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Abstract 

Trehalose-6-phosphate (T6P) is involved in the regulation of plant growth and stress-re-

lated responses; however, its potential role in post-drought recovery remains unclear in 

legume crops. This study evaluated whether foliar application of native T6P could im-

prove growth, yield formation, and physiological recovery in adzuki bean after pre-flow-

ering drought stress. We aimed to propose a model for the production and drought toler-

ance regulation in adzuki bean. A three-year field experiment was conducted by applying 

T6P at both the budding stage and the initial pod stage. The plant architecture, yield, pho-

tosynthetic characteristics, defensive enzyme activity, sugar metabolism and hormone 

changes were evaluated. The results indicated that T6P significantly increased root, stem 

and leaf parameters in adzuki bean it also increased all yield traits except for the main 

stem branches and sections during post-drought recovery. Indeed, the yield per block of 

5μM and 10μM of T6P application during post-drought recovery increased by 20.66% and 

31.60% on average compared to the control under well-watered conditions and by 47.68% 

and 60.20% under drought stress during the three experimental years. Foliar T6P treat-

ment was associated with higher antioxidant enzyme activities and related gene expres-

sion, lower ROS accumulation and proline content, and changes in sugar- and hormone-

related traits during post-drought recovery. Therefore, foliar application of T6P at the 

budding and initial pod stages improved growth, yield formation, and post-drought re-

covery in adzuki bean. The result provide a novel strategy for T6P application for coordi-

nating the high production potential and crop resilience. 
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1. Introduction 

Drought stress stands as a critical environmental factor that negatively impacts plant 

growth and productivity, primarily by limiting water and nutrient uptake and substan-

tially reducing overall yield [1–3]. It disrupts plant growth and development through var-

ious physiological and molecular alterations, such as impairment of photosynthesis, res-

piration, sugar metabolism, hormonal equilibrium, defense enzyme activities, and gene 

and protein expression [4]. To cope with water scarcity, plants have developed numerous 
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adaptive strategies. For instance, drought can trigger the production of stress-protective 

compounds like sugars and proline, as well as activate antioxidant systems to sustain re-

dox homeostasis [5–8]. Additionally, drought stress modifies the levels of key phytohor-

mones, including abscisic acid (ABA), jasmonic acid, and indole-3-acetic acid (IAA), influ-

encing their respective signaling pathways. Numerous plant responses to drought involve 

the regulation of defensive genes that contribute to enhanced drought tolerance [9,10]. 

Trehalose (Tre) metabolism, particularly the role of trehalose-6-phosphate (T6P), has 

gained significant attention for its essential function in regulating sucrose utilization and 

distribution, which is crucial for plant growth and development [11–14]. T6P has been 

identified as a key molecule associated with carbon supply, acting as a mediator in sugar 

sensing [15]. The concentration of T6P, a principal sugar signal in plants, shows a positive 

correlation with sucrose levels, effectively functioning as a sucrose sensor [13]. In plants, 

T6P undergoes dephosphorylation via trehalose-6-phosphate phosphatase (TPP) to form 

Tre [16,17]. Tre contributes to resilience against various environmental stresses, including 

drought, salinity, and low temperatures [18–21]. Previous studies have shown that chem-

ical strategies designed to enhance T6P signaling can improve crop performance. For ex-

ample, Griffiths et al. demonstrated that a cell-permeable T6P precursor increased yield 

and improved drought recovery in wheat [22]. 

Adzuki bean (Vigna angularis) is an essential cash crop in China, valued for its unique 

health-promoting components that are beneficial to the food industry [23]. However, the 

role of T6P in regulating the coordination of growth and development in adzuki bean 

during post-drought recovery remains unclear. In this study, the variety “Lhxd08” was 

selected to examine the impact of T6P application on growth and drought tolerance in 

adzuki bean. The objectives included evaluating the influence of T6P on plant structure, 

yield, photosynthetic performance, defensive enzyme activities, sugar metabolism, and 

hormone variations. Consequently, the results establish a theoretical basis for maximizing 

productivity and drought resilience by enhancing T6P usage and reveal a new mechanism 

of T6P-mediated growth regulation and drought tolerance in adzuki bean. Additionally, 

it is anticipated that a T6P-based approach will offer a sustainable, environmentally 

friendly strategy for improving crop resilience and supporting sustainable agricultural 

practices. 

2. Materials and Methods 

2.1. Experimental Site 

Field experiments were conducted at the experimental station of Liaoning Academy 

of Agricultural Sciences (LAAS Shenyang, China) (41°48′11.75″ N, 123°25′31.18″ E, and 50 

m above sea level) in the 2021, 2022 and 2023 growing seasons. This region has a warm 

and semi-humid continental monsoon climate. Weather statistics during the adzuki bean 

growth cycle in the interval from the end of May to the end of September (2021 and 2023) 

are shown in Figure S1. The soil in the study area is classified as Eutric Cambisol (sand 

42.6%, silt 38.7%, and clay 18.7%) according to the World Reference Base for Soil Resources 

[22]. The farm soil characteristics (0–50 cm) of the experimental site before planting were 

analyzed and are shown in Table S1. 
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2.2. Experimental Design 

The adzuki bean (Vigna angularis) variety Lhxd08, provided by the Crop Research 

Institute, Liaoning Academy of Agricultural Sciences (LAAS, China), was used in this 

study. The experiment was conducted in a single shared field using a split-plot arrange-

ment with three replications. Water regime was assigned as the main-plot factor, and the 

field was divided into two adjacent water-management sectors: a well-watered sector (C) 

and a pre-flowering drought-stress/recovery sector (D). The two sectors were separated 

by buffer ridges and protection rows to minimize lateral water movement. Within each 

water-management sector, T6P concentration was arranged as a randomized subplot fac-

tor, including 0, 5, and 10 μM. Thus, six treatment combinations were established: C0, C5, 

and C10 under well-watered conditions, and D0, D5, and D10 under pre-flowering 

drought followed by rewatering. Each plot covered 50 m2. 

To establish and control drought stress under field conditions, plants in the D sector 

were grown under a rain shelter that prevented rainfall from reaching the crop. For the 

well-watered treatment, soil moisture was maintained at approximately 75–85% of field 

capacity throughout the growing season by supplemental irrigation. For the D treatment, 

irrigation was withheld after the appearance of the third trifoliate leaf and continued until 

45 days after emergence (DAE), when plants had reached the early flowering stage. Dur-

ing this water-deficit period, soil moisture was controlled at approximately 35–45% of 

field capacity. After 45 DAE, the D plots were re-irrigated and subsequently maintained 

at 75–85% of field capacity until harvest (Table S2). 

T6P solutions at 0, 5, and 10 μM were applied as foliar sprays twice during the vege-

tation cycle. The first foliar application was performed at 45 DAE, immediately after the 

pre-flowering drought-stress period and at the early flowering/budding stage, and the 

second application was performed three weeks later, at approximately 66 DAE, corre-

sponding to the initial pod stage. All spray solutions contained 0.05% (v/v) Tween-20. The 

0 μM T6P treatment contained 0.05% Tween-20 without T6P and served as the control. 

Foliar spraying was performed in the late afternoon using approximately 2.0 L of solution 

per plot until the leaf surfaces were uniformly wetted without runoff. 

Field management practices included basal application of compound fertilizer before 

sowing, manual weeding at the seedling and flowering stages, pest and disease control 

according to local agronomic recommendations, and irrigation management according to 

the designed water regimes. No additional plant growth regulators were applied except 

for the T6P treatments. 

2.3. Sampling and Determination 

2.3.1. Plant Sampling 

Twenty uniform and representative bean plants were sampled from the control and 

each treatment at the flower-pegging stage, pod-setting stage, and pod-filling stage, re-

spectively. Ten plant samples were used to measure the plant architecture parameters. 

The third leaves of the other ten plant samples were immediately frozen in liquid nitrogen 

and stored at –80 °C for the measurement of defensive factors and enzyme activity, sugar 

level, plant hormones and defense-related gene expression. 

2.3.2. Plant Architecture 

Root length (RL) and plant height (PH) were measured using a steel ruler at the 

flower-pegging stage. Main root diameter (MRD) and main stem diameter (MSD) were 

measured using a vernier caliper. Leaf area (LA) of the third leaf from the main stem of 

each adzuki bean plant was measured using a YMJ-PC plant leaf area meter (Lvbo, Hang-

zhou, China). Root fresh weight (RFW) and leaf fresh weight (LFW) were measured im-
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mediately after sampling using an electronic analytical balance (FA2004, Shanghai Preci-

sion & Scientific Instrument Co., Ltd., Shanghai, China; accuracy 0.0001 g). For dry weight 

determination, root and leaf samples were first oven-dried at 105 °C for 30 min and then 

dried at 75 °C until reaching a constant weight, approximately 48 h. Constant weight was 

defined as a mass change of less than 0.001 g between two consecutive weighings. After 

drying, the samples were cooled to room temperature in a desiccator and weighed using 

the same analytical balance to determine root dry weight (RDW) and leaf dry weight 

(LDW). Ten plants from each treatment were used as biological replicates for these meas-

urements. 

2.3.3. Adzuki Bean Yield and Yield Trait 

An area of 50 m2 (10 m × 5 m) was sampled in each experimental plot at maturity, 

and all plants in this area were harvested manually; all harvested pods were air-dried and 

threshed to obtain the yield per block (YPB) of adzuki bean. The number of plants in each 

area was recorded to determine yield per plant (YPP) based on YPB. Ten representative 

plants were sampled from each area to record main stem branches (MSB), main stem sec-

tions (MSS), and pods per plant (PPP). Twenty pods were sampled to measure pod length 

(PL) and seeds per pod (SPP), and hundred seed weight (HSW) was assessed through five 

replicates. 

2.3.4. Photosynthetic Characteristics Analysis 

The chlorophyll content of adzuki bean leaves was determined using a chemical ex-

traction method. Briefly, 0.2 g of fresh leaf tissue was cut into small pieces and extracted 

with 10 mL of 80% acetone in the dark at 4 °C until the tissue became colorless. The extract 

was centrifuged at 5000× g for 10 min, and the absorbance of the supernatant was meas-

ured at 663 and 645 nm using a spectrophotometer. Total chlorophyll content was calcu-

lated according to the following formula: total chlorophyll content = [(8.02 × A663 + 20.20 

× A645) × V]/(1000 × W), where A663 and A645 represent the absorbance values at 663 and 

645 nm, respectively, V represents the final extract volume (mL), and W represents the 

fresh weight of the leaf sample (g). The chlorophyll content was expressed as mg/g fresh 

weight. The net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 

concentration (Ci), and transpiration rate (Tr) were measured using a GB-1102 portable 

photosynthesis system (BX51, Beijing, China). Five plants were selected from each plot, 

and the third leaf from the main stem of each plant was measured between 9:00 and 11:00 

a.m. on sunny days. 

2.4. Defensive Factor and Enzyme Assay 

The malondialdehyde (MDA) content was analyzed using the trichloroacetic acid 

(TCA) method described by Ma et al. [24], with several modifications. Total hydrogen 

peroxide (H2O2) content was measured according to Sagisaka [25], with a few modifica-

tions: namely, absorbance of the supernatant was measured at 480 nm after a 12,000 rpm 

spin of the reaction mixture in an E5804 centrifuge (Eppendorf, Hamburg, Germany). Sol-

uble protein content was quantified by the Bradford method [26], using bovine serum 

albumin (BSA) as the standard. The free proline protocol of Bates et al. [27] was employed 

to estimate the proline contents of adzuki bean leaves. The absorbance readings of stand-

ards and samples were taken at 520 nm against a toluene blank using the spectrophotom-

eter. Superoxide dismutase (SOD) activity was assayed following the method; peroxidase 

(POD) activity was assayed according to the method of Do et al. [28]. Catalase (CAT) ac-

tivity was measured following the methodology of Berrs and Sizer [29]. 
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2.5. Sugar Measurement 

The starch content was measured using the method of Fredeen et al. [30]. The 0.5 g 

leaf samples ground with 2 mL distilled water were incubated with 3.2 mL of 60% HClO4 

for 10 min and then centrifuged at 5000× g for 5 min. The supernatants were diluted to 10 

mL with distilled water, and the absorbance value was measured at 660 nm. Sucrose and 

glucose were estimated enzymatically as described [31]. Samples of approximately 0.5 g 

of leaves were subjected to extraction for 30 min with 10 mL of an ethanol/water mixture 

(80:20, v/v) used as a high-temperature (80 °C) extraction solvent. The solution was filtered 

and evaporated to dryness under nitrogen, with an aliquot of the filtrate redissolved in 

0.5 mL of 0.1 mM ethylenediaminetetraacetic acid calcium disodium salt (CaEDTA) solu-

tion for measurement. The trehalose content was measured using a trehalose kit (Solarbio 

Science Technology, Beijing, China). 

2.6. Plant Hormones 

Endogenous plant hormones were quantified using liquid chromatography–tandem 

mass spectrometry (LC-MS/MS) with multiple reaction monitoring (MRM), with modifi-

cations according to previously described methods [32,33]. Leaf samples were collected 

from the middle portion of the third fully expanded leaves on the main stem at the flower-

pegging, pod-setting, and pod-filling stages, avoiding the petiole and main vein. Samples 

were immediately frozen in liquid nitrogen and stored at −80 °C until analysis. C0 at the 

corresponding developmental stage and year was used as the well-watered baseline con-

trol, while D0 served as the corresponding 0 μM T6P control under the post-drought re-

covery condition. 

Approximately 0.5 g of frozen leaf tissue was ground in liquid nitrogen and extracted 

with pre-cooled isopropanol:water acid solution at 2:1:0.002 (v/v/v). Isotope-labeled inter-

nal standards, including D5-IAA, D6-ABA, D2-GA3, D5-JA, and D6-SA, were added be-

fore extraction to correct for extraction losses and matrix effects. After dichloromethane 

extraction and centrifugation, the lower organic phase was collected, evaporated under 

nitrogen, redissolved in methanol containing 0.1% formic acid, and filtered through a 0.22 

μm membrane. IAA, ABA, GA3, JA, and SA were quantified by LC-MS/MS using authen-

tic standards and corresponding isotope-labeled internal standards. Hormone contents 

were normalized to fresh weight and expressed as ng g−1 FW. 

2.7. RNA Extraction and Quantitative Real-Time PCR Analysis 

Total RNA was extracted using TRIzol reagent (Tiangen, Beijing, China) and evalu-

ated by a NanoDrop 2000 spectrophotometer for detecting RNA quality and quantity. 

cDNA was synthesized as a template using a reverse transcription kit (Tiangen, China), 

and the quantitative real-time PCR reaction (qRT-PCR) was performed using the Super-

Real PreMix Plus reagent (Tiangen, Beijing, China) and a qTOWER 2.2 real-time PCR sys-

tem (Analytikjena, Jena, Germany) with three biological replicates and the actin gene as 

an internal control to standardize the data [34]. Threshold values (CT) were used to quan-

tify relative gene expression, followed by the comparative 2−ΔΔCT method [35]. All primers 

used for qRT-PCR were designed using Primer Premier 5.0 (PREMIER Biosoft Interna-

tional, Palo Alto, CA, USA), as shown in Table S3. 

2.8. Statistical Analysis 

The experiment was conducted in a split-plot design with three biological replicates 

in each growing season, with water regime as the main-plot factor and T6P concentration 

as the subplot factor. Each experimental plot was considered an independent experi-

mental unit, and plant-level measurements within each plot were treated as subsamples 

and averaged before statistical analysis. Data, including the effects of year, water regime, 
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T6P concentration, and their interactions, were analyzed using split-plot ANOVA. When 

significant effects were detected, Duncan’s multiple range test was used for mean separa-

tion at p < 0.05. Statistical analyses were performed using SPSS software (version 22.0; IBM 

Corp., Armonk, NY, USA), and Excel 2023 and Origin 2021 were used for data organiza-

tion and figure preparation. 

3. Results 

3.1. Plant Architecture and Yield Traits 

The plant architecture parameters of adzuki bean measured at the flower-pegging 

stage, approximately 52 days after emergence, are shown in Table 1. Pre-flowering 

drought stress followed by rewatering reduced RL, MRD, RFW, RDW, PH, MSD, LA, 

LFW, and LDW compared with the well-watered controls. However, T6P treatment miti-

gated several of these reductions during post-drought recovery. During the 2021–2023 

growing seasons, T6P application significantly increased RL, MRD, RFW, RDW, and MSD 

in the D treatments compared with D0 (p < 0.05). Specifically, under the D10 treatment, 

these parameters increased by an average of 45.76%, 47.36%, 19.17%, 56.14%, and 55.11%, 

respectively, compared with D0. Conversely, PH, LA, LFW, and LDW were negatively 

affected by the pre-flowering water-deficit treatment, although T6P application increased 

LA, LFW, and LDW, but not PH, during post-drought recovery. In particular, LA, LFW, 

and LDW increased by 4.93%, 17.35%, and 15.98% under D5 and by 12.35%, 47.54%, and 

47.30% under D10, respectively, compared with D0 across the three years. However, PH 

decreased by 16.15% and 36.25% under D5 and D10, respectively, compared with D0 (Fig-

ure S2A). These results indicate that T6P application was associated with improved recov-

ery growth of root, stem, and leaf traits after pre-flowering drought stress. 

As shown in Table 2, yield-related traits were measured at maturity. Pre-flowering 

drought stress followed by rewatering significantly decreased the yield traits of adzuki 

bean compared with the well-watered controls during the 2021–2023 growing seasons (p 

< 0.05). With T6P treatment, MSB and MSS declined under both well-watered and post-

drought recovery conditions compared with C0 or D0. The largest reductions in MSB and 

MSS, averaging 16.92% and 9.53%, respectively, were observed in D5 relative to D0 from 

2021 to 2023. However, PPP, PL, SPP, HSW, and YPP increased markedly in D10, with 

average increases of 68.77%, 24.88%, 29.81%, 35.82%, and 61.38%, respectively, compared 

with D0 (Figure S2B,C). D10 showed a stronger effect on these parameters than D5. YPB 

also increased substantially in D5 and D10, with average increases of 47.68% and 60.20% 

over D0, respectively, and by 20.66% and 31.60% compared with C0. These findings sug-

gest that T6P application promoted yield formation during post-drought recovery after 

pre-flowering drought stress. 
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Table 1. Effects of T6P on plant architectural parameters of adzuki bean at the flower-pegging stage, approximately 52 days after emergence, during the 2021–

2023 growing seasons. 

Year Treatment RL (cm) MRD RFW (g) RDW (g) PH (cm) MSD LA (cm2) LFW (mg) LDW (mg) 

2023 

C0 16.04 ± 1.35 c 15.66 ± 1.64 e 6.62 ± 0.47 c 3.68 ± 0.29 d 107.06 ± 2.82 a 16.22 ± 1.30 c 106.94 ± 1.77 c 2.74 ± 0.15 c 1.68 ± 0.27 ab 

C5 20.26 ± 1.39 b 19.69 ± 1.55 cd 7.90 ± 1.05 b 4.38 ± 0.37 cd 87.2 ± 2.41 c 19.2 ± 1.97 bc 116.48 ± 3.33 b 3.24 ± 0.08 b 1.96 ± 0.28 ad 

C10 21.30 ± 1.30 b 22.75 ± 1.06 ab 6.54 ± 0.74 c 5.3 ± 0.38 b 68.16 ± 2.26 e 21.48 ± 1.38 b 121.9 ± 3.26 a 3.84 ± 0.11 a 2.18 ± 0.35 a 

D0 16.77 ± 2.63 c 17.51 ± 1.68 d 7.63 ± 0.50 bc 4.06 ± 0.49 d 96.56 ± 2.02 b 16.4 ± 1.54 c 97 ± 2.19 d 2.38 ± 0.21 d 1.18 ± 0.20 b 

D5 22.28 ± 0.97 ab 22.45 ± 1.30 bc 9.19 ± 0.41 a 5.16 ± 0.46 bc 76.5 ± 3.96 d 21 ± 1.60 b 105.18 ± 2.37 c 2.78 ± 0.22 c 1.42 ± 0.19 b 

D10 25.28 ± 1.51 a 25.54 ± 1.93 a 8.32 ± 0.32 ab 6.52 ± 0.47 a 60.68 ± 3.88 f 26.44 ± 1.77 a 108.08 ± 2.20 c 3.28 ± 0.08 b 1.68 ± 0.23 ab 

2022 

C0 13.93 ± 1.17 c 14.08 ± 1.00 d 5.94 ± 0.69 b 3.28 ± 0.38 d 99.82 ± 4.75 a 13.04 ± 0.89 d 92.48 ± 2.96 b 2.6 ± 0.18 c 1.28 ± 0.19 b 

C5 18.49 ± 1.82 ab 17.73 ± 2.12 bc 5.98 ± 0.36 b 3.38 ± 0.38 cd 84.96 ± 3.67 b 16.86 ± 1.82 bc 107.02 ± 3.50 a 2.74 ± 0.26 bc 1.34 ± 0.32 b 

C10 20.74 ± 0.99 ab 20.76 ± 0.84 ab 6.00 ± 0.60 b 4.12 ± 0.34 b 59.9 ± 1.64 c 19.9 ± 1.58 ab 112.7 ± 2.62 a 3.26 ± 0.11 a 1.84 ± 0.24 a 

D0 14.39 ± 2.12 c 14.95 ± 2.33 cd 6.61 ± 0.21 ab 3.62 ± 0.51 bc 88.36 ± 3.31 b 15.76 ± 2.57 cd 91.6 ± 4.78 b 1.96 ± 0.26 d 1.06 ± 0.05 b 

D5 20.09 ± 1.64 ab 20.18 ± 1.86 b 6.85 ± 0.38 ab 4.02 ± 0.22 bc 79.12 ± 10.32 b 19.38 ± 1.04 b 95.46 ± 2.97 b 2.36 ± 0.24 cd 1.22 ± 0.27 b 

D10 21.75 ± 1.06 a 23.47 ± 0.58 a 7.35 ± 0.48 a 6.4 ± 0.33 a 57.04 ± 1.98 c 23.1 ± 1.81 a 107.18 ± 2.79 a 3.08 ± 0.27 ab 1.32 ± 0.26 b 

2021 

C0 14.50 ± 1.83 d 17.95 ± 1.03 d 8.18 ± 0.65 b 4.46 ± 0.18 d 113.04 ± 6.22 a 17.6 ± 1.02 d 115.28 ± 3.83 bc 3.06 ± 0.15 bc 1.5 ± 0.32 c 

C5 21.31 ± 2.47 bc 20.50 ± 0.90 bc 7.74 ± 0.54 b 6.02 ± 0.37 bc 94.84 ± 2.76 b 19.24 ± 1.22 cd 117.96 ± 3.29 b 3.64 ± 0.13 b 1.66 ± 0.20 bc 

C10 24.33 ± 2.13 ab 23.50 ± 1.00 b 7.52 ± 0.89 b 6.8 ± 0.52 ab 69.26 ± 2.27 d 24.5 ± 0.43 ab 126.9 ± 6.02 a 4.16 ± 0.26 a 2.48 ± 0.25 a 

D0 19.67 ± 2.90 c 19.22 ± 2.73 cd 7.89 ± 0.72 b 5.8 ± 0.3 c 100.52 ± 2.15 b 17.76 ± 3.40 d 107.62 ± 4.29 d 2.56 ± 0.23 d 1.28 ± 0.16 c 

D5 22.55 ± 1.71 ab 22.07 ± 1.58 bc 8.46 ± 1.15 b 6.24 ± 0.70 bc 83.22 ± 3.48 c 22.7 ± 2.39 bc 109.92 ± 3.74 cd 2.94 ± 0.23 cd 1.44 ± 0.43 c 

D10 26.63 ± 2.10 a 26.762 ± 1.74 a 10.83 ± 0.72 a 7.6 ± 0.66 a 64.18 ± 3.69 d 27.98 ± 0.95 a 116.9 ± 3.54 b 3.78 ± 0.38 ab 2.24 ± 0.31 ab 

Analysis of variance          

Year (Y) ** ** ** ** ** ** ** ** ** 

Treatment (T) ** ** ** ** ** ** ** ** ** 

T6P  ** ** ** ** ** ** ** ** ** 

Y × T NS NS NS NS NS NS ** NS NS 

Y × P NS NS ** NS * NS ** NS ** 

T × P NS NS ** ** ** ** * NS NS 

Y × T×P * NS ** ** NS NS NS NS NS 

Different letters in the same column and the same growing season indicate significant difference (p < 0.05). * and ** represent significance at the 0.05 and 0.01 

probability levels; NS means the difference is not significant. C0, C5 and C10 represent the combinations of control with the application of 0, 5 and 10 μM T6P, 

respectively; D0, D5 and D10 represent the combinations of drought stress with the application of 0, 5 and 10 μM T6P, respectively. C: control; D: drought; RL: 
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root length; MRD: main root diameter; RFW: root fresh weight; RDW: root dry weight; PH: plant height; MSD: main stem diameter; LA: leaf area; LFW: leaf fresh 

weight; LDW: leaf dry weight. 

Table 2. Effects of T6P on yield-related traits of adzuki bean measured at maturity during the 2021–2023 growing seasons. 

Year Treatment MSB MSS PPP PL (cm) SPP HSW (g) YPP (g) YPB (kg) 

2023 

C0 5.60 ± 0.54 a 22.61 ± 0.89 a 17.52 ± 0.38 d 9.02 ± 0.32 bc 6.64 ± 0.25 c 8.53 ± 0.32 b 37.08 ± 1.46 cd 35.15 ± 6.82 bc       

C5 5.42 ± 0.54 ab 20.35 ± 1.22 bc 25.32 ± 0.56 b 9.66 ± 0.51 ab 7.64 ± 0.30 b 9.06 ± 0.18 b 44.24 ± 4.10 bc 50.25 ± 10.05 a 

C10 5.23 ± 0.44 ab 20.62 ± 1.34 ab 27.11 ± 0.53 a 10.52 ± 0.70 a 8.74 ± 0.23 a 9.84 ± 0.44 a 54.52 ± 5.31 a 55.90 ± 4.20 a 

D0 5.41 ± 0.54 ab 21.81 ± 1.48 ab 13.76 ± 0.43 e 8.22 ± 0.12 c 5.76 ± 0.08 d 7.62 ± 0.31 c 29.88 ± 3.53 d 30.10 ± 5.73 c 

D5 4.44 ± 0.54 b 19.43 ± 0.89 c 22.02 ± 0.78 c 9.42 ± 0.40 bc 6.46 ± 0.34 c 8.52 ± 0.22 b 40.63 ± 3.62 bc 47.25 ± 6.60 ab 

D10 4.80 ± 0.83 ab 20.29 ± 0.70 bc 23.12 ± 0.76 c 10.14 ± 0.81 a 7.42 ± 0.37 b 9.84 ± 0.14 a 45.44 ± 3.80 b 47.30 ± 3.91 ab 

2022 

C0 5.22 ± 0.44 a 22.81 ± 1.30 a 16.32 ± 0.35 d 9.00 ± 0.46 bc 6.26 ± 0.20 d 7.80 ± 0.11 d 29.68 ± 2.95 d 33.90 ± 2.45 b 

C5 4.63 ± 0.54 a 20.23 ± 1.09 ab 25.38 ± 0.55 a 9.08 ± 0.14 b 7.42 ± 0.16 b 9.13 ± 0.15 b 41.62 ± 1.71 b 45.45 ± 4.90 a 

C10 4.79 ± 083 a 20.84 ± 2.16 ab 25.86 ± 0.53 a 10.13 ± 0.35 a 8.32 ± 0.16 a 9.58 ± 0.14 a 49.02 ± 2.94 a 44.50 ± 2.85 a 

D0 5.22 ± 0.83 a 21.81 ± 1.09 ab 13.52 ± 0.53 e 7.62 ± 0.25 d 5.22 ± 0.10 e 6.96 ± 0.20 e 24.26 ± 2.90 d 23.30 ± 2.60 c 

D5 4.61 ± 0.54 a 19.62 ± 1.51 b 21.24 ± 0.68 c 8.44 ± 0.32 c 6.44 ± 0.15 d 8.43 ± 0.27 c 36.04 ± 3.90 c 41.80 ± 7.04 ab 

D10 5.33 ± 0.70 a 19.84 ± 1.64 b 23.84 ± 0.73 b 9.36 ± 0.23 b 7.04 ± 0.28 c 9.72 ± 0.19 a 40.88 ± 2.16 bc 44.90 ± 2.60 a 

2021 

C0 6.32 ± 0.70 a 22.60 ± 0.54 a 17.64 ± 0.23 d 8.86 ± 0.40 c 6.46 ± 0.33 cd 8.48 ± 0.31 c 33.52 ± 1.47 c 39.05 ± 8.85 b 

C5 5.20 ± 0.44 a 20.61 ± 0.51 ab 27.76 ± 0.93 a 10.04 ± 0.73 b 7.54 ± 0.28 b 9.48 ± 0.23 b 46.88 ± 2.71 b 46.60 ± 5.35 b 

C10 5.42 ± 1.14 a 21.82 ± 1.78 ab 28.94 ± 0.63 a 11.42 ± 0.44 a 8.56 ± 0.29 a 10.92 ± 0.74 a 52.64 ± 1.95 a 62.70 ± 6.22 a 

D0 5.83 ± 0.83 a 21.43 ± 1.14 ab 16.06 ± 0.39 e 8.11 ± 0.35 c 5.98 ± 0.25 d 7.26 ± 0.30 d 28.26 ± 1.66 d 38.20 ± 4.41 b 

D5 4.64 ± 0.54 a 19.81 ± 1.30 b 23.14 ± 1.02 c 8.88 ± 0.63 c 6.52 ± 0.24 c 8.64 ± 0.23 c 43.52 ± 0.99 b 40.75 ± 8.45 b 

D10 5.22 ± 0.83 a 19.62 ± 1.14 b 26.08 ± 0.65 b 10.42 ± 0.35 b 7.52 ± 0.20 b 10.08 ± 0.51 ab 46.64 ± 4.98 b 49.95 ± 4.25 ab 

Analysis of variance         

Year (Y) * NS ** ** ** ** ** ** 

Treatment (T) NS ** ** ** ** ** ** ** 

T6P ** ** ** ** ** ** ** ** 

Y × T NS NS NS NS NS * NS NS 

Y × P NS NS NS * NS ** NS ** 

T × P NS NS ** NS ** ** NS NS 

Y × T×P NS NS ** NS NS NS NS * 

Different letters in the same column and the same growing season indicate significant difference (p < 0.05). * and ** represent significance at the 0.05 and 0.01 

probability levels. MSB: main stem branches; MSS: main stem sections; PPP: pods per plant; PL: pod length; SPP: seeds per pod; HSW: hundred seed weight; YPP: 

yield per plant; YPB: yield per block. Other notes are the same as in Table 1. 
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3.2. The Chlorophyll Content and Photosynthetic Characteristics 

As illustrated in Figure 1, the drought stress caused a decline in the chlorophyll con-

tent of adzuki bean leaves, while T6P application significantly enhanced the chlorophyll 

levels under both drought and well-watered conditions, with increases corresponding to 

higher T6P concentrations. At the flower-pegging, pod-setting, and pod-filling stages, 10 

μM T6P treatment led to the highest chlorophyll content in drought-stressed plants. Spe-

cifically, during post-drought recovery without T6P application (D0), the minimum chlo-

rophyll levels were 2.17, 2.31, and 2.11 mg/g, while the maximum chlorophyll content ob-

served in well-watered plants with 10 μM T6P (C10) during the flower-pegging stage from 

2021 to 2023 reached 4.26, 4.37, and 4.42 mg/g, respectively (Figure 1A,F,K). Additionally, 

the net photosynthetic rate increased with higher T6P levels (Figure 1B,G,L), likely due to 

the enhanced chlorophyll content and photosynthetic efficiency provided by T6P. During 

post-drought recovery, both chlorophyll content and photosynthetic rate in D5 and D10 

were greater than D0, though lower than well-watered controls. In D10, the average net 

photosynthetic rate at the flower-pegging, pod-setting, and pod-filling stages was 32.50, 

28.17, and 25.92 μmol/m−2·s−1 across the three years, even surpassing the control (C0). 

Comparing well-watered plants (CK) treated with T6P (C5, C10) to those without (C0), 

we observed that the stomatal conductance, the intercellular CO2 concentration, and the 

transpiration rates from 2021 to 2023 obviously decreased. In drought-stressed plants, T6P 

applications under D5 and D10 significantly increased these parameters compared to D0. 

At the flower-pegging stage in D10, the average stomatal conductance, intercellular CO2 

concentration, and transpiration rate over three experimental years were 0.70 mol m−2·s−1, 

265.15 μmol/m−2·s−1, and 8.76 mmol/m−2·s−1, respectively, exceeding D0 levels and compa-

rable to C0. These results suggest that foliar T6P treatment was associated with improved 

photosynthetic performance in drought-recovering plants after pre-flowering water defi-

cit. 

3.3. The Defense-Related Enzyme Activity and Relative Gene Expression 

The activity of three key enzymes involved in the plant defense response was ana-

lyzed in adzuki bean leaves during the flower-pegging, pod-setting, and pod-filling 

stages. As shown in Figure 2, T6P application significantly boosted POD, SOD, and CAT 

activities compared to controls, and the enzyme activity levels rose with T6P concentra-

tions. Remarkably, POD activity in D10 during post-drought recovery even exceeded that 

of well-watered controls. The highest values of 1383.55, 1351.38, and 1372.48 U/g were 

observed at the pod-setting stage across the three years. SOD and CAT activities also 

peaked in D10, with their average maximums reaching 209.17 and 61.01 U/g at the pod-

setting and flower-pegging stages, respectively. However, the three enzyme activities at 

the pod-filling stage were significantly lower than at the other two stages. These results 

suggested that T6P enhances drought resistance by activating the key defensive enzymes 

in adzuki bean. 

Real-time quantitative PCR was used to analyze the expression of genes encoding 

these enzymes at the three growth stages (Figure S3). T6P treatment led to significantly 

higher expression levels of POD, SOD, and CAT genes than the controls. The incremental 

coding gene expression of the three key enzymes after T6P treatment may be one of the 

major factors for the increased enzyme activity in adzuki bean leaves. 
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Figure 1. Photosynthetic characteristics in adzuki bean during post-drought recovery caused by T6P 

during growing seasons. Chlorophyll measurement: 2023 (A), 2022 (F), 2021 (K); net photosynthetic 

rate: 2023 (B), 2022 (G), 2021 (L); stomatal conductance: 2023 (C), 2022 (H), 2021 (M); intercellular 
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CO2 concentration: 2023 (D), 2022 (I), 2021 (N); transpiration rate: 2023 (E), 2022 (J), 2021 (O). Ver-

tical bars represent the standard error of the mean of three replicates (n = 30). Different letters on 

bars at the same growth stage indicate significant differences among treatments by Duncan’s mul-

tiple range test (p < 0.05). C0, C5 and C10 represent the combinations of control with the application 

of 0, 5 and 10 μM T6P, respectively; D0, D5 and D10 represent the combinations of drought stress 

with the application of 0, 5 and 10 μM T6P, respectively. C: control; D: drought. 

 

Figure 2. Defense-related enzymes induced by T6P in adzuki bean during post-drought recovery 

during growing seasons. POD: 2023 (A), 2022 (D), 2021 (G); SOD: 2023 (B), 2022 (E), 2021 (H); CAT: 

2023 (C), 2022 (F), 2021 (I). Vertical bars represent the standard error of the mean of three replicates 

(n = 30). Different letters on bars at the same growth stage indicate significant differences among 

treatments by Duncan’s multiple range test (p < 0.05). C0, C5 and C10 represent the combinations of 

control with the application of 0, 5 and 10 μM T6P, respectively; D0, D5 and D10 represent the com-

binations of drought stress with the application of 0, 5 and 10 μM T6P, respectively. C: control; D: 

drought. POD: peroxidase; SOD: superoxide dismutase; CAT: catalase. 
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3.4. MDA, H2O2, Proline and Soluble Protein Contents 

In Figure 3, the drought stress led to increases in MDA, H2O2, and proline levels of 

adzuki bean leaves, while T6P application reduced these levels. The pattern changes of 

MDA were similar to those observed for H2O2 and proline, and the enhancement of the 

three defensive factors caused by drought stress was distinctly inhibited by T6P. Among 

these, MDA and proline levels were significantly lower at the flower-pegging stage than 

at the other two stages during the three experimental years. C10 reduced MDA levels to a 

minimum of 3.45, 3.30, and 3.56 nmol/g fresh weight and decreased the proline levels to 

19.85, 18.63, and 17.95 μg/g fresh weight during the flower-pegging stage. Conversely, the 

soluble protein content, which decreased during post-drought recovery, was enhanced by 

T6P (Figure 3D,H,L). Soluble protein levels were noticeably higher at the flower-pegging 

and pod-setting stages than at the pod-filling stage, reaching the peaks of 13.43, 13.04, and 

13.55 mg/g fresh weight during the experimental years. These findings indicate that T6P 

plays a key role in alleviating drought stress in adzuki bean by lowering MDA, H2O2, and 

proline levels while enhancing soluble protein content. 

 

Figure 3. Defensive factors induced by T6P in adzuki bean during post-drought recovery during 

growing seasons. MDA: 2023 (A), 2022 (E), 2021 (I); H2O2: 2023 (B), 2022 (F), 2021 (J); Proline: 2023 

(C), 2022 (G), 2021 (K); Soluble protein: 2023 (D), 2022 (H), 2021 (L). Vertical bars represent the 

standard error of the mean of three replicates (n = 30). Different letters on bars at the same growth 

stage indicate significant differences among treatments by Duncan’s multiple range test (p < 0.05). 

C0, C5 and C10 represent the combinations of control with the application of 0, 5 and 10 μM T6P, 

respectively; D0, D5 and D10 represent the combinations of drought stress with the application of 

0, 5 and 10 μM T6P, respectively. C: control; D: drought. MDA: malondialdehyde; H2O2: hydrogen 

peroxide. 
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3.5. Carbohydrate Content 

To assess whether T6P influences plant carbohydrate levels during post-drought re-

covery, the contents of starch, sucrose, glucose, and trehalose were measured. Drought 

stress significantly elevated these carbohydrates at the flower-pegging, pod-setting, and 

pod-filling stages. T6P treatment further enhanced the carbohydrate levels compared to 

controls without T6P, and drought also dramatically increased sugar content (Figure 4). 

Under drought, T6P-treated plants exhibited significantly higher levels of starch, sucrose, 

glucose, and trehalose than untreated controls, with slightly higher levels observed at the 

flower-pegging stage compared to the other stages. Notably, trehalose content reached 

the peak values of 162.85, 168.01, and 164.35 μg/g fresh weight in D10 at the flower-peg-

ging stage over the experimental years (Figure 4). These results suggested that T6P con-

tributes to drought stress mitigation by raising carbohydrate levels, with glucose and tre-

halose serving key roles as primary sugar signaling molecules in drought tolerance. 

 

Figure 4. T6P-mediated sugar molecules in adzuki bean during post-drought recovery during grow-

ing seasons. Starch: 2023 (A), 2022 (E), 2021 (I); sucrose: 2023 (B), 2022 (F), 2021 (J); glucose: 2023 (C), 

2022 (G), 2021 (K); trehalose: 2023 (D), 2022 (H), 2021 (L). Vertical bars represent the standard error 

of the mean of three replicates (n = 30). Different letters on bars at the same growth stage indicate 

significant differences among treatments by Duncan’s multiple range test (p < 0.05). C0, C5 and C10 

represent the combinations of control with the application of 0, 5 and 10 μM T6P, respectively; D0, 

D5 and D10 represent the combinations of drought stress with the application of 0, 5 and 10 μM 

T6P, respectively. C: control; D: drought. 
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3.6. Plant Hormones 

To characterize hormone-related physiological responses during post-drought recov-

ery in adzuki bean, endogenous hormone levels in leaves, including IAA, GA, JA, ABA, 

and SA, were measured. Foliar T6P application increased IAA content within both the 

well-watered (C) and post-drought recovery (D) treatments, with the highest IAA levels 

observed at the pod-setting stage under 10 μM T6P. Specifically, IAA content reached 

173.56 ng/g fresh weight in C10 and 159.89 ng/g fresh weight in D10. However, although 

T6P increased IAA within the D treatments compared with the corresponding 0 μM T6P 

control (D0), IAA levels in the D treatments did not exceed those of the well-watered con-

trol plants (C0) at the corresponding growth stages. This indicates that T6P partially pro-

moted IAA recovery after pre-flowering drought stress but did not fully restore IAA ac-

cumulation to the level observed under well-watered conditions. 

The response patterns of ABA and JA differed from that of IAA. Compared with the 

well-watered treatments, the D treatments showed higher ABA and JA accumulation dur-

ing post-drought recovery, and T6P application further enhanced these increases. The 

peak ABA levels in D10 were 292.80, 302.47, and 287.84 ng/g fresh weight at the pod-filling 

stage in 2021, 2022, and 2023, respectively, while the highest JA levels in D10 were 157.07, 

160.35, and 165.43 ng/g fresh weight at the flower-pegging stage in 2021, 2022, and 2023, 

respectively. In contrast, GA and SA contents generally declined from the flower-pegging 

stage to the pod-filling stage under both well-watered and post-drought recovery condi-

tions, and T6P treatment further reduced their levels. Across the three years, the lowest 

average levels of GA and SA were observed at the pod-filling stage in D10, reaching 2.56 

ng/g fresh weight and 26.16 ng/g fresh weight, respectively. Overall, these results indicate 

that foliar T6P treatment was associated with distinct hormone accumulation profiles dur-

ing post-drought recovery: IAA showed partial recovery within D treatments but re-

mained lower than the well-watered control level, whereas ABA and JA showed stronger 

accumulation in D treatments, and GA and SA tended to decrease. 

3.7. Principal Component Analysis 

In the PCA, the first two principal components accounted for 97.08% of the total var-

iance, with PC1 representing 86.46% and PC2 representing 10.62% (Figure S4A). Obvi-

ously, the treatments were distinctly grouped into six categories by the principal compo-

nents (Figure S4A). From Figure S4A, CAT and CHL were observed to have the largest 

contribution to PC1, while MDA, H2O2, and Pro were significantly negatively correlated 

with PC1. On the other hand, ABA, Glu, and SUC provided the largest contributions to 

PC2, with SA and Pn showing the smallest contributions (Figure S4B). Therefore, CAT 

and CHL contributed more to T6P treatment, while ABA appeared to be more correlated 

with drought stress. 

3.8. Correlation Analysis Among Plant Architecture Parameters, Yield Traits, Photosynthetic 

Characteristics, Defense-Related Factors, Carbohydrate Content and Plant Hormones 

The relationships among plant architecture parameters, yield traits, photosynthetic 

characteristics, defense factors, carbohydrate content, and plant hormones are shown in 

Figure S5. The results showed that HSW was significantly (p < 0.01) positively correlated 

with POD, SOD, CAT, SUC, Glu, IAA, ABA, CHL, Pn, RL, RDW, LA, and YPP, while 

showing a negative correlation with MDA, H2O2, Pro, SA, and PH (p < 0.01). Similar cor-

relations were found for LA and YPP with other parameters, except for a weaker positive 

correlation with ABA (p < 0.05) compared to HSW. Additionally, RL and RDW exhibited 

significant positive correlations (p < 0.01) with POD, SOD, CAT, SUC, Glu, IAA, ABA, 

CHL, Pn, LA, and YPP, and a negative correlation with MDA, SA, and PH (p < 0.01) as 
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well as with H2O2 and Pro (p < 0.05). In contrast, PH displayed an opposite correlation 

pattern to that of HSW (p < 0.01). 

The correlation analysis revealed that root and leaf architecture parameters, along 

with yield traits, were significantly positively correlated with photosynthetic characteris-

tics, defense enzymes, sugar content, and plant hormones, while showing negative corre-

lations with defensive factors (MDA, H2O2, and Pro), SA, and plant height. This suggested 

that T6P application could improve photosynthetic capacity, defense enzyme activity, 

sugar levels, and hormones (such as IAA and ABA), while reducing MDA, H2O2, Pro, and 

SA, thereby preventing growth inhibition and reducing plant height to prevent lodging. 

4. Discussion 

4.1. Effects of T6P on the Plant Architecture and Yield Traits of Adzuki Bean During  

Post-Drought Recovery 

T6P has been proposed as a signaling molecule that regulates various metabolic and 

developmental processes in plants [36]. It is widely recognized for its role in controlling 

carbon assimilation and sugar levels among different plant species, such as rice (Oryza 

sativa) [37], potato (Solanum tuberosum) [38], cucumber (Cucumis sativus) [39], maize (Zea 

mays) [40], and wheat (Triticum aestivum) [41]. Generally, high T6P levels support devel-

opmental progression, while low levels restrict growth and development [42]. In this 

study, T6P was applied to adzuki bean to investigate its effects on growth and yield. Com-

pared to untreated plants, the different T6P concentrations significantly increased RL, 

MRD, RFW, RDW, MSD, LA, LFW, and LDW but not PH in adzuki bean (Table 1). PH 

showed a notable decrease with T6P application, even under drought conditions. The re-

sults further indicated that T6P enhanced PPP, PL, SPP, HSW, YPP, and YPB under 

drought, thus alleviating stress and promoting growth (Table 2). Although MSB and MSS 

decreased after T6P treatment, the yield capacity remained unaffected. This suggests that 

T6P has the potential to increase lodging resistance by reducing plant height in adzuki 

bean, thereby enhancing planting density and improving yield. 

4.2. Effects of T6P on the Chlorophyll Content and Photosynthetic Characteristics During  

Post-Drought Recovery 

Li et al. [37] found that the sugar-inducible transcription factor NAC23 suppressed 

TPP1 expression, leading to increased T6P levels in rice and an accompanying increase in 

the photosynthetic rate of rice leaves. However, it remains unclear whether this effect on 

photosynthesis is directly mediated by T6P signaling or is a consequence of altered 

source–sink dynamics. Previous studies have suggested that modifying sucrose allocation 

through T6P-related pathways can enhance leaf photosynthesis [43], further supporting 

the role of T6P as a potential source–sink integrator. To date, adjustment of T6P-related 

signaling has been considered an effective strategy for improving photosynthetic perfor-

mance and yield formation, although direct manipulation of photosynthetic components, 

such as Rubisco expression, has also shown potential in rice [44]. 

In our study, foliar T6P application increased chlorophyll content and net photosyn-

thetic rate in adzuki bean leaves under both well-watered and post-drought recovery con-

ditions (Figure 1). A possible explanation is that T6P treatment may help maintain sugar 

availability and source–sink coordination during recovery, thereby providing carbon 

skeletons and energy required for chlorophyll biosynthesis and chloroplast function. In 

addition, the higher antioxidant enzyme activities and lower MDA and H2O2 contents ob-

served in T6P-treated plants may reduce oxidative damage to chlorophyll molecules, 

thylakoid membranes, and photosynthetic apparatus during post-drought recovery. 

Therefore, the increased chlorophyll accumulation in T6P-treated plants may contribute 
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to maintaining photosynthetic capacity by improving light capture, protecting the photo-

synthetic system, and supporting CO2 assimilation. The increases in intercellular CO2 con-

centration and transpiration rate observed in T6P-treated plants during post-drought re-

covery further suggest that T6P treatment was associated with improved gas exchange 

and photosynthetic recovery. 

These findings indicate that foliar T6P treatment was associated with improved pho-

tosynthetic performance during post-drought recovery, which may partly contribute to 

yield formation in adzuki bean. However, because endogenous T6P was not directly 

quantified in this study, these effects should be interpreted as physiological responses as-

sociated with foliar T6P treatment rather than direct evidence of intracellular T6P signal-

ing. Further studies are needed to determine whether exogenous native T6P directly reg-

ulates chlorophyll biosynthesis, chlorophyll degradation, or photosynthetic carbon assim-

ilation pathways in adzuki bean. Given recent progress in improving yield by modulating 

T6P-related pathways beyond traditional domestication and breeding strategies, T6P-

based approaches may provide a potential strategy for improving crop productivity and 

recovery capacity after early-season water deficits [45]. 

4.3. Effects of T6P on the Defense-Related Enzyme, MDA, H2O2, Proline and Soluble Protein 

Content During Post-Drought Recovery 

In adverse environments, plants adopt defensive adaptation mechanisms to survive, 

often producing excess ROS, including H2O2. However, excessive ROS buildup leads to 

oxidative damage and membrane impairment, necessitating enhanced antioxidant capac-

ity to remove H2O2 by upregulating antioxidant enzymes [46]. Drought stress, a major 

stress factor, raises H2O2 and MDA levels while reducing SOD, POD, and CAT activities 

and their gene expression, as observed in wheat [47], cucumber [48], soybean [49], potato 

[50], and pea [51]. This study found that T6P contributes to adzuki bean drought tolerance, 

with T6P treatment inducing Tre level changes in response to water deficit. As a down-

stream molecule in T6P metabolism, Tre plays a vital role in development and stress ad-

aptation [16] and alleviates drought in plants like radish, tomato, and cucumber [52–54]. 

However, T6P’s full regulatory mechanisms remain unclear. Our study revealed that T6P 

application under drought reduced H2O2 levels, which otherwise rose sharply with 

drought alone (Figure 3B,J,K). Figure 2 shows antioxidant enzyme activities (SOD, POD, 

and CAT) and their coding genes in adzuki bean. Drought stress decreased SOD, POD, 

and CAT activities alongside gene downregulation, whereas T6P application enhanced 

both enzyme activities and gene expression (Figure S3). MDA, reflecting lipid peroxida-

tion in cell membranes [2], has shown reduced stress-induced increases with Tre treat-

ment [55]. Our results showed that foliar T6P treatment was associated with lower H2O2, 

MDA, and proline levels and higher antioxidant enzyme activities during post-drought 

recovery. These observations indicate that T6P-treated plants maintained a more favora-

ble redox status after pre-flowering drought stress. Altered protein synthesis and accu-

mulation due to water stress have been reported in various species [56,57], with drought 

stress decreasing soluble protein content, as seen in Glycine max L. [58]. T6P treatment 

increased soluble protein content in adzuki bean leaves and improved drought resistance 

under water deficit (Figure 3D,I,M). These results provide insights into the mechanism by 

which exogenous T6P mitigates excessive ROS, MDA, proline, and soluble protein accu-

mulation due to drought stress in adzuki bean. 
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4.4. Effects of T6P on the Carbohydrate Content During Post-Drought Recovery 

Soluble sugars such as starch, sucrose, glucose, and trehalose are crucial for main-

taining plant structure and growth [59]. Beyond serving as nutrients, sugars regulate 

growth, development, metabolism, and stress responses throughout a plant’s lifecycle, 

from embryogenesis to senescence [11,60]. In this study, drought stress upregulated the 

levels of starch, sucrose, glucose, and trehalose in adzuki bean leaves. T6P treatments at 

varying concentrations further elevated sugar content, indicating the essential role of sug-

ars in promoting growth and enhancing drought tolerance (Figure 4). Previous research 

also showed that higher sucrose levels in potatoes increased tuber number and induced 

starch synthesis [61]. In legumes, glucose promotes cell division during embryogenesis, 

while sucrose supports cell expansion and storage [61]. Additionally, trehalose influences 

organ growth, affecting functions like flowering, leaf, tuber, and seed development [62]. 

In most plants, sugars play a central role in growth, development, and abiotic stress ad-

aptation. Sugars such as sucrose and trehalose help maintain water content, aid osmotic 

adjustment, and protect cell membranes from oxidative damage under drought. Nemati 

et al. [63] further reported that drought-tolerant wheat seedlings benefit from sucrose syn-

thesis, improving energy storage and sustaining cell metabolism. In conclusion, our re-

sults suggest that T6P significantly boosted starch, sucrose, glucose, and trehalose accu-

mulation, thereby reducing drought stress and supporting plant growth. 

4.5. Effects of T6P on Plant Hormones During Post-Drought Recovery 

Previous studies have shown that phytohormones like IAA, JA, GA, ABA, and SA 

play essential roles in the complex signaling pathways of plant growth and development 

and are integral to current models of stress response [64]. Our findings revealed that T6P 

mitigated the growth and development inhibition in adzuki bean induced by drought 

stress, resulting in higher IAA, JA, and ABA levels and lower GA and SA levels compared 

to plants without T6P treatment (Figure 5). Meitzel et al. [65] indicated that auxin func-

tions downstream of T6P to promote seed filling, highlighting a connection between auxin 

and T6P in this process. Additionally, as noted, exogenous foliar application of T6P sig-

nificantly increased Tre levels. Li et al. [66] reported that Tre reversed the decrease in IAA 

and ABA and the increase in GA3 in cucumber, with similar phytohormone responses 

observed in T6P-treated adzuki bean. However, until now, it was unclear if T6P modu-

lates plant hormones to influence growth and responds to drought stress in adzuki bean. 

Our results suggest potential interactions between T6P and plant hormones in regulating 

growth, productivity, and response to abiotic stress. 
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Figure 5. Effects of foliar T6P application on endogenous hormone accumulation profiles in adzuki 

bean leaves during post-drought recovery across the growing seasons. IAA: 2023 (A), 2022 (F), 2021 

(K); ABA: 2023 (B), 2022 (G), 2021 (L); JA: 2023 (C), 2022 (H), 2021 (M); GA: 2023 (D), 2022 (I), 2021 

(N); SA: 2023 (E), 2022 (J), 2021 (O). Vertical bars represent the standard error of the mean of three 

replicates (n = 30). Different letters on bars at the same growth stage indicate significant differences 

among treatments by Duncan’s multiple range test (p < 0.05). C0, C5 and C10 represent the combi-

nations of controls with the application of 0, 5 and 10 μM T6P, respectively; D0, D5 and D10 repre-

sent the combinations of drought stress with the application of 0, 5 and 10 μM T6P, respectively. C: 

control; D: drought. IAA: indoleacetic acid; ABA: abscisic acid; JA: jasmonic acid; GA: gibberellin; 

SA: salicylic acid. 
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5. Conclusions 

This study demonstrates that foliar application of T6P promotes growth, yield for-

mation, and post-drought recovery in adzuki bean after pre-flowering drought stress. The 

results suggest that the positive effects of T6P during the recovery period were associated 

with changes in four physiological processes: ROS homeostasis, amino acid and protein 

metabolism, sugar-related traits, and plant hormone balance. Specifically, T6P-treated 

plants showed lower ROS accumulation, as indicated by reduced MDA and H2O2 con-

tents, together with higher POD, SOD, and CAT gene expression and enzyme activities 

during post-drought recovery. In addition, proline accumulation induced by the previous 

water-deficit period was reduced by T6P treatment, while soluble protein content was 

increased, which may contribute to improved recovery growth. T6P application was also 

associated with increased carbohydrate levels, particularly glucose and trehalose, sug-

gesting that sugar-related changes may be involved in growth recovery and yield for-

mation after drought stress. Furthermore, T6P treatment modified the changes in plant 

hormone levels during the recovery period, including GA, SA, IAA, ABA, and JA, which 

may be related to the restoration of growth and development in adzuki bean (Figure 6). 

Overall, this study suggests that foliar application of native T6P may be a potential agro-

nomic approach for improving crop recovery and yield formation after early-season water 

deficit. However, further studies are needed to verify whether exogenous native T6P di-

rectly enters plant cells and regulates endogenous T6P-mediated signaling pathways. 
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Figure 6. The possible model for growth and drought tolerance in adzuki bean plants regulated by 

T6P. 
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