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Abstract 

Agricultural waste streams represent an underutilized source of bioactive compounds with potential 

to enhance crop resilience under climate stress. We previously showed that volatile compounds (VCs) 

emitted from waste shiitake fungi beds (WSFBs) promote early rice seedling growth under controlled 

conditions. Here, we evaluated whether these early-stage effects persist after transplanting and 

translate into agronomic benefits under field conditions, including during the record high 

temperatures (HT) of the 2023 growing season in Niigata, Japan. Seedlings of two japonica cultivars, 

Nipponbare and Koshihikari, were exposed to WSFB-derived VCs using a non-contact system and 

subsequently grown in paddy fields across two seasons (2023-2024). WSFBs-VC-treated (+VCs) plants 

exhibited enhanced seedling vigor, advanced heading by 5-6 days under HT conditions, increased 

tiller and panicle numbers, higher grain yield per plant, greater 1000-grain weight, and reduced grain 

chalkiness. Gas-exchange measurements at the reproductive stage showed that +VCs plants 

maintained higher net photosynthetic rate, stomatal conductance, intercellular CO₂ concentration, 

and transpiration rate, while intrinsic water-use efficiency showed a modest decline consistent with 

transpirational cooling. Controlled-environment assays further revealed improved physiological 

stability and upregulation of cytokinin and stress-responsive genes under acute heat stress. Together, 

these results demonstrate that short-term exposure to WSFBs-derived VCs enhances rice 

performance under field conditions, including during extreme heat, and highlight the potential of 

waste-derived fungal volatiles as sustainable biostimulants for climate-resilient rice production. 

Keywords: rice(Oryza sativa) ; heat stress; plant biostimulant; cytokinin signaling; agroecology; 

sustainable agriculture; phenological shift; circular bioeconomy 

 

1. Introduction 

Global population growth and escalating climate change impacts present critical challenges to 

agriculture, necessitating the development of sustainable food production systems to secure future 

food supplies [1–3]. Current traditional farming practices are unable to maintain crop productivity 

under rising environmental stresses [4–6], highlighting the urgent need for novel, sustainable food 

production technologies. Among these, plant biostimulants (PBs) increase growth, nutrient uptake, 

and abiotic stress tolerance [7,8], offer promising solutions that align with sustainability goals without 

acting as direct fertilizers or pesticides [9–11].  

PBs can be naturally derived or synthetically formulated [12]. Among naturally derived PBs, 

volatile compounds (VCs) released by microorganisms, particularly fungi, have attracted increasing 
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attention for their ability to promote plant growth and stress tolerance in a non-contact, low-input 

manner [13–16]. Fungal VCs are low-molecular-weight metabolites [17] that function as signaling 

molecules, triggering physiological and molecular responses that enhance plant growth, 

development, and stress tolerance [18–21]. In addition, fungal VCs can modulate plant-microbe 

interactions and influence ecosystem processes, suggesting their potential as sustainable alternatives 

or complements to conventional agrochemicals [22–25].  

Numerous studies have reported that fungal VCs stimulate seed germination, root and shoot 

growth, and stress resilience across diverse plant species, and can also suppress plant pathogens [26–

28]. For example, VCs emitted by fungi Tolypocladium inflatum GT22 significantly improved growth 

and mitigated copper toxicity and pathogenic infections in Arabidopsis thaliana [29]. In another study, 

VCs from fungal strains isolated from green manure residues showed dual functionality of 

promoting plant development while inhibiting pathogenic fungi [30]. Exposure to VCs from 

endophytic fungi, Clonostachys sp. CC1 and sp. CC2, promoted growth and biomass accumulation in 

rice and Arabidopsis [31]. Fungal VCs have been shown to stimulate plant growth through the 

activation of phytohormone signaling pathways, including auxin- and cytokinin-regulated processes 

[32,33]. They also induce systemic resistance by priming plants to produce defense-related molecules 

such as reactive oxygen species (ROS) and secondary metabolites [21,32]. In addition, fungal VCs can 

modulate stomatal conductance and enhance photosynthetic efficiency, contributing to improved 

physiological performance under stress [21,32]. Additional studies further support the potential of 

fungal VCs in enhancing agricultural productivity and underscoring their relevance in sustainable 

crop management strategies [34–36]. 

Despite these advances, the application of fungal VCs in agriculture remains limited. Key 

challenges include production cost, scalability, formulation, and delivery, as well as the lack of field-

scale validation under realistic environmental conditions [32,37–39]. One potential solution is the use 

of agricultural waste streams as sources of bioactive volatiles. Waste shiitake fungi beds (WSFBs), a 

by-product of Lentinula edodes cultivation, represent a low-cost and renewable source of fungal VCs. 

Our preliminary findings reveal that non-contact exposure to WSFBs-derived VCs significantly 

boosts rice seedlings growth and biomass accumulation [40]. However, it remains unclear whether 

these early-stage effects persist after transplantation and translate into improved field performance, 

particularly under high temperature (HT) stress conditions.  

 We hypothesized that short-term exposure to WSFBs-derived VCs during the seedling stage 

would (i) enhance early vigor and improve key agronomic traits and yield components under field 

conditions across two contrasting growing seasons, and (ii) induce physiological and molecular 

responses associated with photosynthesis, stomatal regulation, and stress signaling. Accordingly, this 

study evaluated the effects of WSFBs-derived VCs on field performance of two japonica rice cultivars, 

Nipponbare and Koshihikari, while investigating underlying mechanisms through leaf gas-exchange 

measurements and expression analysis of growth and stress-related genes under acute HT stress 

assay. By linking multi-season field outcomes with mechanistic data, we extend our prior 

methodological work and assess the potential of WSFBs-derived VCs as practical, waste-based 

biostimulants for climate-resilient rice production.   

2. Materials and Methods 

2.1. Plant Materials, Fungi-Beds and Experimental Design 

Two O. sativa L. japonica rice cultivars, Nipponbare and Koshihikari, were used in this study. 

WSFBs were obtained from Yairo Shiitake Business Cooperative (Niigata, Japan) after complete 

harvesting of Lentinula edodes Hokken 905 strain fruiting bodies (Hokken Corporation, Japan). WSFBs 

were stored at 10 °C and used within one-month post-harvest to maintain bioactive volatile 

compound (VC) emission. 
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2.2. Rice Seedling Cultivation and VCs Treatment 

High-quality seeds were selected using the Tull salt-solution flotation method [41,42]. Rice seeds 

were immersed in a 25% (w/v) NaCl solution, and only those that sank were retained. Selected seeds 

were rinsed five times with tap water and three times with deionized water, treated with ipconazole 

(1:200 dilution; Kumiai Chemical Co. Ltd., Japan), and incubated in darkness at 15 °C for 11 days to 

allow imbibition and germination. Germinated seedlings were cultivated using a previously 

established non-contact VC exposure system [40]. Two treatments were applied: (i) +VCs, exposure 

to VCs emitted from 60 g fresh WSFBs substrate per container (~4.4 g FW L⁻¹ air volume), and (ii) -

VCs, untreated controls. Each treatment contained 40 seedlings grown in separate plastic containers 

(13.6 L, 38 × 22 × 24.8 cm; Daiso Industries Co. Ltd., Japan). Seedlings were grown in granular Kumiai 

synthetic culture soil No. 3 (1.50 g N, 2.70 g P, 1.50 g K per 3 kg; TAKARA Industry Co. Ltd., Japan). 

Soil pH was adjusted to that of calcium silicate following Kanga et al. (2025) [40]. Both treatments rice 

seedlings were cultivated for 31 days under controlled conditions (27 °C 13hrs. light and 23 °C 11hrs. 

dark; photosynthetic photon flux density (PPFD) of 123 ± 9 µmol m⁻² s⁻¹; 60% relative humidity (RH)). 

The WSFB was replaced weekly.  

2.3. Paddy Field Rice Seedlings Transplantation 

 Seedling vigor (shoot height, root length, dry weight) was assessed in a subset of seedlings 

(n = 5 per cultivar × treatment) before field transplantation. Remaining well grown seedlings were 

transplanted to paddy fields at Shindori Station, Field Center for Sustainable Agriculture, Niigata 

University (37°51′19″ N, 138°57′35″ E) from 15 May-30 September 2023 and 13 May-29 September 

2024 (Figure S1). Transplanting followed a 30 × 30 cm spacing (one seedling per hill) in plots of 20 

plants (~150 × 120 cm). Four treatments were established: Nipponbare -VCs/+VCs and Koshihikari -

VCs/+VCs. Plots were separated by 100 cm buffers with a 180 cm southern walkway. Plots were used 

as treatment units, and individual plants served as experimental units for trait measurements. 

Seedlings were randomly assigned within plots to minimize positional bias. Standard rice cultivation 

practices were applied uniformly. Experimental timelines, workflow, and weather data are provided 

in Table S1, Figure S4, and Figure S2 respectively. 

2.4. Analyses of Agronomic Traits of Rice Grown in Paddy Field 

Agronomic traits were measured at physiological maturity after complete panicle emergence 

and grain filling. For each cultivar and season, five plants (n = 5) were randomly sampled from the 

interior of each plot to avoid border effects. We physically counted the number of tillers per plant, 

the number of panicles per plant, and the total number of spikelet and filled grains. Total grain weight 

per plant was measured after removing the husks of the rice seeds using electro motion rice husker 

TR-200 (Kett Electric Laboratory Co. Ltd. Japan). Yield related parameters were calculated as total 

grain weight per plant (g/plant). Seed fertility (%) was determined as (number of filled grains per 

plant / total spikelet number) × 100. Grain quality was assessed following Ishfaq et al. (2023) [43]. For 

each cultivar and treatment, three biological replicates (individual plants; n = 3 ) were analyzed. 

From each plant, 300 brown rice grains were sampled from the main culm and two randomly selected 

panicles. Chalkiness was evaluated under transmitted light using a FUJICOLOR LED light panel 

(Fujifilm Corporation, Japan; Model: MIVUKI) providing uniform, diffuse, and flicker-free 

illumination. Based on visual assessment, grains were categorized as (i) perfect (no chalkiness), (ii) 

weakly chalky (<60% chalky area), or (iii) severely chalky (≥60% chalky area) (Figure S3). Counts in 

each category were expressed as percentages of total grains. Two trained assessors independently 

performed the classifications, and discrepancies were resolved by consensus to minimize observer 

bias. 
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2.5. Photosynthesis and Leaf Gas Exchange Measurements 

Leaf gas exchange measurements were conducted at the flowering stage (0 days after heading) 

using a portable photosynthesis system (LI-6400XT; LI-COR Environmental, Lincoln, NE, USA) 

equipped with a standard 2 × 3 cm leaf chamber (6 cm² gasket area), following Mathan et al. (2021) 

[44] with modifications. For each treatment, fully expanded flag leaves from field-grown plants were 

selected, and the middle portion of the leaf blade was positioned within the chamber to ensure full 

sealing and minimize air leakage. Measurements were performed under controlled chamber 

conditions with a CO₂ concentration of 400 µmol mol⁻¹, PPFD of 1200 µmol m⁻² s⁻¹, leaf temperature 

maintained at 26 °C, and a flow rate of 400 µmol s⁻¹. Relative humidity was maintained between 45% 

and 50%. Gas exchange measurements were conducted on clear, sunny days between 14:00 and 16:00 

h. Measurements in this study were performed during early afternoon to capture stable high-light 

conditions during the warmer 2023 growing season. Given the narrow width of rice flag leaves (<2 

cm), actual leaf area enclosed within the chamber was corrected using a width-based geometric 

approach [45]. Leaf width (W, cm) at the chamber center was measured using digital calipers, and 

effective leaf area was calculated as: Area (cm²) = 6 × [1 - (1 - W/3)²], where W is leaf width (cm) 

measured with calipers at the chamber center. This correction accounted for partial chamber filling 

and resulted in a mean adjustment factor of approximately 2.5-3× relative to the LI-6400XT default 

estimated area (1-1.4 cm²). All gas exchange parameters were normalized to this corrected leaf area. 

The parameters recorded included: net photosynthetic rate (Aₙ; µmol CO₂ m⁻² s⁻¹), stomatal 

conductance (gₛ; mol m⁻² s⁻¹), transpiration rate (E; mmol H₂O m⁻² s⁻¹) , intercellular CO₂ 

concentration (Cᵢ; µmol mol⁻¹) and intrinsic water use efficiency (WUE) was calculated as the ratio of 

Aₙ to gₛ. For each leaf, multiple readings were recorded, and values were averaged after Aₙ, gₛ, and 

Cᵢ reached a stable plateau. Only physiologically consistent readings (i.e., positive and stable values 

for Aₙ, gₛ, Cᵢ, and E) were included in the final analysis. Measurements from multiple leaves were 

treated as biological replicates and used for subsequent statistical analysis. 

2.6. High Temperature Stress Test at the Rice Seedling Stage 

To characterize early physiological and transcriptional responses to WSFBs-derived VCs at the 

seedling stage, a controlled acute HT stress experiment was conducted. This assay was designed to 

provide mechanistic insight into seedling-stage responses to WSFBs-derived VCs. Rice seeds (O. 

sativa L. cv. Nipponbare) were surface-sterilized with 2% sodium hypochlorite, germinated for four 

days at 28 °C (13 hrs. light/11 hrs. dark), and transplanted into sterile soil-filled Magenta boxes. 

Seedlings were grown for 14 days under the non-contact VCs exposure system under conditions 

described in 2.2 above (27 °C 13 hrs. light and 23 °C 11 hrs. dark; 123 ± 9 µmol m⁻² s⁻¹ PPFD; 60% RH). 

Based on a previously optimized non-contact exposure system [40], +VCs seedlings were cultivated 

in sealed 3 L containers with 60 g fresh WSFB substrate, while -VCs seedlings were maintained in 

identical containers without WSFB. Following the exposure period, seedlings were subjected to a 24 

h acute HT treatment consisting of 45 °C for 13 hrs. light, followed by 38 °C for 11 hrs. dark, based on 

established rice heat-tolerance protocols [46–48]. Three biological replicates (n = 3) were collected per 

treatment at each sampling time point.  

After HT treatment, seedling growth and physiological traits were assessed. Growth parameters 

(dry weight, shoot height, and root length) were measured following Kanga et al. (2025) [40]. 

Physiological measurements included SPAD values (SPAD-502 Plus; Konica Minolta, Japan), 

malondialdehyde (MDA) content, and chlorophyll content [49,50]. For MDA quantification, 50 mg 

fresh leaf tissue was homogenized in 2 mL of 10% (w/v) trichloroacetic acid (TCA) and centrifuged 

at 12,500 rpm for 20 min at room temperature. One milliliter (mL) of supernatant was mixed with 1 

mL of TCA-thiobarbituric acid (TBA) reagent [1:1 (v/v); 10% TCA + 0.5% TBA], incubated at 90 °C for 

30 min, and cooled on ice. Absorbance was measured at 532 nm and 600 nm using a UV-Vis 

spectrophotometer (Hitachi U-2900; Hitachi High-Technologies, Japan). MDA content (nmol g⁻¹ FW) 

was calculated as: MDA = [(A₅₃₂ - A₆₀₀) × V] / (ε × l × W), where ε = 155 mM⁻¹ cm⁻¹, V is the reaction 

volume (mL), l is the path length (1 cm), and W is tissue fresh weight (g). Chlorophyll content was 
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determined using an acetone extraction method [51]. Fresh leaf tissue (50 mg) was homogenized and 

extracted in 2 mL of 80% (v/v) acetone under low-light conditions to prevent pigment degradation. 

Samples were centrifuged, and the supernatant was collected for spectrophotometric analysis. 

Absorbance was measured at 664 nm and 647 nm using a UV-Vis spectrophotometer (Hitachi U-2900, 

Japan). Chlorophyll a, chlorophyll b, and total chlorophyll concentrations were calculated according 

to Lichtenthaler and Wellburn [50] using the following equations: 

• Chlorophyll a (Chl a) = 12.25 × A₆₆₄ − 2.79 × A₆₄₇  

• Chlorophyll b (Chl b) = 21.50 × A₆₄₇ − 5.10 × A₆₆₄  

• Total chlorophyll (Chl a + b) = 7.15 × A₆₆₄ + 18.71 × A₆₄₇  

Chlorophyll content was expressed as mg g⁻¹ fresh weight (FW) using: 

Chl (mg g⁻¹ FW) = (C × V) / W 

where C is chlorophyll concentration (mg L⁻¹), V is extract volume (2 mL), and W is sample fresh 

weight (g). 

For RNA extraction and qPCR analysis, plant samples collected at 0, 6, 12, and 24 hrs. after HT 

treatment were immediately frozen in liquid nitrogen and stored at –80 °C. Total RNA was extracted 

using the RNeasy Plant Mini Kit (QIAGEN) according to the manufacturer’s protocol. First-strand 

cDNA was synthesized using ReverTra Ace qPCR RT Master Mix with gDNA remover (TOYOBO, 

Japan). Quantitative PCR (qPCR) was performed using a StepOnePlus Real-Time PCR system 

(Thermo Fisher Scientific) with PowerTrack SYBR Green Master Mix. Relative gene expression was 

calculated using the 2⁻ΔΔCt method [52], with UBQ5 as the internal reference gene (Table S6). Primer 

efficiencies were validated and confirmed to be within acceptable ranges for the 2⁻ΔΔCt method. All 

reactions were performed in technical triplicates, and mean Ct values were used for analysis. A 

schematic overview of the experimental workflow is provided in Figure S5. 

2.7. Statistical Analysis 

Data were organized in Microsoft Excel 365. For pairwise comparisons between treatments 

(+VCs vs. -VCs) within each cultivar and year, two-tailed Student’s t-tests were performed, with 

p < 0.05 considered statistically significant. Results are presented as mean ± standard deviation (SD). 

Multivariate analyses were conducted in R (version 3.6.1; R Core Team, https://www.r-project.org/). 

Principal component analysis (PCA) was used to assess relationships among physiological, 

agronomic, and yield variables. Hierarchical clustering analysis (HCA) was performed using Ward’s 

method and Euclidean distance. Given the modest sample sizes (n = 5 for field data; n = 3 for 

controlled experiments), interpretation emphasized effect sizes, biological relevance, and 

reproducibility across years.  

3. Results 

3.1. Field Performance of Rice Following Exposure to WSFBs-Derived VCs Exposure  

Field experiments were conducted in Niigata, Japan, to evaluate whether seedling-stage 

exposure to WSFBs-derived VCs influences rice performance under field conditions. The 2023 season 

experienced anomalously high summer temperatures (maximum 39.1 °C), whereas 2024 was 

comparatively moderate (Tables S2, S3). These contrasting conditions enabled assessment of 

treatment responses under both severe and mild thermal environments. 

3.1.1. Seedling Vigor After Exposure to WSFBs-Derived VCs Prior to Paddy Transplantation 

After 31 days of exposure, +VCs seedlings exhibited greater biomass accumulation than -VCs 

controls in both cultivars (Figure S7). In Nipponbare, dry weight increased by 57.1% (157.0 ± 40.9 mg 

to 246.6 ± 74.0 mg; p < 0.05), accompanied by a 35.6% increase in root length (8.26 ± 1.38 cm to 

11.20 ± 1.54 cm; p < 0.05). Shoot height did not differ significantly. In Koshihikari, dry weight 

increased by 75.5% (158.2 ± 24.4 mg to 277.6 ± 48.1 mg; p < 0.01), while shoot height and root length 
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remained unchanged. These results indicate that biomass responses were more consistently 

expressed in dry weight than in shoot or root elongation. 

3.1.2. Heading Dates   

Seedling-stage exposure to WSFBs-derived VCs influenced heading date primarily during the 

2023 growing season (Table S2). In 2023, +VCs plants headed earlier than -VCs plants in both cultivars 

(Nipponbare: 16th vs. 22nd August; Koshihikari: 28th July vs. 2nd August). This shift in phenology 

corresponded with differences in environmental conditions during the heading window (Table S3A). 

In Nipponbare, +VCs plants experienced a lower mean maximum temperature (Tmax) during heading 

(26.4 °C) compared with -VCs plants (27.3 °C). Similarly, in Koshihikari, +VCs plants headed under 

a lower Tmax (25.3 °C) compared with -VCs plants (26.4 °C). Seasonal temperature trends during 2023, 

characterized by a progressive rise toward peak summer conditions, are shown in Figure S2A. In 

contrast, during the 2024 growing season, heading differences between treatments were minimal (≤1 

day) in both cultivars (Table S2). Environmental conditions during the heading period were also 

comparable between treatments, with nearly identical Tmax values observed in both Nipponbare (26.0-

26.1 °C) and Koshihikari (25.8-25.9 °C) (Table S3B; Figure S1B). These results indicate that WSFBs-

derived VCs exposure was associated with earlier heading under the 2023 conditions, whereas no 

consistent differences were observed under the milder 2024 season. 

3.1.3. Tiller and Panicle Number 

Tiller number per plant was higher in +VCs plants across cultivars and seasons (Figure 1A, B). 

In Nipponbare, +VCs plants produced 39.0 ± 6.6 tillers in 2023 compared with 33.0 ± 5.5 in -VCs plants 

(+18.9%; p = 0.145) and 37.0 ± 6.9 vs. 27.0 ± 4.6 in 2024 (+39.9%; p = 0.021). In Koshihikari, increases were 

27.2% in 2023 (43.0 ± 4.9 vs. 34.0 ± 5.5; p = 0.023) and 42.9% in 2024 (28.0 ± 4.9 vs. 20.0 ± 2.9; p = 0.011). 

Panicle number followed a similar pattern (Figure 1C,D). In Nipponbare, +VCs plants produced 

38.0 ± 5.6 panicles in 2023 vs. 31.0 ± 5.5 in –VCs plants (+24.8%; p = 0.062) and 36.0 ± 6.4 vs. 26.0 ± 4.3 in 

2024 (+37.9%; p = 0.020). In Koshihikari, increases were 25.0% in 2023 (41.0 ± 6.0 vs. 33.0 ± 5.6; p = 0.056) 

and 52.8% in 2024 (27.0 ± 5.7 vs. 18.0 ± 3.5; p = 0.014). 

3.1.4. Seed Fertility and Total Grain Weight 

Seed fertility was numerically higher in +VCs plants across cultivars and seasons, although 

differences were not statistically significant (Figure 1E,F). In Nipponbare, fertility increased by 2.9% 

in 2023 (86.6 ± 3.1% vs. 84.2 ± 2.8%; p = 0.232) and 0.7% in 2024 (93.5 ± 4.9% vs. 92.8 ± 1.4%; p = 0.782). 

In Koshihikari, increases were 7.9% in 2023 (92.5 ± 3.8% vs. 85.7 ± 8.5%; p = 0.142) and 1.4% in 2024 

(95.2 ± 1.5% vs. 93.9 ± 1.2%; p = 0.172). Total grain weight per plant was higher in +VCs plants in all 

cases (Figure 1I,J). In Nipponbare, increases were 26.0% in 2023 (83.3 ± 13.2 g vs. 66.1 ± 10.4 g; 

p = 0.051) and 20.7% in 2024 (68.6 ± 24.3 g vs. 56.8 ± 8.6 g; p = 0.339). In Koshihikari, increases were 

68.6% in 2023 (88.9 ± 17.6 g vs. 52.7 ± 18.6 g; p = 0.013) and 84.8% in 2024 (73.8 ± 17.8 g vs. 39.9 ± 6.7 g; 

p = 0.004) 

3.1.5. 1000-Grain Weight  

The 1000-grain weight (OTGW) was significantly higher in +VCs plants across cultivars and 

seasons (Figure 1G,H). In Nipponbare, OTGW increased by 5.5% in 2023 (21.0 ± 0.5 g to 22.0 ± 0.5 g; 

p = 0.0066) and 6.6% in 2024 (22.0 ± 0.2 g to 23.0 ± 0.2 g; p < 0.001). In Koshihikari, increases were 4.4% 

in 2023 (20.0 ± 0.3 g to 21.0 ± 0.5 g; p = 0.010) and 4.9% in 2024 (21.0 ± 0.3 g to 22.0 ± 0.3 g; p < 0.001). 

These increases were statistically significant in all comparisons. 
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Figure 1. Yield-related agronomic traits in rice cultivars Nipponbare (left) and Koshihikari (right) following 

exposure to WSFBs-derived VCs (+VCs) compared with untreated controls (-VCs) during the 2023 and 2024 

growing seasons. (A-B) Tillers per plant; (C-D) panicles per plant; (E-F) seed fertility; (G-H) 1000-grain weight; 

(I-J) total grain weight per plant. Bars represent averages ± SD (n = 5). White bars indicate -VCs and black bars 
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indicate +VCs treatments. Asterisks denote significant differences between treatments (*p < 0.05; **p < 0.01; ***p 

< 0.001; Student’s t-test). 

3.1.6. Grain Quality 

 Grain quality parameters differed between treatments across both cultivars and growing 

seasons (Figure 2). In Nipponbare, the proportion of perfect grains in +VCs plants was 7.0% higher 

than in -VCs plants in 2023 (65.0% vs. 58.0%), accompanied by a 2.0% reduction in moderately chalky 

grains (33.0% vs. 35.0%) and a 5.0% reduction in severely chalky grains (2.0% vs. 7.0%) (Figure 2A). 

A similar pattern was observed in 2024, where perfect grains were higher by 7.0% (68.0% vs. 61.0%), 

moderately chalky grains decreased by 3.0% (31.0% vs. 34.0%), and severely chalky grains declined 

by 4.0% (1.0% vs. 5.0%). In Koshihikari, the proportion of perfect grains in +VCs plants was 4.0% 

higher than in -VCs plants in 2023 (64.0% vs. 60.0%), while moderately chalky grains remained similar 

(35.0% vs. 34.0%). Notably, severely chalky grains were reduced by 5.0% (1.0% vs. 6.0%) (Figure 2B). 

In 2024, perfect grains increased by 4.0% (67.0% vs. 63.0%), moderately chalky grains decreased 

slightly by 1.0% (32.0% vs. 33.0%), and severely chalky grains declined by 3.0% (1.0% vs. 4.0%). 

Across both cultivars and growing seasons, +VCs plants consistently exhibited higher proportions of 

perfect grains and lower proportions of severely chalky grains compared with -VCs plants. 

 

Figure 2. Grain quality composition in rice cultivars Nipponbare and Koshihikari exposed to WSFBs-derived 

VCs (+VCs) and untreated controls (-VCs) during the 2023 (A) and 2024 (B) growing seasons. Bars show the 

proportions of perfect grains (white), moderately chalky grains (gray), and severely chalky grains (black). Values 

represent average proportions from three independent biological replicates. 

3.2. Physiological Mechanisms of How WSFBs-Derived VCs-Mediated HT Stress Tolerance 

3.2.1. WSFBs-Derived VCs Promoted Photosynthetic Activities Under HT Stress Conditions 

To understand the physiological basis for the improved growth, yield, and grain quality 

observed in +VCs plants under HT field conditions in 2023, we analyzed photosynthetic and gas 

exchange parameters in transplanted rice plants (Figure 3). Net photosynthetic rate (Aₙ) was 

consistently higher in +VCs plants than in -VCs plants in both cultivars. In Nipponbare, Aₙ was 27.9% 

higher in +VCs plants than in -VCs plants (21.4 ± 1.0 vs. 27.4 ± 1.0 µmol CO₂ m⁻² s⁻¹; p < 0.001), while 

in Koshihikari it increased by 58.4% (15.1 ± 0.8 vs. 24.0 ± 1.2 µmol CO₂ m⁻² s⁻¹; p < 0.001) (Figure 3A). 

Stomatal conductance (gₛ) showed a similar pattern. Nipponbare exhibited a 64.2% increase in gₛ in 

+Vs plants over the -VCs plants (0.7 ± 0.2 vs. 1.2 ± 0.3 mol m⁻² s⁻¹; p < 0.001), while Koshihikari showed 

a 36.1% increase (0.9 ± 0.2 vs. 1.3 ± 0.2 mol m⁻² s⁻¹; p < 0.01) (Figure 3B). Intercellular CO₂ concentration 

(Cᵢ) was also significantly elevated in +VCs plants. Nipponbare showed an 81.7% increase in +VCs 

plants over the -VCs plants (128.0 ± 11.0 vs. 233.0 ± 7.0 µmol mol⁻¹; p < 0.001), and Koshihikari showed 
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an 83.5% increase (122 .0± 4.0 vs. 225 .0± 9.0 µmol mol⁻¹; p < 0.001) (Figure 3C). Transpiration rate (E) 

followed the same trend, with +VCs plants exhibiting a 48.5% increase in Nipponbare (10.6 ± 1.8 vs. 

15.7 ± 2.1 mmol H₂O m⁻² s⁻¹; p < 0.001) and a 73.7% increase in Koshihikari (7.5 ± 0.7 vs. 13.0± 1.6 mmol 

H₂O m⁻² s⁻¹; p < 0.001) (Figure 3D). In contrast, intrinsic water-use efficiency (WUE) showed a modest, 

non-significant decline in +VCs plants. WUE decreased by 15.2% in Nipponbare (2.10 ± 0.46 to 

1.78 ± 0.28; p = 0.056) and by 8.7% in Koshihikari (2.1± 0.3 to 1.97 ± 0.2; p = 0.111) (Figure 3E). Overall, 

WSFB-derived VCs enhanced Aₙ, gₛ, Cᵢ, and E in both cultivars, while WUE exhibited a slight but 

non-significant reduction. 

 

Figure 3. Gas exchange parameters in rice cultivars Nipponbare and Koshihikari treated with WSFBs-derived 

VCs (+VCs) and untreated controls (–VCs). White bars represent -VCs and black bars represent +VCs. Each bar 

represents the average ± SD of three independent biological replicates. Asterisks indicate significant differences 

between -VCs and +VCs calculated by Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001). 
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3.3. Controlled-Environment Analyses Reveal Physiological and Transcriptional Responses Associated with 

VCs Exposure Under Acute HT Stress 

While field experiments showed that WSFBs-derived VCs enhanced rice performance under 

natural HT conditions in 2023, controlled-environment assays were conducted to examine associated 

physiological and molecular responses under defined stress conditions. 

3.3.1. Growth and Physiological Responses Under Acute HT Stress 

Prior exposure of rice seedlings (O. sativa L. cv. Nipponbare) to WSFBs-derived VCs (+VCs) for 

14 days followed by a 24 hrs acute HT treatment (45 °C 13 hrs. light, followed by 38 °C 11 hrs. dark) 

resulted in improved growth performance compared with untreated controls (-VCs) (Table S4; Figure 

S6). Visually, +VCs seedlings maintained greener leaves and greater biomass following HT exposure. 

Quantitative analysis confirmed that dry weight was significantly higher in +VCs seedlings (3.7-fold 

increase relative to -VCs; p < 0.001, Figure S6 B), while shoot height showed a modest but significant 

increase (1.2-fold; p < 0.001, Figure S6 C). Root length did not differ significantly between treatments. 

Physiological measurements further indicated improved stress tolerance in +VCs seedlings. SPAD 

values were significantly higher in +VCs plants (33.4 ± 3.8) compared with -VCs plants (17.6 ± 5.0; p 

< 0.01), indicating greater chlorophyll retention under HT stress (Figure S6 E). In addition, MDA 

content was significantly lower in +VCs seedlings (p < 0.01, Figure S6 I), suggesting reduced lipid 

peroxidation and membrane damage. Consistently, chlorophyll a, chlorophyll b, and total 

chlorophyll contents were significantly higher in +VCs seedlings, increasing by 73.2%, 81.8%, and 

76.8%, respectively (p < 0.001) (Figure S6 F, G, H), indicating reduced chlorophyll degradation under 

HT stress. Together, these results indicate that WSFBs-derived VCs exposure is associated with 

improved physiological stability of rice seedlings under acute HT stress, characterized by enhanced 

biomass accumulation, reduced oxidative damage, and improved chlorophyll retention. 

3.3.2. WSFBs-Derived VCs Enhance Cytokinin Signaling Under HT Stress 

To examine molecular responses underlying the observed physiological differences, we 

quantified the expression of four cytokinin-responsive genes (OsRR4, OsRR6, OsRR9, and OsRR10) 

under HT stress, selected as markers of cytokinin signaling under abiotic stress [53,54]. Overall, 

transcript levels of these OsRR genes were higher in +VCs than in -VCs plants at most time points, 

with the clearest differences during the initial 6-12 hrs. of HT exposure. 

 OsRR4 expression declined over time in both treatments but remained significantly higher in 

+VCs plants at 6 hrs. (1.2 ± 0.1 vs. 0.7 ± 0.1, p = 0.002; ~1.6-fold) and 12 hrs. (1.00 ± 0.07 vs. 0.3 ± 0.0, p 

< 0.001; ~3.0-fold), whereas differences at 0 hrs. and 24 hrs. were not significant (Figure 4A). OsRR6 

showed the strongest and most sustained response, with +VCs plants displaying markedly higher 

expression at 0 hrs. (4.1 ± 0.2 vs. 1.1 ± 0.6, p = 0.001), 6 h (4.8 ± 0.4 vs. 2.0 ± 0.1, p < 0.001), and 12 hrs. 

(3.7 ± 0.5 vs. 2.1 ± 0.7, p = 0.026), while the difference at 24 hrs. was not significant. (Figure 4B). OsRR9 

and OsRR10 showed similar temporal trends, with progressive downregulation in -VCs plants and 

higher early expression in +VCs plants. For OsRR9, +VCs plants had significantly higher transcript 

levels at 6 h (3.4 ± 0.9 vs. 0.5 ± 0.1, p = 0.028) and 24 hrs. (0.8 ± 0.1 vs. 0.4 ± 0.0, p < 0.001), but not at 0 

hrs. or 12 hrs. (Figure 4C). For OsRR10, expression in +VCs plants was significantly elevated at 0 hrs. 

(2.2 ± 0.3 vs. 1.0 ± 0.2, p = 0.0048), 6 hrs. (2.1 ± 0.3 vs. 0.5 ± 0.1, p = 0.0014), and 24 hrs (0.8 ± 0.1 vs. 0.4 ± 

0.0, p = 0.0004), with no significant difference at 12 hrs (Figure 4D).  

Together, these data indicate that WSFBs-derived VCs promote an enhanced, early activation of 

cytokinin-responsive gene expression under HT stress, particularly within the first 6-12 hrs after 

stress onset. 
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Figure 4. Relative expression of cytokinin signaling pathway genes in rice seedlings exposed to VCs derived 

from  WSFBs under HT stress. Gene expression levels of OsRR4 (A), OsRR6 (B), OsRR9 (C), and OsRR10 (D) 

were analyzed in Nipponbare rice seedlings treated with WSFBs-derived VCs (+VCs) and untreated seedlings (-

VCs) at 0, 6, 12, and 24 hrs after HT stress exposure. White bars represent -VCs and black bars represent +VCs. 

Data are presented as average ± SD (n=3). Asterisks indicate statistically significant differences between -VCs 

and +VCs determined by Student’s t-test (* p < 0.05; ** p < 0.01; *** p < 0.001). 

3.3.3. WSFB-Derived VCs Modulate Stress-Responsive and Redox-Related Gene Expression Under 

HT Stress 

To further clarify the molecular basis of WSFBs-derived VCs mediated stress responses, we 

examined the expression of antioxidant and stress-related genes, including OsGSTU6, OsGRXS17, 

OsDHAR1, OsSLAC1, and OsSNAC1 (Figure 4). These genes were selected based on their well-

established roles in abiotic stress adaptation. OsGSTU6 and OsGRXS17 participate in oxidative stress 

defense by modulating ROS detoxification and redox buffering capacity [55,56]. OsSLAC1 encodes a 

slow anion channel critical for ion transport and stomatal conductance regulation under stress 

conditions [57]. OsDHAR1 contributes to redox homeostasis through its function in the ascorbate-

glutathione cycle, enhancing ascorbate recycling and ROS scavenging [58]. OsSNAC1, a well-

characterized NAC transcription factor, functions as a key regulator of drought-responsive gene 

networks and stomatal behavior [59,60]. Overall, all genes showed higher transcript levels in +VCs 

than in -VCs plants, particularly during the early phase of HT stress (0-12 h), consistent with a primed 

stress-response state. 
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OsGSTU6 was markedly upregulated in +VCs plants at 0 hrs. (2.6 ± 0.1 vs. 1.0 ± 0.1, p < 0.001), 12 

hrs. (3.7 ± 0.9 vs. 1.2 ± 0.4, p = 0.0089), and 24 hrs. (2.6 ± 0.4 vs. 1.5 ± 0.5, p = 0.0357), whereas the 

difference at 6 hrs. was not significant despite higher mean expression in +VCs plants (Figure 5A). 

Similarly, OsGRXS17 transcript levels were significantly higher in +VCs plants at 0 h (2.9 ± 0.3 vs. 1.0 

± 0.2, p = 0.001), 6 hrs. (2.5 ± 0.4 vs. 1.2 ± 0.1, p = 0.0044), and 12 hrs. (1.4 ± 0.1 vs. 0.3 ± 0.1, p < 0.001), 

but not at 24 hrs., pointing to early activation of redox homeostasis (Figure 5B). OsSLAC1, linked to 

stomatal regulation, showed significantly higher expression in +VCs plants at 6 hrs. (1.2 ± 0.2 vs. 0.7 

± 0.0, p = 0.0179) and 12 hrs. (0.8 ± 0.2 vs. 0.1 ± 0.0, p = 0.0043), while 0 hrs. and 24 hrs. differences were 

not significant (Figure 5C). OsDHAR1 displayed the strongest induction among all genes analyzed. 

At 0 hrs., +VCs plants showed markedly higher expression than -VCs plants (7.3 ± 0.2 vs. 1.1 ± 0.5, p 

< 0.001), indicating robust basal activation of antioxidant capacity, and this difference remained 

significant at 24 hrs. (5.1 ± 0.8 vs. 2.0 ± 0.6, p = 0.0052) (Figure 5D). OsSNAC1 expression was 

significantly higher in +VCs plants at 6 h (2.1 ± 0.3 vs. 0.5 ± 0.1, p = 0.0006), 12 hrs. (1.7 ± 0.2 vs. 0.9 ± 

0.1, p = 0.0033), and 24 hrs. (4.1 ± 0.7 vs. 1.5 ± 0.3, p = 0.004), with the strongest induction at 24 hrs., 

indicating sustained activation of stress-responsive transcription (Figure 5E). Although +VCs plants 

also tended to have higher OsDHAR1 expression at 6 hrs. and 12 hrs., these differences were not 

statistically significant. Together, these findings show that WSFBs-derived VCs enhance the 

activation of stress-responsive, antioxidant, and redox-regulating pathways under HT stress, 

particularly during early stress phases, supporting a priming effect that likely contributes to 

improved stress tolerance. 
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Figure 5. Relative expression of antioxidant- and stress-responsive genes in rice seedlings treated with VCs 

derived from WSFBs under HT stress. Gene expression levels of OsGSTU6 (A), OsGRXS17 (B), OsSLAC1 (C), 

OsDHAR1 (D), and OsSNAC1 (E) were analyzed in Nipponbare rice seedlings treated with WSFBs-derived VCs 

(+VCs) and untreated seedlings (-VCs) at 0, 6, 12, and 24 hrs after HT stress exposure. White bars represent -VCs 

and black bars represent +VCs. Data are presented as average ± SD (n=3). Asterisks indicate statistically 

significant differences between -VCs and +VCs determined by Student’s t-test (* p < 0.05; ** p < 0.01; *** p < 0.001). 

3.4. Principal Component Analysis Reveals Treatment-Driven Separation of +VCs Plants 

Principal component analysis (PCA) was performed to evaluate the combined effects of WSFBs-

derived VCs on growth and physiological traits in Nipponbare and Koshihikari under HT conditions 

in 2023 (Figure 6A). The first two principal components explained most of the variation in the dataset, 

with PC1 accounting for 66.8% and PC2 for 16.3% of the total variance (83.1% cumulative). A clear 

separation between +VCs and -VCs plants was observed along PC1 (Figure 6A), indicating that 

WSFBs-VCs treatment was the primary source of variation. Samples from both Nipponbare and 

Koshihikari under +VCs clustered on the positive side of PC1, whereas -VCs samples were positioned 

on the negative side. This consistent separation across cultivars suggests that the effect of WSFBs-

VCs treatment was robust and largely independent of genetic background. 

The contribution of individual traits to this separation is shown in the PCA loading plot (Figure 

6B). Photosynthesis (Aₙ), transpiration rate (E), intercellular CO₂ concentration (Cᵢ), and total grain 

weight per plant were strongly aligned with the positive direction of PC1, indicating that these traits 

were the main drivers of the +VCs cluster. In contrast, tiller number, panicle number, and stomatal 

conductance contributed more to variation along PC2, reflecting secondary differences among 

treatments and cultivars. 

Hierarchical clustering analysis (HCA) further supported these patterns (Figure 6C). The 

heatmap grouped samples primarily according to treatment, with +VCs plants from both cultivars 

clustering together and showing higher average values for most physiological and yield-related 

traits. In contrast, VCs plants formed a separate cluster characterized by comparatively lower trait 

values. 

Overall, these multivariate analyses demonstrate that exposure to WSFB-derived volatile 

compounds induced a coordinated enhancement of physiological performance and yield-related 

traits. Importantly, this response was consistent across both Nipponbare and Koshihikari, 

highlighting the broad and reproducible effect of VCs under high-temperature field conditions. 
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Figure 6. Multivariate analysis of physiological and agronomic traits in Nipponbare and Koshihikari under 

WSFB-derived VCs treatment for 2023 growing season. (A) PCA score plot showing separation of +VCs and -

VCs samples along PC1 (66.8%), with PC2 (16.3%) reflecting secondary variation. (B) PCA loading plot indicating 

VCs contributions to traits, with photosynthesis (Aₙ), transpiration rate (E), intercellular CO₂ concentration (Cᵢ), 

and grain weight associated with the positive direction of PC1. (C) Hierarchical clustering heatmap showing 

treatment-dependent patterns, where +VCs samples cluster together and exhibit higher trait values than -VCs 

controls. 

4. Discussion 

Field-Scale Evaluations: Growth, Yield, and Grain Quality Under Natural HT Stress 

Our previous work established that rice seedlings can perceive VCs emitted from WSFBs and 

respond with enhanced early growth under controlled conditions [40]. The present study extends 

these findings to field environments and demonstrates that a short seedling-stage exposure to 

WSFBs-derived VCs can influence subsequent growth, development, and yield formation in two 

japonica cultivars. Across two growing seasons with contrasting thermal regimes, +VCs plants 

consistently exhibited greater early vigor, increased tiller and panicle production, and higher grain 

yield compared with -VCs plants. 

The early enhancement of seedling biomass and root growth likely provided a physiological 

advantage that supported stronger establishment and resilience after transplanting. This early-stage 

vigor offers a plausible mechanistic link to the increased tillering, panicle number, and grain yield 

observed later in the field. Similar carry-over effects have been reported in rice and Arabidopsis, 

where early exposure to microbial or fungal VCs primes developmental and metabolic pathways that 

persist across growth stages [29,31,61] and sometime affects flowering time [62,63].  Thus, the 

improved yield and grain quality observed in both 2023 and 2024 may reflect an interaction between 

enhanced early vigor and favorable developmental timing rather than intrinsic HT stress tolerance 

alone.  

WSFBs-derived VCs also increased tiller and panicle production, key determinants of sink 

capacity and yield potential [64–67]. These results align with reports that microbial signals, including 

VCs, modulate developmental pathways controlling tillering and biomass allocation [31,61,68]. The 

sustained increase in panicle number observed across both cultivars further indicates that WSFBs-

VCs exposure positively influenced the key yield components. 

Seed fertility remained stable or slightly improved in +VCs plants, even under the extreme HT 

of 2023. Spikelet sterility is a major constraint to rice productivity under HT conditions, particularly 

during the flowering stage [69–72]. The maintenance of fertility despite increased vegetative and 

reproductive sink development suggests that WSFBs-VCs treatment did not impose a reproductive 

trade-off. Instead, the combination of increased panicle number and stable fertility contributed to 

significant gains in total grain weight per plant, a widely recognized indicator of yield performance 

[73,74]. 

Grain appearance quality also improved following WSFBs-VCs exposure.  +VCs plants 

produced a higher proportion of perfect grains and fewer severely chalky grains, particularly in the 

hotter season. Because chalkiness is closely associated with heat stress during grain filling [43,75], 

these results suggest that WSFB-derived VCs may help stabilize assimilate supply or endosperm 

development under elevated temperatures. Collectively, the field data demonstrate that seedling-

stage exposure to WSFB-derived VCs enhances plant vigor, modifies developmental timing, and 

improves yield and grain quality under natural HT conditions.  

Physiological and Molecular Responses Associated with WSFB-Derived VCs Under Acute Heat Stress  

Gas-exchange measurements revealed that +VCs plants maintained higher net CO₂ assimilation, 

stomatal conductance, and intercellular CO₂ concentration under HT conditions. Because stomatal 

behavior is central to balancing CO₂ uptake and water loss  [76–79], these responses provide a 
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physiological basis for the improved growth and grain filling observed in the hot 2023 season. 

Although transpiration increased proportionally more than photosynthesis, resulting in reduced 

intrinsic water-use efficiency, this pattern is consistent with a shift toward transpirational cooling. 

Enhanced stomatal water flux can lower leaf and panicle temperatures, thereby sustaining 

photosynthesis during heat episodes [71,80–84]. This is a well-documented mechanism in heat-

tolerant rice genotypes, whereby maintained higher stomatal conductance and cooler canopy 

temperatures during heat exposure is a key physiological basis for varietal HT tolerance in rice [83]. 

Thus, the observed decline in WUE likely reflects a heat-avoidance strategy rather than reduced 

physiological efficiency [77,84]. Nevertheless, these findings should be regarded as supportive 

physiological associations rather than definitive evidence of field-stage HT stress tolerance. 

Controlled-HT environment assays provided mechanistic insight into molecular transcriptional 

responses associated with WSFBs-derived VCs. Under acute HT stress, +VCs seedlings maintained 

higher chlorophyll content, and lower malondialdehyde levels, indicating reduced oxidative damage 

and improved physiological stability responses commonly associated with heat tolerance [85,86]. 

Gene expression analyses further revealed that WSFBs-derived VCs modulated genes expression 

associated with cytokinine signaling and stress responses. Cytokinin-responsive regulators (OsRR4, 

OsRR6, OsRR9, OsRR10) were upregulated in +VCs treated seedlings and maintained the higher 

expression levels under HT stress. These type-A response regulators are rapidly inducible 

components of cytokinin signaling and influence shoot development, tillering, and stress adaptation 

[53,87–92]. Because active cytokinin plays an important role in axillary meristem activity, tiller 

formation, and grain development, the induction of these OsRR genes.  It suggests that WSFBs-

derived VCs may prime active cytokinin accumulation that contribute to improved vegetative 

development and stress adaptation. However, because cytokinin concentrations were not directly 

measured in this study, these findings should be interpreted as evidence of altered cytokinin-

responsive signaling rather than direct confirmation of increased hormone levels. Genes involved in 

antioxidant and redox regulation, including OsDHAR1, OsGRXS17, and OsGSTU6, were also 

upregulated. These genes play central roles in the ascorbate-glutathione cycle and glutathione-

dependent detoxification processes, which protect cells from oxidative damage during abiotic stress 

[93–98]. Dehydroascorbate reductase (DHAR) plays a central role in the ascorbate-glutathione cycle, 

a key antioxidant pathway that protects plant cells from oxidative damage by regenerating ascorbate 

and maintaining intracellular redox homeostasis [94,97]. Similarly, glutaredoxins (GRXs) and 

glutathione S-transferases (GSTs) regulate glutathione-dependent detoxification processes and 

contribute to cellular protection against oxidative stress during environmental challenges [95,96,98]. 

The increased expression of these genes in +VCs plants therefore suggests that WSFBs-derived VCs 

may likely enhance antioxidant defense capacity, enabling rice plants to mitigate oxidative damage 

generated under high-temperature stress. Additionally, the upregulation of OsSNAC1 and OsSLAC1, 

key regulators of abiotic stress signaling and stomatal function [57,76,98–100], is consistent with the 

observed increases in photosynthetic activity, transpiration, and intercellular CO₂ concentration. 

Together, these molecular responses support the interpretation that WSFBs-derived VCs activate a 

coordinated network of hormonal, redox, and stress-responsive pathways that contribute to 

improved physiological performance under HT conditions. 

Integrated Interpretation and Implications for Biostimulant Use 

Taken together, the field, physiological, and transcriptional results indicate that WSFBs-derived 

VCs influence rice development through multiple interacting processes. Enhanced early vigor likely 

promotes stronger establishment and greater tiller formation, while shifts in flowering time may 

reduce exposure of reproductive stages to extreme heat. Concurrently, physiological adjustments, 

such as increased stomatal conductance, higher CO₂ assimilation, and improved oxidative stress 

protection, may help maintain plant function during heat episodes. These combined effects provide 

a coherent explanation for the improved yield and grain quality observed in +VCs plants. 
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From an agronomic perspective, the ability of a short seedling-stage treatment to enhance tiller 

formation, panicle number, grain yield, and grain quality is particularly promising. Microbial and 

fungal VCs are increasingly recognized as sustainable tools for crop improvement [27,37–39]. Using 

waste mushroom fungi beds substrates as a source of beneficial VCs aligns with circular bioeconomy 

principles and offers a low-cost, renewable biostimulant strategy for climate-resilient rice production. 

Limitations and Future Work 

Several limitations should be considered. First, volatile emissions were not quantified during 

the experiments. Although previous analyses of WSFBs identified bioactive compounds such as 3-

octanone, 3-octanol, and 1-octen-3-one [40], future work should quantify emissions during exposure 

and establish dose,response relationships. Second, the controlled HT assay used acute seedling-stage 

stress (45/38 °C), whereas field plants experienced prolonged but less extreme temperatures. Because 

heat responses vary across developmental stages, the transcriptional responses observed in seedlings 

should be interpreted as mechanistic indicators rather than direct explanations for field outcomes. 

Third, field trials were conducted at a single site with modest sample sizes. Multi-location, larger-

scale trials and additional rice genotypes will be necessary to assess broader applicability. Gas-

exchange measurements were also taken at a single time point, limiting inference about temporal 

dynamics. Finally, transcriptional analyses were conducted only in Nipponbare; responses may differ 

in Koshihikari or other cultivars. 

5. Conclusions 

 This study demonstrates that short-term exposure of rice seedlings to VCs emitted from WSFBs 

can generate lasting benefits that extend well beyond the seedling stage. Across two contrasting field 

seasons, including the record hot summer of 2023, WSFBs-derived VCs consistently enhanced early 

vigor, increased tiller and panicle production, advanced heading under high-temperature conditions, 

and improved both grain yield and appearance quality in two japonica cultivars. Controlled-

environment assays further revealed that VCs exposure was associated with enhanced 

photosynthetic performance, improved redox and antioxidant regulation, and the induction of 

cytokinin- and stress-responsive genes during acute heat stress. 

Together, these findings indicate that WSFB-derived VCs activate a coordinated set of 

developmental, physiological, and molecular responses that support improved plant performance 

under elevated temperatures. Importantly, the use of WSFBs—a readily available agricultural by-

product, highlights a practical, low-cost, and circular bioeconomy approach for developing natural 

biostimulants. While further work is needed to validate performance across additional environments 

and cultivars, the present results provide strong evidence that WSFBs-derived VCs represent a 

promising strategy for enhancing rice resilience and productivity under future climate conditions. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Figure S1: Location of the paddy field experimental site at Shindori Station, Field 

Center for Sustainable Agriculture, Faculty of Agriculture, Niigata University, Niigata, Japan. Figure S2: 

Weather data and climate conditions during the 2023 and 2024 growing seasons. Figure S3: Classification of rice 

grain quality into perfect, moderately chalky, and severely chalky grains. Figure S4: Experimental workflow for 

field evaluation of rice seedlings exposed to WSFB-derived volatile compounds. Figure S5: Schematic overview 

of the controlled-environment experimental workflow for acute high-temperature stress treatment and 

sampling. Figure S6: Growth and physiological responses of Nipponbare rice seedlings exposed to WSFB-

derived volatile compounds under acute high-temperature stress. Figure S7: Seedling vigor of Nipponbare and 

Koshihikari prior to paddy transplantation following exposure to WSFB-derived volatile compounds. Table S1: 

Experimental schedules for paddy field cultivation during the 2023 and 2024 growing seasons. Table S2: Heading 

dates of VC-treated and untreated rice plants across cultivars and growing seasons. Table S3: Micro-weather and 

seasonal temperature conditions during the 2023 and 2024 field experiments. Table S4: Growth and physiological 

traits of Nipponbare rice seedlings after 24 h of acute high-temperature stress. Table S5: Seedling vigor 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Aₙ Net Photosynthetic Rate 

Ci Intercellular CO₂ Concentration 

DHAR Dehydroascorbate reductase 

E Transpiration Rate 

FW Fresh Weight 

GRXs glutaredoxins  

GSTs glutathione S-transferases  
gₛ Stomatal Conductance 

HS-SPME-GC-

TOF/MS 

Head Space Solid Phase Micro Extraction Gas Chromatography-Time of 

Flight-Mass Spectrometry 

HISS Heat-Induced Spikelet Sterility 

HT High temperature 

HCA Heatmap Clustering Analysis 

MDA Malondialdehyde 

RRs Response regulators 

OTGW One Thousand-Grain Weight 

PBs Plant biostimulants 

PCA Principal component analysis 

PPFD Photosynthetic photon flux density 

PSII photosystem II 

qPCR Quantitative Polymerase Chain Reaction 

R Statistical Software (R programming language) 

ROS Reactive oxygen species 

SD Standard deviation 

TBA  Thiobarbituric Acid 

TCA  Trichloroacetic Acid 

VC Volatile compound 

VCs Volatile compounds 

WSFBs Waste shiitake fungi beds 

WUE Water-Use Efficiency 
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