rice exhibited the most vigorous vegetative growth, with its 1000-grain weight reaching
26.10 £ 0.46 g, 23.70% and 12.99% higher than those of the untreated control and PTH-treated
groups, respectively. The observed growth-promoting effects cannot be solely attributed to
T. harzianum TH10, since SMS itself supplies organic matter and nutrients. Collectively, strain
TH10 carried by SMS may contribute to promoted root elongation and below-ground biomass
accumulation, which in turn improved water and nutrient uptake, enhanced above-ground
biomass production and sustained tiller emergence.

3.3. Analysis on the Biocontrol Mechanism of SMS-Based TH10 Strain
3.3.1. SMS-Mediated Effects of Strain TH10 on Rhizosphere Soil

Greenhouse pot trials demonstrated that STH treatments exerted growth-promoting ef-
fects on rice. To further elucidate the causes behind this phenomenon, samples of rhizosphere
soil tightly attached to rice roots from all treatments were collected at the rice tillering stage
for physicochemical analysis. Soil from untreated-control pots served as the baseline soil con-
dition for this experiment, with additional SMS-only groups set to distinguish the effects of
SMS itself from SMS + TH10 treatments. In this experiment, nine soil physicochemical indica-
tors were determined to evaluate rhizosphere-soil improvement across four SMS-based TH10
treatments, with substrates obtained from Ganoderma lucidum, Tricholoma matsutake, Pleurotus ne-
brodensis and Ganoderma amboinense. The detected indices included total nitrogen (TN), total
phosphorus (TP), total potassium (TK), total salt (TS), alkali-hydrolyzable nitrogen (AN), available
phosphorus (AP), available potassium (AK), organic matter (OM) and soil pH. Differences in
rhizosphere soil properties among different STH treatments are shown in Figure 3. For soil TN,
Figure 3a shows that SMS-based TH10 strains significantly increased soil TN compared with
the untreated control, with the STH derived from G. amboinense producing the largest increase
in TN (7.847 + 0587 g-kg !, p < 0.01). With respect to TP content, Figure 3b shows that STH
markedly enhanced phosphorus accumulation, and the highest TP concentration was detected
under the G. amboinense STH treatment (1.632 + 0.138 g-kg !, p < 0.01). As presented in Figure 3c,
TK concentrations in all STH-inoculated treatments were significantly lower than those of the
untreated control, with the greatest reduction in TK observed under the T. matsutake STH treat-
ment (12.517 + 0.144 g-kg !, p < 0.01). For soil TS, Figure 3d shows that all treatments, except
the P. nebrodensis STH group, exhibited extremely significant differences compared with the
untreated control. The STH derived from G. amboinense produced the greatest reduction in soil
salinity (0.164 £ 0.034%, p < 0.001). Turning to AN, Figure 3e indicates that AN was substantially
enhanced after STH addition, and application of T. matsutake STH achieved the highest AN
concentration (979.377 & 90.491 mg-kg !, p < 0.01). In terms of AP, Figure 3f illustrates that all
STH amendments resulted in significantly higher AP levels compared with untreated soil, and ap-
plication of G. amboinense STH exhibited the largest AP accumulation (448.522 + 26.919 mg-kg !,
p <0.01). For soil AK, Figure 3g shows that STH application significantly improved soil available
potassium status, and the most prominent AK increase was found with application of P. nebro-
densis STH (2.305 -+ 0.252 g-kg !, p < 0.01). With respect to OM, Figure 3h demonstrates that
OM content was significantly enriched by STH incorporation, and application of G. lucidum STH
yielded the highest OM concentration (139.524 4 10.007 g-kg !, p < 0.01). For soil pH, Figure 3i
shows that only P. nebrodensis SMS treatment significantly decreased rhizosphere soil pH, while
the other three single SMS treatments and CK maintained moderately alkaline soil pH.
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Table 2. Effects of SMS-based T. harzianum TH10 on biological characteristics of rice.

Biological Three-Leaf Stage Tillering Stage Jointing Stage Maturity Stage
Characteristics CK PTH STH CK PTH STH CK PTH STH CK PTH STH
Plant height/cm 1398 2242 14.21 +2.55°? 1429 42942 209641422 25154266 31.814+3.19° 2951+2522 3579 +1.19P 4278 +£207° 82374+0.71° 9988+ 126 10330+ 0512
Root length/cm 593+0922 7.93 +0.35P 1027 +£045¢ 10.32 04272 14.27 + 0.54 P 17.83+£044° 1769 +£1.042 2258 +0.78° 2823 +056° 2320+0562 26.08+0.76° 30.22 +0.46°
Svl:i);}tl’fl/rg 1.08 +£0.05° 11140022 115+0.06° 1.72 +0.032 1.79 £ 0.02b 1.85 + 0.06 © 2.31+0.052 2454 0.04° 253 +0.07 € 1017 £0382  10.99+0.38P 11.87+0.21°
V%Z?gt}il}yg 0.45 +0.03°¢ 0.52 +0.03P 0.56 + 0.04 2 0.53 +£0.03°¢ 0.65 4+ 0.05° 093 +0.032 0.77 £0.05¢ 0.86 &+ 0.07 1.19 +0.06 2 3.65+035¢ 455+ 0.27° 5.31+0.342
Net tiller n.d. n.d. n.d. 13 16 17 n.d. n.d. n.d. n.d. n.d. n.d.
increase per pot
1000-grain nd. nd. nd. nd. nd. nd. nd. nd. nd. 21104£020° 2310+ 030" 2610 + 0.46°
weight/g

Data in the table are expressed as mean & SD (1 = 3), where 1 represents three independent experimental pots. Six randomly selected plants were sampled from each
pot for measurement. CK, PTH and STH refer to the untreated control, powdered strain TH10 and SMS-based TH10 groups exposed to Guy11-induced blast stress,
respectively. Different lowercase letters indicate significant differences among treatments within the same growth stage at p < 0.05 based on Duncan’s multiple-range
test; identical letters indicate no significant difference. n.d., not determined.
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Figure 3. Determination of soil physicochemical properties with different STH treatments. (a) The
content of total nitrogen; (b) The content of total phosphorus; (c¢) The content of total potassium;
(d) The content of total salt; (e) The content of alkali-hydrolyzable nitrogen; (f) The content of available
phosphorus; (g) The content of available potassium; (h) The content of organic matter; (i) Soil pH
value. CK: untreated-control soil; G. lucidum: treated with G. lucidum STH; T. matsutake: treated
with T. matsutake STH; P. nebrodensis: treated with P. nebrodensis STH; G. amboinense: treated with
G. amboinense STH. Bars with white triangular patterns represent SMS + TH10 treatments, while solid
shaded bars denote SMS-only treatments. Asterisks denote significant differences relative to CK
(**p <0.01, *** p < 0.001). Error bars indicate S.D. (n = 3).

The above results indicated that compared with untreated soil, most SMS-based
TH10 treatments significantly elevated TN, TP, AN, AP, AK and OM, while reducing
both TK and TS. Compared with the control, the G. lucidum STH and T. matsutake STH
treatments had significantly lowered total potassium concentrations but an obvious rise
in available potassium. Compared with SMS-only treatments, SMS + TH10 treatments
induced greater alterations in most soil physicochemical indicators. In addition, these
changes in total salt may alleviate root-associated salt stress and modify soil nutrient
bioavailability (Supplementary Data S2).

3.3.2. Comparison of Strain TH10 Colonization in Root Tissues

At the tillering stage, we found the total root length under STH treatment was 72.77%
more than that of untreated root, and 24.95% higher than that of PTH treatment. The
untreated roots displayed sparse root branching and the lowest root biomass. Application
of PTH slightly stimulated taproot elongation, but inhibited the development of lateral and
fibrous roots. In contrast, the STH treatment substantially triggered abundant proliferation
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of lateral and fibrous roots, resulting in a highly branched root system. Its root length
reached 17.83 & 0.44 cm and root dry weight reached 0.93 + 0.03 g, which were increased
by 43.08% and 75.47% relative to PTH and CK, respectively, as shown in Figure 4a. To
further reveal the differences in rice root growth and root architecture, the overall surface
morphology and internal structure of longitudinal root sections were observed using SEM.
The results shown in Figure 4b revealed distinct differences in root surface morphology
among all groups. Specifically, the STH-treated rice roots exhibited extensive hyphal
colonization on the root epidermis, with dense intertwined hyphal networks. In contrast,
hyphae loosely adhered to the root epidermis in the PTH-treated group, resulting in low
hyphal coverage on the root surface. By comparison, no hyphae were detected on untreated-
control roots, which exhibited smooth and intact epidermis. Observations of longitudinal
sections of roots in Figure 4c further illustrated differences in endophytic colonization.
Abundant fungal conidia (highlighted in red boxes) were observed inside root tissues,
accompanying vigorous root growth in STH-treated plants. In the PTH-treated group,
no fungal hyphae or conidia were detected within root cortical cells. The sparse hyphae
present on the root surface failed to penetrate the intercellular spaces for stable endophytic
colonization and only induced slight wrinkling of cell walls. Root cortical cells of untreated
roots were tightly arranged with smooth, intact cell walls, and no hyphae or conidia were
found. Collectively, these observations show more abundant fungal structures associated
with root tissues under STH treatment relative to those under other treatments, and these
structures were putatively identified morphologically as conidia of TH10. Notably, SEM
observations only provide qualitative morphological evidence. Quantitative CFU-based
enumeration of root colonization will be performed in future studies.

3.3.3. Comparative Transcriptomic Profiling of Diseased Rice Tissues Under Strain
TH10 Colonization

Transcriptome sequencing was used to explore the molecular mechanisms underly-
ing STH-triggered alleviation of rice blast stress and to analyze SMS functions through
genome-wide transcriptional and metabolic alterations. During the rice jointing stage,
32,225 expressed genes (FPKM > 0) were detected in root tissues and 31,404 in leaves
among untreated, PTH and STH treatments. Inoculation with strain TH10, either alone
or combined with SMS, did not alter the total number of expressed genes in rice roots
and leaves. However, differentially expressed genes (DEGs) were identified using uni-
fied thresholds of an adjusted p-value (padj/FDR) < 0.05 and |logy(fold change) | > 1.0.
Venn diagrams were plotted to compare treatment-specific and shared expressed gene sets
among the three treatment groups.

For root transcriptomes, as shown in Figure 5a, 17,929 genes (83.07%) were expressed in
all three treatments. The numbers of treatment-specific expressed genes were 1236 (5.73%)
for the untreated control, 359 (1.66%) for PTH and 349 (1.62%) for STH. The number of
overlapping expressed genes was the highest between STH and the untreated-control
group (906). A total of 495 expressed genes were shared between STH and PTH, whereas
only 310 overlapping genes existed between the untreated control and PTH. Based on the
above Venn-derived expression profiles, KEGG pathway enrichment analysis was further
performed on root DEGs of STH-treated rice, with the PTH treatment serving as the com-
parator. Seventeen significantly enriched pathways in roots were identified as illustrated
in Figure 5b. Root tissues exhibited distinct enrichment patterns dominated by the up-
regulation of defense-related pathways and structural component biosynthesis pathways.
Diterpenoid biosynthesis (dosa00904, p < 0.001), photosynthesis (dosa00195, p < 0.001),
cutin, suberine, and wax biosynthesis (dosa00073, p < 0.001), as well as photosynthesis-
antenna proteins (dosa00196, p < 0.001), were the most significantly upregulated pathways
in roots. These pathways may support the formation of root epidermal physical barri-
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ers, terpenoid phytoalexin synthesis, and intracellular DNA damage repair. By contrast,
numerous pathways displayed significant downregulation in root tissues. Glucosinolate
biosynthesis (dosa00966, p < 0.01) showed the most prominent downregulated enrichment.
Meanwhile, plant-pathogen interaction (dosa04626, p < 0.001) and glycerolipid metabolism
(dosa00561, p < 0.01) were all significantly suppressed.
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Figure 4. Comparison of rice root growth status and strain TH10 colonization at the tillering stage.
(a) Comparison of rice root growth status, scale bar = 10 mm; (b) SEM images of the root epidermis,
scale bar = 10 um; (c) SEM images of longitudinal sections from rice root tissues, red boxes highlight
conidia of strain TH10, scale bar = 10 pm. CK, untreated control roots; PTH, roots treated with strain
TH10 powder; STH, roots treated with SMS-based TH10 inoculant. All experiments were performed
with three biological replicates.

For leaf transcriptomes shown in Figure 5c, 18,515 genes (88.07%) were expressed
across all treatments. Treatment-specific expressed genes numbered 318 (1.51%) in untreated,
357 (1.70%) in PTH and 674 (3.21%) in STH. Genes shared by two treatments included 579
between untreated control and PTH, 244 between untreated control and STH, and 335 be-
tween PTH and STH. Collectively, STH and PTH brought about only modest changes in leaf
transcriptional profiles, and the proportion of commonly expressed genes in leaves was higher
than that in roots. However, the proportion of STH treatment-specific expressed genes in
leaves was higher than that in roots (3.21% in leaves versus 1.62% in roots). Among these
unique genes, several hub genes with significant expression differences that participate in
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plant immunity, hormone signaling and stress-response pathways, including OsPR1 and Os-
NPR1, will be further analyzed in subsequent studies. Unlike the metabolic suppression trend
observed in root samples, leaf tissues exhibited a divergent KEGG enrichment profile illus-
trated in Figure 5d. Plant hormone signal transduction (dosa04075, p < 0.001), plant-pathogen
interaction (dosa04626, p < 0.001), and MAPK signaling pathway-plant (dosa04016, p < 0.001)
were the most significantly upregulated pathways. Upregulation of these immune-related
signaling cascades may underpin systemic stress responses and disease resistance in leaf
tissues. In contrast, photosynthesis (dosa00195, p < 0.001), photosynthesis-antenna proteins
(dosa00196, p < 0.001), glutathione metabolism (dosa00480, p < 0.001), biosynthesis of various
plant secondary metabolites (dosa00999, p < 0.001), ABC transporters (dosa02010, p < 0.001),
and flavone and flavonol biosynthesis (dosa00944, p < 0.001) were significantly downregu-
lated. These results suggest leaves may prioritize stress resistance over photosynthetic carbon
fixation while fine-tuning metabolic and energy allocation under the treatment, as presented
in Figure 5d (Supplementary Data S3).

Root transcriptome
b

—logio (p-value)
05 1.0 15 20 25 3.0

Nitrogen metabolism-|

T T
015 03
Enrichment Factor

Leaf transcriptome

logio (p-valuc)
05 1.0 15 20 25 3.0

Photosynth

3
-~£j
1
T T T T T T T T
08 08 04 02 02 04 06 08
Enrichment Factor

Figure 5. Comparative transcriptomic profiling of root and leaf tissues in diseased rice. (a) Venn
diagram of expressed genes (FPKM > 0) in rice roots; (b) KEGG pathway enrichment of differentially
expressed genes in rice roots, with the PTH treatment serving as the comparator; (c) Venn diagram of
expressed genes (FPKM > 0) in rice leaves; (d) KEGG pathway enrichment of differentially expressed
genes in rice leaves, with the PTH treatment serving as the comparator. Color gradient denotes
—logyg (p-value), with red representing the highest enrichment significance, followed by purple and
green in descending order. CK, untreated control roots; PTH, roots treated with strain TH10 powder;
STH, roots treated with SMS-based TH10 inoculant. ** p < 0.01, *** p < 0.001. All experiments were
performed with three biological replicates.

3.3.4. SMS-Mediated Effects of Strain TH10 on Endogenous Phytohormones

From comparative transcriptomic profiles, KEGG enrichment revealed plant-hormone
signal transduction genes were significantly upregulated in rice leaves (p < 0.001). Varia-
tions in endogenous plant-hormone contents were further detected to verify transcriptional
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results and clarify the connection between phenotypic differences and physiological re-
sponses. As key stress-responsive phytohormones, endogenous salicylic acid (SA), abscisic
acid (ABA), and gibberellin A3 (GA3) in rice shoots, which individually mediate antiox-
idant defense, govern stomatal closure, and modulate stress-damage relief and growth
recovery, were quantified by high-performance liquid chromatography (HPLC, 254 nm
for ABA, 210 nm for SA/GAj3; chromatograms in Figure S4) at the seedling, tillering, and
jointing stages [39—41]. All rice seedlings from the same batch were used for comparative
experiments. The basal contents of SA, ABA and GAj in the untreated-control plants (CK)
were 14.727 £ 2.075 pg/g, 12.503 £+ 0.989 ug/g and 7.619 + 0.371 ug/g, respectively, as
presented in Figure 6.
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Figure 6. Determination of endogenous phytohormones in rice at seedling, tillering and jointing
stages. (a) The content of salicylic acid (SA); (b) The content of abscisic acid (ABA); (c) The content of
gibberellin A3 (GA3). Blue bars: untreated control (CK); red bars: PTH treatment; pink bars: STH
treatment. Red dotted lines separate different rice growth stages. Data are presented as means + SD
(n = 3 biological replicates). Different letters indicate significant differences at each stage according to
one-way ANOVA with Duncan’s test (p < 0.05).

The results measured at the tillering stage showed that SA and ABA contents were
significantly higher in the STH treatment than in CK and PTH. Specifically, SA and ABA
concentrations in STH reached 972.750 & 2.062 ug/g and 179.707 £ 3.540 ug/g, respectively,
far exceeding those in CK and PTH. As shown in Figure 6c, GA3 concentrations only slightly
varied among the three groups, with CK at 19.063 & 0.600 ug/g, PTH at 18.495 £ 0.890 ug/g
and STH at 18.580 + 0.818 pg/g. These hormone alterations coincided with P. oryzae
Guyl11 infection and root-associated fungal structures observed under STH treatment at the
tillering stage. At the jointing stage, SA and ABA contents were significantly higher in the
STH treatment than in CK and PTH. ABA levels of PTH were close to those of STH and both
exceeded those in CK. SA, ABA and GAj concentrations all declined relative to their levels
at the tillering stage. GAj3 concentrations also did not differ significantly among the three
groups. Compared with tillering-stage hormone levels, all detected hormones decreased
among the three groups. Collectively, STH-treated rice shoots exhibited significantly higher
SA and ABA accumulation compared with PTH. Following the overall decrease in GA3
from the tillering stage, no significant differences were observed among CK, PTH and STH
treatments (Supplementary Data S4).
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4. Discussion

Trichoderma harzianum is limited in field-scale application as a biocontrol inoculant
due to its limited ability to colonize rice roots. In this study, greenhouse assays suggested
that SMS, as a carrier, may promote the formation of root-associated fungal structures and
enhance rice-blast biocontrol efficacy of T. harzianum strain TH10 isolated from marine
algal sediments. SEM observations revealed extensive hyphal networks on the root sur-
face and abundant conidia inside root tissues under STH treatment. In contrast, under
the PTH treatment, only a small number of fungal hyphae loosely adhered to the root
epidermis. These hyphae could not maintain persistent presence in the rhizosphere and
failed to penetrate internal tissues to establish stable endophytic colonization. This result is
consistent with the report by David et al. [42] that Trichoderma applied without an organic
carrier rapidly loses viability owing to antagonism by native soil microorganisms and fails
to persist in the rhizosphere. Variations in rhizosphere microenvironment may affect rice
growth and defense responses, which may be associated with the significant differences in
root architecture and panicle-blast control efficacy between STH and PTH.

Greenhouse experiments revealed that, compared with PTH, STH persistently pro-
moted rice root elongation by 15.87-29.51% and total biomass accumulation by 4.91-13.93%
across the three-leaf, tillering, jointing and maturity stages, and improved root dry weight
by 16.70% and 1000-grain weight by 12.99% at maturity. Previous studies have demon-
strated that SMS is rich in organic matter, polysaccharides and secondary metabolites, and
its decomposition continuously releases small-molecule organic acids, humic acids and
humic substances, thereby increasing the pools of AN, AP and AK in paddy soils [43,44].
Such organic amendments can reduce soil salinity [45]. Therefore, the fertility improvement
observed under STH treatment cannot be simply attributed to direct nutrient supplementa-
tion. In the present study, an additional SMS-only control was included for rhizosphere soil
physicochemical evaluation, which helped to partially distinguish soil property changes
originating from the SMS itself. As confirmed by rhizosphere soil analyses of four SMS-
based TH10 treatments, bioactive substances released during SMS degradation elevated soil
OM, AN, AP and AK pools by 177.78-814.43%, 1632.22-2764.77%, 3258.54-6310.19% and
517.85-1015.50%, respectively, and reduced soil total-salt content by 5.25-72.20%. These
results explain the improved root growth and yield traits under P. oryzae Guyl1l-induced
stress. STH establishes a favorable rhizosphere microenvironment for root elongation and
lateral-root formation, which is consistent with the increased root dry weight and persistent
root-growth promotion by STH across rice developmental stages.

SEM observations revealed fungal hyphae on rice root surfaces, presumed to represent
TH10. Microscopic interaction studies by Giordano et al. [46] confirmed that stable endo-
phytic colonization by T. harzianum ITEM 3636 is essential for triggering induced systemic
resistance in host plants. Similarly, in planta biocontrol assays against rice blast caused
by P. oryzae Guy11 revealed that STH reduced panicle-blast severity to 14.60 + 2.68% and
achieved a greenhouse biocontrol efficacy of 51.34 &+ 6.39%, decreased the rate of withered
grains by 51.89%, and increased the seed-setting rate to 85.40 & 2.68%. Dual-culture assays
and SEM images indicated that strain TH10 suppresses P. oryzae Guy11 primarily by se-
creting inhibitory metabolites. The ECsy was achieved at a 1.262 x 103-fold dilution of the
cell-free supernatant.

Comparative transcriptomic profiling further confirmed that SMS promotes strain TH10’s
agronomic and biocontrol performance, revealing that STH did not alter the global transcrip-
tional profile in rice roots and leaves, but rather enhanced tissue-specific defense responses.
In leaves, activation of MAPK cascades (dosa04016) and plant hormone signal transduction
(dosa04075) initiated systemic above-ground immunity against foliar infection. This enhance-
ment of tissue-specific defense responses was also reflected in the significant downregulation
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of photosynthetic pathways, whereby rice temporarily reduced carbon assimilation to redi-
rect metabolic resources toward immune activation. Such metabolic reprogramming may
be triggered by Trichoderma-mediated defense priming that is positively correlated with its
root-colonization density [47,48]. In roots, the significantly upregulated biosynthesis of cutin,
suberin and wax (dosa00073), which may be stimulated by fungal mycelia released from
SMS, may support fungal growth on rice roots. The tissue-specific defense responses were
manifested in significant accumulation of diterpenoid phytoalexins (dosa00904).

In addition, transcriptome sequencing revealed that the majority of genes involved in
plant hormone signal transduction were significantly upregulated (Supplementary Data S5).
Endogenous hormone quantification results verified the transcriptional changes in hor-
mone signal pathways. At the tillering stage, with Guy11 inoculated onto the tiller nodes
and STH applied by root-hole placement, SA and ABA contents in rice shoots increased
t0 972.750 £ 2.062 ng/g and 179.707 +£ 3.540 pg/g, which were markedly higher than those
in the untreated control and PTH treatments. This phenomenon suggests that rhizosphere
changes induced by SMS application may facilitate the transmission of defense signals to
above-ground tissues. SA regulates rice resistance against Guy11, and ABA improves multi-
stress tolerance in rice. No significant differences in GAj3 concentrations were observed among
treatments, indicating that the growth-promoting and biocontrol effects of STH were not me-
diated by GAs-dependent regulation, but potentially relied on SA- and ABA-related defense
pathways. Nevertheless, we emphasize that changes in endogenous phytohormone levels
alone cannot provide conclusive genetic evidence for hormone-mediated resistance. This is
consistent with a previous study by Shasmita et al. [49], which reported that Trichoderma colo-
nization can enhance the accumulation of both SA and ABA in rice tissues, thereby activating
defense responses against pathogens. The transcriptomic data provide correlative evidence of
rice molecular responses, and the proposed regulatory mechanisms remain hypothetical and
require further functional validation.

5. Conclusions

In this study, we found that SMS can act as a promising carrier for T. harzianum TH10,
improving rice growth and panicle-blast resistance. This may be attributed to SMS supply-
ing nutrients to support the formation of root-associated fungal structures, while potentially
providing protective microenvironments that alleviate competitive pressure from resident
rhizosphere microbes. These hypotheses, however, require further quantitative assays and
microbiome analyses in future work. Furthermore, transcriptome sequencing revealed
that the combination of SMS and strain TH10 could activate tissue-specific defensive reac-
tions and may contribute to increasing the accumulation of SA and ABA, which enhances
host responses to rice blast. Compared with strain TH10 powder, the STH significantly
promoted root development, vegetative growth and tillering, ultimately decreasing panicle-
blast severity and improving yield-related traits. Based on these findings, future studies
will further explore how strain TH10 modulates SA- and ABA-related defense pathways
using RT-qgPCR and multi-omics analysis, and characterize the corresponding downstream
defense-related metabolic pathways, which may facilitate the practical application of SMS-
based biocontrol agents in sustainable agricultural production.

6. Limitations of the Study

The present study has several limitations that should be acknowledged. First, the
absence of an SMS-only treatment constitutes the major experimental limitation. The
original experimental design primarily aimed to evaluate whether SMS could improve
the field performance of T. harzianum TH10, rather than to characterize the independent
biological functions of SMS. Therefore, phenotypic, phytohormonal, and transcriptomic
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data corresponding to the sole SMS treatment were not collected in the current experimental
cycle. Second, root colonization of TH10 was only qualitatively observed via SEM, without
quantitative CFU enumeration, which limits the quantitative interpretation of colonization
capacity. In addition, the mechanistic associations among SMS carrier effects, strain colo-
nization, SA and ABA signaling, and rice blast resistance proposed in this study remain
preliminary and speculative and cannot be fully validated by the current datasets. Future
work will incorporate independent SMS treatments, quantitative colonization assays, and
multi-omics verification to disentangle substrate-derived and strain-mediated effects and
further validate the underlying defense regulatory mechanisms.
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