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Autotoxicity of Rice Straw Extract on Germination, Growth, and Yield of Rice (Oryza sativa L.) 
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ABSTRACT

	Rice is a major global staple, but its cultivation faces weed challenges, prompting herbicide use that harms the environment. Rice straw contains allelopathic compounds with bioherbicidal potential, yet these substances may also cause autotoxic effects on rice, impacting its growth and productivity. This study was conducted to assess the autotoxic effects of rice straw (Oryza sativa L.) extract on rice seed germination, plant growth, and yield, as well as to identify the concentration level that effectively inhibited these processes. The experiment took place at the Agronomy Laboratory and Greenhouse, Department of Crop Production, Faculty of Agriculture, University of Bengkulu, Indonesia from November 2024 to March 2025. A Completely Randomized Design (CRD) with a single factor was applied, involving five extract concentrations (0%, 2.5%, 5%, 7.5%, and 10%) and five replications. The observed variables included germination parameters such as radicle and plumule length, dry weight, and percentage of abnormal seedlings, along with growth and yield components such as plant height, leaf number, number of productive tillers, leaf length and width, panicle length, grain weight, and root and shoot dry weight. The study demonstrated that rice straw extract markedly suppressed seed germination and vegetative growth, while also diminishing rice yield. The highest inhibitory effect was observed at the 10% concentration, which led to a greater proportion of abnormal seedlings, shorter radicle length, and reduced dry weights of both radicles and plumules. Among the parameters analyzed, the percentage of abnormal seedlings exhibited the lowest IC₅₀ value (4.35%), highlighting the heightened sensitivity of early plant development to allelopathic compounds in rice straw. These findings indicate rice straw has strong autotoxic properties, offering potential as an eco-friendly bioherbicide. However, proper management of rice straw waste is essential to minimize its adverse effects on crop yields.
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1. INTRODUCTION

[bookmark: _Hlk201922542][bookmark: _Hlk202783427]Rice serves as a primary food source for over half of the global population and a key provider of dietary energy, underscoring its vital role in ensuring food security worldwide (Jamal et al., 2023; Seck et al., 2012). However, modern rice cultivation encounters persistent challenges, including invasive weed infestations that significantly diminish crop yields. To mitigate these threats, farmers predominantly depend on synthetic herbicides, which may lead to the development of herbicide-resistant weeds while also posing environmental contamination risks and potential hazards to human health (Ueji & Inao, 2001; Hamamura, 2018).

Rice produces allelopathic compounds, which exert direct or indirect inhibitory effects on neighboring plants through the release of bioactive chemicals into the surrounding environment (Rice, 1984). These allelochemicals include momilactones, phenolic acids, terpenoids, and flavonoids (Kong, 2008; Elzaawely et al., 2017). Research has demonstrated that rice allelopathy plays a significant role in weed suppression, with evidence showing reduced germination in Echinochloa crus-galli (barnyard grass), Avena fatua L., and lettuce (Anuar et al., 2015; Kato-Noguchi, 2004).

Rice straw can exhibit autotoxicity, a specialized form of allelopathy in which plants release phytochemicals that suppress the germination and growth of conspecific plants (Miller, 1996). This phenomenon has been observed in various weeds and crops, including rice (Oryza sativa) and alfalfa (Medicago sativa). Under anaerobic conditions, such as in flooded soils, the decomposition of plant residues releases toxic compounds that induce physiological stress, alter soil redox potential, and impair root development (Singh et al., 1999; Chou & Lin, 1976; Zhang et al., 2021). Among these allelochemicals, momilactones A and B inhibit proteolytic enzymes, disrupting nutrient mobilization during germination and hindering seedling establishment (Sultana et al., 2023). Additionally, flavonoids modulate auxin transport, affecting plant growth, while terpenoids contribute to defense mechanisms (Shah & Smith, 2020; Sultana et al., 2023).

Rice straw exhibits autotoxic properties that can suppress the growth of subsequent rice crops. Additionally, straw residues demonstrate potential as natural herbicides through allelopathic action (Mai & Xuan, 2024). Experimental studies by Anuar et al. (2015) revealed that 10% rice straw extract solution significantly reduced radicle elongation in Echinochloa crus-galli. These findings are supported by earlier work of Chou & Lin (1976), who observed pronounced inhibition of radicle development by decomposing rice residue extracts.

While the allelopathic properties of rice straw have been extensively investigated, the mechanisms underlying its autotoxic effects—particularly on germination, vegetative growth, and crop yield—remain incompletely characterized. This study evaluated the efficacy of rice straw water extract on plant growth using the IC50 metric, defined as the extract concentration required to inhibit test organism activity by 50% within a specified timeframe (Cortés et al., 2001). Our objectives were to: (1) identify optimal extract concentrations for suppressing rice germination, growth, and yield, and (2) determine IC50 values through controlled germination bioassays. Elucidating these phenomena could advance the development of innovative, eco-friendly weed management strategies. As emphasized by Khamare et al. (2022), addressing global food security demands next-generation agricultural systems that prioritize sustainability while reducing dependence on synthetic agrochemicals.
 
2. methodologY

2.1 Location, Time and Research Design
This research was conducted from November 2024 through February 2025 at the Agronomy Laboratory and Faculty of Agriculture Experiment Station, University of Bengkulu. 
The study consisted of two stages: (1) a germination efficacy test of rice straw extract using petri dishes, and (2) a growth assay using buckets. A completely randomized single-factor design was employed with five concentrations: P0 = 0% (control), P1 = 2.5%, P2 = 5%, P3 = 7.5%, and P4 = 10%. Each treatment was replicated five times, totaling 25 experimental units, where each unit comprised two petri dishes and two buckets.

2.2 Research Stage
2.2.1 Preparation of Rice Straw Extract
Rice straw samples were collected from post-harvest rice fields located in Muara Bangkahulu, Bengkulu City, Indonesia. The collected straw was uniformly cut into 4-5 cm pieces and subsequently oven dried maintained at 50°C for 72 hours until a constant mass was attained. The dried material was then pulverized using an electric blender to produce a homogeneous fine powder.

The extraction process involved: (1) precisely weighing 100 g of the prepared straw powder, (2) mixing with 1000 ml of distilled water, and (3) agitating the mixture continuously at 150 rpm for 24 hours using an orbital shaker. 	The resulting suspension was subjected to dual filtration through Whatman No. 1 filter paper to yield a 10% (w/v) stock solution. Treatment solutions were prepared by serial dilution of the stock solution to obtain the following concentrations (total volume 500 ml each):
· Control (0%): 500 ml distilled water
· 2.5%: 125 ml stock + 375 ml distilled water
· 5%: 250 ml stock + 250 ml distilled water
· 7.5%: 375 ml stock + 125 ml distilled water
· 10%: 500 ml undiluted stock solution

2.2.2 Laboratorium Test
2.2.2.1 Germination Bioassay 
The experimental procedure commenced with the sterilization and preparation of petri dishes (90 mm diameter) for the germination tests. All glassware was first sanitized with 5% sodium hypochlorite solution (commercial Bayclean®) followed by a 70% ethanol rinse to ensure aseptic conditions. Each sterilized petri dish was lined with Whatman No. 1 filter paper to serve as the germination substrate.

For treatment application, 10 ml of the prepared rice straw extract was dispensed into each petri dish using a graduated pipette. Twenty-five surface-sterilized rice seeds (Oryza sativa L. cv. IR64) were then evenly distributed in each dish. The germination experiment was conducted under controlled laboratory conditions (25±2°C) with daily observations recorded for seven consecutive days.

2.2.3 Greenhouse Test
2.2.3.1 Experimental Setup and Growth Medium Preparation
The research used a planting medium with a weight ratio (1:1) of topsoil and organic compost. This homogeneous mixture was precisely measured, with each experimental container (plastic buckets) receiving 3.0 kg of the prepared medium.

Planting was conducted by making 1 cm-deep holes in the growing medium. Each hole was planted with three 7-day-old seedlings obtained from laboratory germination tests. Plant maintenance included fertilization, watering, thinning, weeding, and pest control. Fertilization was performed once at planting using doses of 300 kg/ha urea (0.15 g/bucket), 100 kg/ha TSP (0.05 g/bucket), and 100 kg/ha KCl (0.05 g/bucket) (Ministry of Agriculture, 2007). Daily irrigation was applied. Thinning was conducted at 1 week after planting (WAP) by cutting two seedlings, leaving one plant per bucket. Harvesting occurred during the generative phase at 116 days after planting (DAP). 

2.3 Observed Variables
Laboratorium test. The variables observed in the germination test include the percentage of abnormal sprouts (%), radicle length (cm), plumule length (cm), radicle dry weight (mg), plumule dry weight (mg), and total dry weight (mg). Observations were conducted on 10 seedling in each petri dish.

Greenhouse test. Observed variables include plant height (cm), number of leaves, leaf length (cm), leaf width (cm), leaf area (cm²), number of panicles per clump, panicle length (cm), weight of 1000 grains (g), shoot dry weight (g), and root dry weight (g).

2.4 Data Analysis
The collected data were statistically analyzed using Analysis of Variance (ANOVA) at a 5% significance level. Significant differences were further analysis using Orthogonal Polynomial tests.

3. RESULTS AND DISCUSSION
3.1 Experiment Highlight
Petri dish laboratory tests revealed that rice seed germination began on the fourth day, reaching approximately 95% by the seventh day in the control treatment (0% extract). However, as the concentration of rice straw extract increased (2.5–10%), there was a marked reduction in germination rates. The extract significantly influenced radicle and plumule lengths as well as seedling morphology. Higher extract concentrations led to more pronounced inhibitory effects, including shortened radicles, underdeveloped plumules, and a greater occurrence of abnormal seedlings (Figure 1A). These effects are thought to be caused by allelopathic compounds in the rice straw, which exhibit autotoxicity by disrupting enzyme activity during germination, inducing oxidative stress, and inhibiting both protein synthesis and cell elongation (Li et al., 2024).

Greenhouse experiments indicate that seedlings exposed to high concentrations of rice straw extract exhibit suppressed growth during the early vegetative stage, particularly in terms of plant height and leaf development (Figure 1B). This observation supports the findings of Afridi et al. (2014), who reported that rice straw extract possesses allelopathic properties capable of inhibiting plant growth, including reductions in root and shoot length when applied at elevated concentrations.
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Figure 1. Effect of rice straw extract on seed germination (A) and rice growth (B)

3.2 Effectiveness of Rice Straw Extract in Laboratory Germination Tests
The use of rice straw extract had a significant impact on the germination process, as evidenced by the suppressed growth of rice seedlings. These inhibitory effects suggest the presence of autotoxicity caused by allelopathic compounds in the rice straw. Observations revealed irregular germination patterns and abnormal sprout development. The different concentrations of rice straw extract had a highly significant influence on all measured parameters (Table 1). 
Table 1.  Analysis of variance on the autotoxicity effect of rice straw on rice germination 
	Variable
	Fcalc
	CV (%)
	F-table (5 %)
	F-table (1%)

	Percentage of Abnormal Seedlings
	6899.05**
	1.430
	2.87
	4.43

	Number of Secondary Roots
	82.45**
	15.840
	
	

	Radicle Length 
	106.63**
	8.91
	
	

	Plumule Length
	41.95**
	10.00
	
	

	Radicle Dry Weight
	33.03**
	12.66
	
	

	Plumule Dry Weight
	37.86**
	12.07
	
	

	Total Dry Weight
	43.81**
	11
	
	


Note: * = significantly different; ** highly significantly different; ns = not significant. CV = Coefficient of Variation 

The analysis of variance revealed that rice straw extract exerted a significant influence on multiple seedling growth parameters, including the percentage of abnormal seedling, radicle and plumule lengths, as well as the dry weights of the radicle, plumule, and overall seedling. These results suggest that rice straw exhibits allelopathic activity capable of disrupting physiological processes during the early stages of plant development.

3.2.1 Abnormal Seedling Percentage
At the 0% concentration (control), seedlings exhibited normal growth characterized by elongated radicles, the emergence of secondary roots, and upright, uniform plumules. At 2.5%, initial signs of growth inhibition appeared, including shorter, curved radicles and reduced plumule size. A 5% concentration led to more pronounced effects, such as stunted growth, blackened and shortened radicles, yellowing plumules, and the appearance of black spots on the seed surface. These symptoms intensified at 7.5%, evidenced by further reduction in radicle and plumule length, discoloration to brown or black hues, and necrotic lesions on the grains. The highest inhibition occurred at 10%, where radicles were extremely short and blackened, plumules failed to develop, and seed grains showed substantial damage. These inhibitory effects are presumed to result from allelopathic compounds present in rice straw—such as ferulic acid, sinapate, and p-hydroxybenzoate—which interfere with key enzymes and growth regulators, thereby disrupting cell elongation and expansion during the germination process (Li et al., 2024).

Rice (1984) stated that allelopathic interactions can induce physiological alterations in plants, such as embryo deformation and a higher frequency of abnormal seedling formation. Supporting this, Li et al. (2024) found that phenolic compounds present in rice straw interfere with seed hormonal regulation, hinder developmental processes, and elevate stress levels in plant tissues. The progressive increase in rice straw extract concentration was directly correlated with a rise in the proportion of abnormal seedlings, highlighting the presence of autotoxic effects from the earliest stages of seed development.

3.2.2 Radicle and Plumule Length
The plumule, which is the embryonic structure that later forms the shoot and leaf system, serves as a key indicator of successful germination. Impaired plumule development indicates physiological stress, often resulting from the presence of allelochemical compounds that are toxic to emerging plant tissues. Analytical results demonstrated that rice straw extract had a highly significant inhibitory effect on both radicle and plumule growth (Figure 2).

Figure 2. Effect of Rice Straw Extract Concentration on Radicle and Plumule Length
Regression analysis revealed a negative linear correlation between rice straw extract concentration and both radicle and plumule lengths. In the control (0%), radicle length was 6.31 cm, decreasing to around 2 cm at 10%. Each 2.5% increase in concentration reduced radicle length by approximately 1.03 cm. Similarly, plumule length declined from 4.83 cm (control) to about 2 cm at 10%, with each 2.5% increment causing a 0.62 cm reduction. 

The use of rice straw extract commonly causes visible alterations in seeds, including darkened color, swelling, shortened radicles, and little to no development of root hairs. The reduction in radicle length is attributed to allelopathic compounds like ferulic acid, p-coumaric acid, and sinapic acid, which disrupt the seeds' physiological functions (Li et al., 2024). This compound can suppress the function of enzymes involved in cell division and elongation, disturb osmotic regulation, and impair cell membrane integrity (Šoln et al., 2022). These effects demonstrate that allelopathic compounds hinder both cell proliferation and elongation, as well as the differentiation of root tissues during early growth stages.

Higher concentrations of rice straw extract resulted in stronger suppression of plumule growth in rice seeds. While the control group exhibited normal and healthy plumule development, treatments with 2.5% to 10% concentrations showed a notable decline in growth. Earlier research supports these findings, indicating that rice straw extracts from different varieties can impede germination and early seedling growth, affecting both plumule and radicle formation. This inhibitory effect intensifies with rising extract concentrations, as observed in studies on species such as Echinochloa crus-galli and Medicago sativa (Anuar et al., 2015; Zhang et al., 2021).

[bookmark: _Hlk202970439]3.2.3 Radicle, Plumule and Total  Seedling Dry Weight
Regression analysis revealed a highly significant (p<0.01) inhibitory effect of rice straw allelochemicals on radicle, plumule, and total dry weights (Figure 3). The observed biomass reduction exhibited a concentration-dependent response, demonstrating a linear decrease pattern with increasing extract concentration.
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Figure 3. Effect of rice straw extract concentration on radicle (A), plumule (B) and total dry weight (C).

Regression analysis revealed a linear decrease in radicle, plumule, and total dry weights with increasing rice straw extract concentration. At 0% concentration, radicle dry weight was 2.63 mg, dropping to 2.25 mg at 2.5%—a reduction of 0.38 mg per 2.5% increase. Similarly, plumule dry weight declined from 2.90 mg (0%) to 2.48 mg (2.5%), showing a 0.42 mg decrease per 2.5% concentration increment. The reduction in radicle dry weight is likely due to allelopathic compounds, particularly phenolic acids and their derivatives, which may inhibit key enzymatic activity, alter root cell membrane permeability, and impair water and nutrient uptake.
 
Asaduzzaman & Pramanik (2005) reported that rice straw residues release toxic compounds that hinder root growth. The reduced dry weight of the plumule is attributed to allelopathic substances in the straw, which, according to Li et al. (2024), disrupt enzyme activity, induce oxidative stress, and inhibit protein synthesis and cell elongation. Higher extract concentrations lead to greater inhibition of plumule growth and biomass accumulation.

Total dry weight, consisting of radicle and plumule dry weights, was 5.54 mg at 0% extract and dropped to 4.74 mg at 2.5%, indicating a 0.80 mg decrease for every 2.5% increase in concentration. This reduction is likely due to impaired mobilization of endosperm food reserves caused by allelopathic compounds in rice straw extract. Such stress inhibits α-amylase activity by disrupting gibberellin biosynthesis, limiting the use of stored nutrients (Kaneko et al., 2002; Sansenya et al., 2021). According to Bewley et al. (2013), environmental stress, including allelopathy, can slow seed metabolism and hinder nutrient transfer to developing tissues.

3.3 Inhibition Concentration (IC50) of Rice Straw Autotoxicity
The IC₅₀ value was derived from linear regression of various rice sprout growth parameters, including abnormal sprout percentage, radicle and plumule lengths, and dry weights. This value indicates the concentration of rice straw extract that inhibits 50% of sprout growth in petri dish tests. Detailed results are shown in Table 2.

Table 2. IC50 of rice germination variables

	Variable
	Regression Equation
	IC50 (%)

	Abnormal Seedling Percentage
	y = 86.344x + 3.2542
	4.35

	Radicle Length
	y = -41.533x + 6.3105
	13.99

	Plumule Length
	y = -25.071x + 4.8392
	17.31

	Radicle Dry Weight
	y = -15.109x + 2.6365
	14.14

	Plumule Dry Weight
	y = -17.016x + 2.9093
	14.15

	Total Dry Weight
	y = -32.125x + 5.5459
	15.71



Based on the IC₅₀ regression analysis, rice straw extract significantly affected several rice sprout growth parameters. The most sensitive response was the percentage of abnormal sprouts, with an IC₅₀ of 4.35%, indicating a 50% increase in abnormalities at this concentration. This suggests that allelopathic compounds in rice straw can disrupt seedling development even at low levels, likely by affecting antioxidant enzymes, protein synthesis, and hormonal balance (Mai & Xuan, 2024).

The IC₅₀ values for radicle length and dry weight are 13.99% and 14.14%, respectively, while plumule length has a slightly higher IC₅₀ of 17.31%. This suggests that the radicle is more sensitive to allelopathic compounds. Its higher sensitivity is likely due to its role as the first organ to emerge and directly interact with the extract, making it more vulnerable. In contrast, the plumule develops later, reducing its early exposure. Rice (1984) also noted that roots are more prone to allelopathic effects than plumules, as they are the first to encounter allelochemicals in the growth medium.

The IC₅₀ value for total dry weight was 15.71%, indicating that at this concentration, rice straw extract reduced biomass accumulation by 50% compared to the control. This value is higher than those for radicle length and abnormal sprout percentage, suggesting greater tolerance to allelopathic effects, likely due to unutilized food reserves in the endosperm. According to Einhellig (1994), phenolic compounds can inhibit endosperm breakdown and enzyme activity involved in carbohydrate metabolism. Compounds like ferulic acid, sinapic acid, and p-coumarate in rice straw may disrupt reserve mobilization and seed physiology (Li et al., 2024). These findings confirm the autotoxic effect of rice straw extract, with germination being the most sensitive stage.

3.4 Rice Straw Extract Effectivity in Greenhouse Test
Field observations using buckets showed that rice straw extract significantly affected most rice growth parameters. Of the 15 variables measured, 13 showed a highly significant effect (**), one was significant (*), and two showed no significant difference (ns) (Table 3).
Table 3. Analysis of variance of the autotoxic effects of rice straw on rice growth
	[bookmark: _Hlk202974078]Variable
	F-Value
	CV (%)
	F-table
(5 %)
	F-table
(1 %)

	Plant Height
	4.83 **
	4.98
	2.87
	4.43

	Number of Leaves
	5.15 **
	14.28
	
	

	Number of Tillers
	7.16 **
	11.79
	
	

	Leaf Length
	5.42 **
	4.63
	
	

	Leaf Width
	6.61 **
	4.53
	
	

	Leaf Area
	13.62 **
	14.90
	
	

	Leaf Greenness
	4.57 **
	3.93
	
	

	Panicle Length
	4.27 *
	5.63
	
	

	Number of Productive Tillers
	10.75 **
	11.00
	
	

	1000-Grain Weight
	4.54 **
	3.94
	
	

	Shoot Dry Weight
	36.63 **
	12.00
	
	

	Root Dry Weight
	20.26 **
	12.00
	
	

	Shoot-to-Root Ratio
	2.13 ns
	14.37
	
	

	Relative Stem Length
	4.83 **
	4.98
	3.24
	5.29

	Relative Root and Stem Weight
	5.15 **
	14.28
	
	


Note: * = significantly different; ** highly significantly different; ns = not significant. CV= Coefficient of Variation.

Referring to Table 3, several parameters—including plant height, leaf number, tiller number, leaf dimensions, leaf area, leaf greenness, number of productive tillers, 1000-grain weight, shoot and root dry weights, as well as root-to-shoot weight ratio—were significantly influenced by the treatment.
This study demonstrates that rice straw extract significantly affects most rice growth and yield parameters, particularly at higher concentrations. These effects indicate symptoms of autotoxicity, a type of allelopathy where plants release chemicals that inhibit the growth of their own species (Singh et al., 1999; Miller, 1996). Such allelopathic compounds can disrupt cell division and elongation, suppress growth hormones like gibberellin and IAA, and interfere with nutrient uptake, photosynthesis, respiration, stomatal function, protein synthesis, and enzyme activity (Rice, 1984; Wardani et al., 2018).  

3.4.1 Rice straw extract effectivity on rice growth
Rice straw extract significantly affected rice vegetative growth. LSD analysis at different concentrations showed significant effects on all observed variables in the bucket planting experiment (Table 4).
Table 4. Effect of rice straw extract on rice growth components.  
	Extract Concentration(%)

	PH (cm)
	LN
	TN
	LL (cm)
	LW (cm)
	LA (cm²)
	LG

	0
	105.50 a
	156.13 a
	46.27 a
	72.50 a
	1.12 a
	9620.54 a
	34.25 a

	2.5
	101.73 ab
	150.47 a
	45.07 a
	69.87 ab
	1.06 ab
	8488.81 a
	32.72 ab

	5
	96.80 bc
	124.87 b
	38.13 b
	66.73 bc
	1.03 bc
	6494.80 b
	32.05 b

	7.5
	94.77 c
	121.73 b
	37.53 b
	65.33 c
	1.01 bc
	6080.73 b
	31.50 b

	10
	94.37 c
	111.73 b
	32.73 b
	64.73 c
	0.97 c
	5377.21 b
	31.18 b


 Values followed by different letters within the same column indicate significant differences according to the LSD test. PH=Plant Height, LN=Leaves Number, TN=Tillers Number, LL=Leaf Length, LW=Leaf Width, LA=Leaf Area, LG=Leaf Greenness.
At 5% concentration of rice straw extract marks the threshold where vegetative growth decline becomes statistically significant, although early symptoms appeared at 2.5%. For plant height, the control (0%) had the highest value, significantly different from the 5%, 7.5%, and 10% treatments, while 2.5% was not significantly different from the control. This suggests that allelopathic effects begin at 2.5% but become significant at 5%.

Leaf number, tiller number, and leaf area declined with increasing extract concentration. The 10% treatment showed the lowest values, significantly different from the 0% and 2.5% treatments, but not from 5% and 7.5%. This suggests that significant growth inhibition begins at 5%, likely due to metabolic disruption. Allelopathic compounds like momilactone B, phenolic acids, and flavonoids in rice straw can inhibit cell expansion and key enzyme activities (Khanh et al., 2007; Rayee et al., 2024).

The leaf length variable showed a significant difference starting at the 5% treatment compared to the control, while the 2.5% treatment did not show a significant difference. The leaf width variable only showed a significant difference between the 0% and 10% treatments, while the 2.5% to 7.5% treatments were not significantly different from each other or from the control. The 5% concentration can be identified as the initial threshold for leaf growth inhibition, marked by the start of a significant difference in leaf length compared to the control treatment. 
Leaf length showed a significant reduction starting at the 5% treatment, while the 2.5% treatment remained similar to the control. For leaf width, a significant difference was only observed between the 0% and 10% treatments, with no significant changes between 2.5% to 7.5%. Thus, 5% is identified as the threshold concentration where leaf growth inhibition begins, as indicated by the significant decline in leaf length.

Leaf greenness declined with higher extract concentrations. A significant drop occurred at 5%, while 2.5% showed no significant difference from the control. Although chlorophyll reduction began at 2.5%, it became significant at 5%, indicating physiological stress. This is likely due to phenolic compounds that inhibit enzymes and damage cell membranes (Reigosa et al., 2006), reducing photosynthesis and energy production, and ultimately affecting growth and yield (Mersie & Singh, 1993).

The 5% concentration is identified as the most effective in significantly inhibiting rice vegetative growth, marking the threshold of visible and statistical allelopathic effects. Although 10% showed the lowest growth, it was not always significantly different from 5%, likely due to early-stage physiological damage that already suppressed further growth. Beyond this point, increasing the dose adds little effect, as key traits like plant height, leaf area, chlorophyll, and biomass are already reduced (Li et al., 2024; Dora et al., 2025).

3.4.2 Rice straw extract effectivity on rice yield components 
The application of allelopathic compounds from rice straw significantly affected rice yield components. At various concentrations, racice straw extract, showed highly significant differences across all observed variables in the bucket planting experiment (Table 5).
Table 5. The effect of rice straw extract on rice yield components.
	Extract Conc.(%)

	[bookmark: _Hlk203035327]PL (cm)
	TN

	TGW (g)
	SDW (g)
	RDW (g)
	SRR
	RSL (%)
	RBRS (%)

	0
	28.30 a
	27.60 a
	29.80 a
	129.81 a
	111.37 a
	1.18 a
	–
	–

	2.5
	27.40 ab
	25.10 ab
	28.81 a
	109.78 b
	99.33 a
	1.10 ab
	0.97 a
	230.12 a

	5
	25.93 bc
	22.40 bc
	28.72 a
	93.63 c
	85.56 b
	1.10 ab
	0.92 a
	216.22 ab

	7.5
	25.63 bc
	19.80 cd
	28.62 a
	73.02 d
	75.68 b
	0.96 b
	0.90 a
	206.15 bc

	10
	24.93 c
	18.70 d
	26.83 b
	53.40 e
	57.45 c
	0.95 b
	0.90 a
	187.74 c


Note: Values followed by different letters within the same column indicate significant differences according to the LSD test. PL=Panicle Length,TN=Tillers Number, TGW=1000-Grain Weight, SDW=Shoot Dry Weight, RDW=Root Dry Weight, SRR=Shoot-Root Ratio, RSL= Relative shoot length, RBRS= Relative Biomass of Roots and Shoots.
Table 5 shows that rice straw extract significantly affected most yield components. Allelopathic effects appeared at low concentrations and intensified with higher doses. Panicle length was first significantly reduced at 5%, with the strongest inhibition at 10%, indicating 5% as the threshold and 10% as the most effective level.

The productive tiller count demonstrated notable sensitivity, exhibiting significant suppression starting at 2.5% concentration with progressive reduction up to 10%. This response suggests rice straw allelochemicals substantially impair reproductive organ development. Bioactive components like momilactones A and B likely disrupt critical growth hormones (cytokinins and gibberellins) essential for shoot initiation and panicle formation (Kato-Noguchi & Ota, 2013). Consequently, allelopathic effects systemically influence all growth phases, spanning both vegetative and reproductive stages.

A significant reduction in 1000-grain weight was observed at concentrations ≥5%, reaching minimal values at 10% treatment. This decline likely results from impaired photosynthetic capacity associated with diminished leaf area and chlorophyll content. Such physiological constraints limit photoassimilate allocation to grain filling, ultimately compromising both grain quality and weight (Yang et al., 2001; Cheng & Cheng, 2015).

The 10% extract treatment caused the most pronounced reduction in root dry weight, showing significant differences from all other concentrations. Shoot dry weight followed a similar pattern, with maximum values in the control treatment and progressive decreases at higher concentrations. Treatments of 2.5% and 5% already demonstrated significant reductions compared to the control, while 7.5% and 10% concentrations yielded the lowest biomass values, differing significantly from all other treatments. These results suggest that rice straw allelochemicals interfere with fundamental energy metabolism pathways in plants.

The 0% treatment had the highest shoot-root ratio, significantly different from the 10% treatment, while other treatments showed no significant differences. RSL values remained relatively unchanged across treatments. For RBRS, the highest value was at 2.5%, significantly higher than 10% and similar to 5%. RBRS decreased with increasing concentrations, indicating greater disruption to root and stem biomass accumulation at higher extract levels.

Phenolic compounds can alter cell structure, inhibit cell division, and disrupt ATPase enzyme activity involved in mobilizing food reserves, leading to impaired plant growth (Li et al., 2010). Growth inhibition may also cause anatomical and morphological changes in root tips. Coumarin and similar phenolic acids can deform root morphology (Kumar et al., 2020), while ferulic and p-coumaric acids hinder leaf expansion. Additionally, p-hydroxybenzoic and vanillic acids from red pepper roots have autotoxic effects, suppressing root growth in monocultures (Rice, 1984; Elzaawely et al., 2017). This study confirms that rice straw extract negatively impacts rice growth and yield, likely due to phenolic compounds like p-coumaric, vanillic, and ferulic acids, which have been shown to inhibit the growth of crops such as upland rice, peas, Medicago sativa, and sugarcane (Kuwatsuka & Shindo, 1973; Zhang et al., 2021). 

4. Conclusion

The effective concentration of rice straw extract that inhibits rice seed germination is above 4.35%, based on the IC₅₀ value for the abnormal sprout percentage variable. At this level, more than 50% of the sprouts exhibit morphological abnormalities, such as increased abnormal seedling numbers, shortened radicles and plumules, and the appearance of black spots on the grains.

The most effective concentration of rice straw extract for suppressing plant growth during the vegetative stage is 5%, which significantly reduces plant height, leaf number, leaf length, and leaf greenness. In the yield formation stage, a concentration of 10% shows the strongest effect by decreasing the number of productive tillers, panicle length, 1000-grain weight, and dry weight of both shoots and roots.

The IC₅₀ values of rice straw extract on rice sprout growth differ across parameters, with the lowest value found in the percentage of abnormal sprouts and the highest in plumule length and plumule dry weight.
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