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Spatial-Temporal Distribution of Allelopathic Rice Roots in Paddy Soil and Its Impact on Weed-Suppressive Activity at the Seedling Stages
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Background: Allelochemicals secreted by allelopathic rice roots are transmitted to the receptor rhizosphere through the soil medium to inhibit the growth of the surrounding weeds. This research aimed to explore the relationships between the spatial-temporal distribution of rice roots in soil and weed-suppression ability at its seedling stage.

Results: This study first examined the root distribution of three rice cultivars in paddy soil in both vertical and horizontal directions at 3–6 leaf stage. Then, an experiment using rice–barnyardgrass mixed culture was conducted to analyze the allelopathic potential and allelochemical content secreted by rice roots in different lateral soil layers. The results showed that allelopathic rice had a smaller root diameter and larger root length density, root surface area density, and root dry weight density than those of non-allelopathic rice, in the top 5 cm at 5- and 6-leaf stages. In particular, there were significant differences in root distribution at the horizontal distance of 6–12 cm. Besides, allelopathic rice significantly inhibited the above-ground growth of barnyardgrass co-cultured at 12 cm lateral distance in situ, and the content of benzoic acid derivatives in allelopathic rice in a 6–12 cm soil circle was higher than that observed at 0–6 cm distance. Moreover, correlation analysis confirmed that the distribution of roots in the horizontal distance was significantly correlated with weed inhibition effect and allelochemical content.

Conclusion: These results implied that spatial distribution of allelopathic rice roots in paddy soil, particularly at the lateral distance, appears to have important impact on its weed-suppressive activity at the seedling stage, suggesting that modifying root distribution in soil may be a novel method to strengthen the ability of rice seedlings to resist paddy weeds.
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INTRODUCTION

Allelopathy refers to a plant (including microorganisms) that releases chemicals into the surrounding environment that have a direct or indirect effect on another plant (Rice, 1984). Allelochemicals, derived from bioactive secondary metabolites released by allelopathic rice, can inhibit the growth and development of associated weeds to a certain extent without the introduction of synthetic compounds, and are widely considered as a sustainable approach of weed control by many scientists (Rice, 1984; Olofsdotter et al., 2002; Li et al., 2015, 2019; Zhang et al., 2018a, 2019b; Serra et al., 2021). Rice allelopathy is mainly manifested in the 3-6 leaf stage (Li et al., 2015; Zhang et al., 2020), and International Rice Research Institute pointed out in the Rice Planting Manual that weed control within 30 days of rice transplantation had little impact on rice yield (Vergara, 1992).

Dilday et al. (2000) observed that allelopathic rice varieties PI312777 and PI338046 had larger root biomass than that of non-allelopathic rice varieties Lemont and M-201. These findings, however, did not immediately attract the attention of researchers. In 2013, Gealy et al. (2013) used 13C isotopes to study the differences in the root distribution of 11 rice cultivars in a field test in Arkansas. Results show that the allelopathic cultivars typically produced a greater fraction of their total root mass near the surface at 0–5 cm of soil depth when compared to the breeding selections or the non-suppressive cultivars, which tended to distribute their roots more evenly throughout the soil profile. These findings raised an interesting prospect for the first time that root proliferation near the soil surface might enhance the weed-suppressive activity of allelochemical exudates released from roots. All the above-mentioned findings aroused great interest in us. In 2019, we studied the differences in the morphological traits of roots in different potential allelopathic rice cultivars at the seedling stage in a hydroponic system (Li et al., 2019), and the results showed that allelopathic rice cultivars had significantly higher root lengths with thinner diameters, more number of root tips, and greater root biomass, which were significantly positively correlated with allelopathic inhibition. These results seem to indicate that the root system of allelopathic rice does have some relationship with the allelopathic activity of rice. We hypothesized that the rice varieties with a different spatial-temporal distribution of roots show different allelopathic activity in the field soil, particularly in the horizontal direction of the soil layer, which may be related to its inhibitory effect on the growth of adjacent weeds.

The root system plays a very important role in the agro-ecosystems and provides information about soil and crops to promote appropriate adaptive responses. The function of the plant root system is closely related to root morphology and physiological characteristics, and often adapts to environmental changes through morphological changes and temporal and spatial distribution (Wu and Cheng, 2014; Novoplansky, 2019). The growth and development of the root system and its spatial and temporal distribution in the soil can determine the absorption of water and nutrients during the growth process of crops (Fan et al., 2016; Hu et al., 2020), and also directly affect the growth and final yield of above-ground crops (Forde and Lorenzo, 2001; Zhang et al., 2009; Jeong et al., 2013). The root system of rice has strong plasticity and can improve drought avoidance and optimize the distribution of limited water resources by increasing the deep rooting of the crop systems (Uga et al., 2013; Zhang et al., 2019a). There are no reports on whether the root system of allelopathic rice influences the root distribution characteristics and allelopathic metabolism of roots in the horizontal soil, and thus exerts an inhibitory effect on the surrounding weeds.

Our previous study designed an inhibitory-circle method that can reduce the relative contribution of plant–plant competition to the maximum possible extent (He et al., 2012; Li et al., 2015). In this method, rice accession and barnyardgrass were cultured together in the paddy soil under natural conditions. The highest allelopathic activity of allelopathic rice accession PI312777 was at the 5-leaf stage, and the suitable distance of rice seedlings and barnyardgrass was 12 cm apart in a circle, which might be related to the spatial and temporal distribution of allelopathic rice roots through our conjecture. Therefore, the objectives of this study were to (1) evaluate the spatial-temporal distribution patterns of allelopathic rice roots in paddy soil in both horizontal and vertical directions at different seedling stages, (2) compare the spatial distribution difference of phenolic acid content, an important class of rice allelochemicals secreted by rice roots, and (3) analyze the correlations among root parameters, the phenolic acid content in the soil, and weed-suppressive activity.



MATERIALS AND METHODS


Materials and Experimental Design

Two internationally recognized allelopathic rice cultivars, “PI312777” (PI) and “Taichung Native1” (TN), and one non-allelopathic rice cultivar, “Lemont” (Le) (Dilday et al., 2000), were used in this study. Mature barnyardgrass (Echinochloa crus-galli) seeds were collected from rice fields the year prior to the experiment and stored in a refrigerator for over 1 year.

The soil was collected randomly at a paddy field from the experimental site. The soil is typical silt loam with a pH of 6.42, organic matter of 258.1 mg kg−1, and a fertility status with a total N of 505.9 mg kg−1, available P of 51.2 mg kg−1, available K of 116.2 mg kg−1, and EC25 of 1.2 dS m−1. Soil samples were air-dried, mixed, and then sieved (2 mm mesh) to remove residual plant roots and branches to perform a series of experiments as described in the following section.

Two experiments were conducted in a greenhouse with 23–38°C night and daytime temperatures and 40–80% relative humidity maintained during the growing season in 2020. The seeds of rice varieties (PI, TN, and Le) and barnyardgrass were soaked in water for 24 h and pre-germinated in the sand.

Experiment 1 was conducted to evaluate the spatial-temporal distribution characteristics of the roots of allelopathic (PI and TN) and non-allelopathic (Le) rice cultivars. A total of 48 plastic pots (30 × 15 cm) containing 12 kg of soil described earlier were used for the experiment. Five pre-germinated rice seeds were spaced uniformly in the central area (1 cm diameter) of a pot, which was watered at a particular time every day to maintain soil moisture, and paddy weeds were removed manually during the experimental period. The experiments were conducted in a completely randomized design with four replicates for each cultivar at each leaf stage. When the rice seedlings were at the 3-, 4-, 5-, and 6-leaf stages, the seedlings were harvested, and their roots were collected for analysis as described in section Root Collection and Measurements.

Experiment 2 was conducted to determine allelopathic activity and temporal distribution difference of phenolic acid contents in allelopathic and non-allelopathic rice cultivars in soil. In order to intuitively and effectively observe the inhibitory potential of different cultivars on weeds, the established inhibitory-circle method was adopted for the study based on the results of experiment 1. A total of 32 plastic pots (30 cm diameter × 15 cm height) containing 12 kg of soil described above were used for the experiment. As shown in Supplementary Figure 1, five pre-germinated rice seeds were sown in the central area (1 cm diameter) of a pot, and water was added daily to the pot to maintain soil moisture. Paddy weeds were manually removed during the experimental period. When the rice seedlings grew to the 5-leaf stage, five germinated seeds of barnyardgrass were planted uniformly in a circle around the rice seedlings at 12 cm apart from the base of rice seedlings. The monoculture of five germinated barnyardgrass seeds without rice seedlings was set up as the control group. The experiments were conducted in a completely randomized design with eight replicates for each cultivar. At the 6-leaf stage, the roots were sampled from four randomly selected plastic pots of each rice cultivar as described in section Root Collection and Measurements. For the rest of the plastic pots of each rice cultivar, all barnyardgrass plants were harvested for allelopathic activity measurement as described in section Allelopathic Activity Measurement, and the soil of different plots was sampled for phenolic acid content analysis as described in section Quantification of Rice Allelochemicals in Different Soil Layers.



Samples and Measurements
 
Root Collection and Measurements

In the first experiment, when the rice seedlings grew to the 3-, 4-, 5- and 6-leaf stages, respectively, the above-ground parts of allelopathic and non-allelopathic rice cultivars were cut. The soil with rice roots was cut into 0–5 cm and 5–10 cm depth circles, and root samples of these two depth plots were collected in horizontal distance intervals of 0–3, 3–6, 6–9, 9–12, and 12–15 cm with the base of rice seedlings as the center as shown in Supplementary Figure 2.

In the second experiment, according to the results of experiment 1, root samples of different rice cultivars at the 6-leaf stage were sampled in the 0–5 cm soil depth as described above and collected in horizontal distance intervals of 0–6 and 6–12 cm with the base of rice seedlings as the center as shown in Supplementary Figure 3.

All soil samples with rice roots in the different parts of experiments 1 and 2 obtained above were soaked in tap water in the laboratory and then washed with a metal-sieve stack (pore size of 0.40 mm), and all roots were manually collected. Clean roots were immediately scanned by an Epson Expression 11000XL scanner (Seiko Epson Co., Nagano-ken, Japan) to yield a grayscale image. Root length (cm), root surface area (cm2), and average root diameter (RD, mm) were determined using the WinRHIZO software (Regent Instruments Inc., Quebec, Canada). After the analysis, root samples were oven-dried at 105°C for 30 min and at 80°C for 48 h to measure the root dry weight (Li et al., 2019). Then, we calculated root length density (RLD), root surface area density (RSD), and root dry weight density (RWD) in different soil layers. RLD, RSD, and RWD were calculated as follows: RLD = L/V (cm cm−3), RSD = S/V (cm2 cm−3), and RWD = W/V (mg cm−3), where L is the root length, S is the root surface area, W is the root dry weight in each soil layer, and V is the volume of the core soil sampled in each layer (Jiang et al., 2016; Hu et al., 2020).



Allelopathic Activity Measurement

When the rice seedlings grew to the 6-leaf stages in the second experiment, all barnyardgrass samples co-cultured with allelopathic and non-allelopathic rice cultivars were harvested, and the plant height was measured. The above-ground parts of barnyardgrass were then cut and plant fresh weight was measured, and the parts were later oven-dried at 120°C for 30 min and at 80°C for 48 h to obtain their dry weight. To assess the allelopathic activity of rice cultivars, the inhibition percentage was calculated as follows: inhibition % = (1-T/C) × 100, based on the plant height, fresh weight, and dry weight of barnyardgrass co-cultured with three rice cultivars (T) and monoculture barnyardgrass in controls (C) (Li et al., 2015).



Quantification of Rice Allelochemicals in Different Soil Layers

The soil samples collected from experiment 2 at the 0–5 cm depth were taken at horizontal distance intervals of 0–6 and 6–12 cm with the base of rice seedlings as the center, as shown in Supplementary Figure 3. The samples from the same rice cultivar were mixed evenly, slightly air-dried, and sieved (<5 mm) after removing the plant fragments, and prepared for further extraction of phenolic acids.

The method for the extraction of phenolic acids from the soil, which are important rice allelochemicals, was based on the protocol proposed by Li et al. (2020) with slight modifications. Four replicates of soil (100 g) samples were collected, respectively, as described above and then placed into 250 mL conical flasks. Then, 100 mL of 0.25 mol L−1 of sodium citrate (pH 7.0) was added to the flask, which was then shaken for 2.5 h and centrifuged at 11,000 rpm for 10 min. The combined supernatant was filtered using a 0.45-μm filter for the quantitative analysis of phenolic acids.

The content of single phenolic acids in different soil layers was quantified using the external standard method by the solid-phase extraction and high-performance liquid chromatography (HPLC) as described previously (Li et al., 2019) with some modifications. The pH of the sample solutions acquired from each experiment was adjusted to 4.00 by adding phosphoric acid, and then NaCl was added to the solution to reach 8% (g/mL), which was filtered through a 0.45-μm membrane. The resulting filtrate was then loaded onto Cleanert PEP soild-phase extraction cartridges (Agela, China). The cartridge was eluted with water and then methanol, and the methanol fraction was concentrated with N2, which was resolved by 500 μL chromatographic methanol for quantitative analysis using HPLC. All samples were analyzed using an HPLC instrument (Waters e2695, Waters, USA) equipped with SunFireTW-C18 column (4.6 × 250 mm ID, 5 μm). The mobile phase was the mixture of methanol (A) and 1% phosphoric acid (B), and the gradient elution program was as follows: A/B (27/73, v/v), 10 min; A/B (50/50, v/v), 10 min; and A/B (73/27, v/v), 5 min. The mobile phase was eluted at a flow rate of 1.3 mL/min and detected at 280 nm. The injection volume was 10 μL and the column temperature was 30°C. Eight phenolic acids (protocatechuic, p-hydroxybenzoic, vanillic, syringic, p-coumaric, ferulic, salicylic, and cinnamic acid) were chosen as standards for the calibration curve. The concentration of single phenolic acids in each soil sample was quantified by interpolating the peak area on the HPLC chromatogram to a standard curve constructed from the peak area of the authentic phenolic acids (Li et al., 2020).




Statistical Methods

SPSS 22.0 was used for the statistical analysis of the data. Data were presented as mean ± standard error (SE) values from three replicates for each experiment or determination. Variance in the mean values of root parameters, allelopathic activity, and phenolic acid contents among the different rice cultivars was analyzed by two-way ANOVA using SPSS (Version 20, Chicago, IL, USA), followed by Tukey's honestly significant difference (HSD) test at p < 0.05. The correlations between weed-suppressive activity and phenolic acid contents and root parameters (n = 15) were analyzed by using the “Corrplot” package in R (Wei and Simko, 2017).




RESULTS


Spatial-Temporal Distribution Patterns of Allelopathic Rice Roots in Paddy Soil
 
Temporal Distribution of Root

Root length density (RLD), root surface area density (RSD), and root dry weight density (RWD) of three rice cultivars showed the same trend at the seedling stages (Figure 1). In the 0–5 and 5–10 cm soil layers, RLD, RSD, and RWD of allelopathic rice PI and TN and non-allelopathic rice Le increased with leaf stages, reaching a maximum at the 6-leaf stage.


[image: Figure 1]
FIGURE 1. Root length density, root surface area density, and root dry weight density in the 0–5 and 5–10 cm soil layers at the 3–6 leaf stage. PI, allelopathic rice PI312777; TN, allelopathic rice Taichung Native1, and Le, non-allelopathic rice Lemont. Error bars indicate standard deviation.


Root length density differed significantly between allelopathic cultivars PI and TN and non-allelopathic rice Le, except that no significant difference was observed at the 3-leaf stage. In the soil depth of 0–5 cm, the RLD of allelopathic rice PI and TN was significantly higher than non-allelopathic rice Le (RLD = 2.213, 2.362, and 0.756 cm cm−3 for cultivars PI, TN, and Le, respectively) at the 6-leaf stage, while there were no significant differences between PI and TN. However, non-allelopathic rice had higher RLD than two allelopathic cultivars at the 6-leaf stage (RLD = 1.335, 1.326, and 1.583 cm cm−3 for cultivars PI, TN, and Le, respectively) in the 5–10 cm soil layers.

Similar trends for RSD and RWD were observed, except for no significant difference in RWD between allelopathic and non-allelopathic rice cultivars at the 4-leaf stage. At the soil depth of 0–5 cm, RSD and RWD of allelopathic rice PI and TN were significantly higher than those of non-allelopathic rice Le (RSD = 0.146, 0.156, and 0.078 cm2 cm−3 for cultivars PI, TN, and Le, respectively; RWD = 0.166, 0.189, and 0.127 mg cm−3 for cultivars PI, TN, and Le, respectively) at the 6-leaf stage.



Vertical Distribution of Root

Root length density (RLD) of three rice cultivars declined with increasing soil depth in the 0–10 cm soil layer at 3–6 leaf stages (Figure 1). Regardless of the leaf stages, the surface soil layer had a higher density of roots for allelopathic rice PI and TN. At the 6-leaf stage, the RLD number of PI and TN in 0-5 cm soil layer accounted for 62% and 64% of the total roots, respectively. However, RLD of non-allelopathic rice Le was higher in the 5–10 cm soil depth at different seedling stages, constituting 67% of the total root at the 6-leaf stage.

The root surface area density (RSD) and dry weight density (RWD) followed a similar trend in the 0–10 cm soil layer at 3–6 leaf stages (Figure 1). PI and TN had significantly higher RSD and RWD than Le in the 0-5 cm soil layer (p < 0.05). Approximately, 74 and 75% of root biomass of PI and TN (range: 69–81% and 70–85% for PI and TN, respectively) were concentrated in the upper soil (0-5 cm) during the seedling stages, which was significantly higher than Le, except for the 3-leaf stage. However, RSD and RWD values of Le in the 5–10 cm soil horizon were significantly higher than those observed in PI or TN.



Horizontal Distribution of Roots at Different Distances

The root diameter (RD) of three rice cultivars declined with increasing soil horizontal distance in the 0–5 cm soil depth at the seedling stages (Figure 2A). The roots at 0–3 cm horizontal distance from rice seedlings had the largest RD, followed by the roots collected from 3 to 6 cm distance. At distances > 6 cm, RD values of non-allelopathic rice Le at 6–9, 9–12, and 12–15 cm were significantly higher than that of allelopathic rice PI and TN at the 6-leaf stage (P < 0.05).


[image: Figure 2]
FIGURE 2. Root diameter (A), root length density (B), root surface area density (C), and root dry weight density (D) of three rice cultivars at different horizontal distances from the base of rice seedlings in the 0–5 cm soil depth at the seedling stages. PI: allelopathic rice PI312777, TN: allelopathic rice Taichung Native1, and Le: non-allelopathic rice Lemont. Error bars indicate standard deviation. Significant differences (p < 0.05) between rice cultivars at the same distance were indicated by different lowercase letters, according to Tukey's honestly significant difference test.


The distribution patterns in root length density (RLD) of three rice cultivars at different horizontal distances at the seedling stages is shown in Figure 2B. There was a trend toward increasing RLD with increasing leaf stages within each soil layer. At the 6-leaf stage, RLD at 0–3 cm distance was significantly higher for PI than observed in either TN or Le (RLD =13.9, 12.3, and 7.5 cm cm−3 for PI, TN, and Le, respectively). RLD was lower at distances > 3 cm from the base of rice seedlings; however, the distribution pattern was similar to that observed for the distance of 0–3 cm soil horizon. RLD of PI decreased from 2.8 cm cm−3 at 3–6 cm to 1.5 cm cm−3 at 6–9 cm and 1.2 cm cm−3 at 9–12 cm to 0.6 cm cm−3 at 12–15 cm distances from seedlings. At 4-, 5-, and 6-leaf stages, there were no significant differences between the RLD at 6–9 cm and 9–12 cm, but RLD of allelopathic rice was significantly higher than that of non-allelopathic rice (p < 0.05).

The root surface area density (RSD) and root length density (RLD) followed a similar trend at different horizontal distances from the base of rice seedlings in the 0–5 cm soil depth at the seedling stages (Figure 2C). At the 3-leaf stage, there were no significant differences in RSD with each distance among the three rice cultivars. However, RSD was significantly lower in Le than in PI or TN, and there was no significant difference between PI and TN. At the 6-leaf stage, RSD of allelopathic rice PI at 6–9 and 9–12 cm showed no significant differences, which was, however, significantly higher than RSD at 12–15 cm (RSD = 0.18, 0.09, 0.08, and 0.04 cm2 cm−3 at 3–6, 6–9, 9–12, and 12–15 cm, respectively)

Patterns of root dry weight density (RWD) of three rice cultivars at different horizontal distances at the seedling stages are shown in Figure 2D. Although allelopathic rice had higher RWD at 0–3 cm distance than non-allelopathic rice, there was no significant difference. RWD of PI declined from 0.13 mg cm−3 at 3–6 cm to 0.05 mg cm−3 at 6–9 cm and 0.04 mg cm−3 at 9–12 cm to 0.01 mg cm−3 at 12–15 cm distance from seedlings. Although there were no significant differences between RWD values at 6–9 cm and 9–12 cm for three rice cultivars, the RWD of allelopathic rice was significantly higher than that of non-allelopathic rice (p < 0.05).

Based on the above results, the root characteristics of allelopathic and non-allelopathic rice showed the most significant difference at the 6-leaf stage. According to the vertical distribution of roots, the roots of allelopathic rice were concentrated mainly in the top 0–5 cm soil layer, and their contents quickly decreased with depth, while highly significant differences were observed in the root measures of allelopathic rice at 0–5 cm depth. From the horizontal distribution of roots, the roots of seedling rice were mainly distributed in the circle layer of 6 cm from the growth center, while the soil at the lateral distance > 12 cm had few roots. No significant differences were observed in all four root measures between soil layers at distances 6–9 and 9–12 cm, but the roots of allelopathic rice were significantly higher than those of non-allelopathic rice. Therefore, to simplify the analysis, the sampled root lateral region in 0–5 cm top soil was divided into two circles (0–6 and 6–12 cm) to further study the effects of root distribution on rice allelopathy at the seedling stages in experiment 2.




Effects of Root Distribution in Soil on Rice Allelopathy at the Seedling Stages
 
Allelopathic Activity of Rice Toward Barnyardgrass In situ

Compared with barnyardgrass monocultures, the inhibitory rates on plant height, fresh weight, and dry weight of barnyardgrass at a 12 cm distance were 34.8, 64.9, and 64.5%, respectively, in PI, 32.7, 60.9, and 62.4%, respectively, in TN, and 12.3, 32.5, and 35.5% in Le, respectively (Figure 3). The results showed that two allelopathic rice cultivars highly suppressed the above-ground growth of barnyardgrass co-cultures at a 12 cm distance from rice seedlings, other than non-allelopathic rice.


[image: Figure 3]
FIGURE 3. Effects of three rice cultivars on barnyardgrass in situ. PI: allelopathic rice PI312777, TN: allelopathic rice Taichung Native1, and Le: non-allelopathic rice Lemont. Error bars indicate standard deviation. Significant differences (p < 0.05) between rice cultivars were indicated by different lowercase letters, according to Tukey's honestly significant difference test.




Lateral Distribution of Rice Roots in Two Soil Circles

In order to explore whether the above results (Figure 3) were related to the lateral distribution of rice roots, RLD, RSD, and RWD for two soil layers (0–6 and 6–12 cm circles) were averaged and analyzed. One-way ANOVA showed significant effects of rice cultivars and lateral distance (Table 1) and significant cultivars × lateral distance interaction (p < 0.05). The simple-effect analysis further showed significant differences in all the three root measures (p < 0.05) between 0–6 and 6–12 cm lateral distance, regardless of rice cultivars. Highly significant differences were observed in three root measures (p < 0.05) between allelopathic rice PI or TN and non-allelopathic rice Le at 0–6 cm soil circle. At a distance of 6–12 cm, no significant differences were observed in RLD and RSD between PI and TN, but the root measures of allelopathic rice were significantly higher than those of non-allelopathic rice.


Table 1. Effects of different rice cultivars and lateral distance on root distribution.
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Lateral Distribution of Rice Allelochemicals in Two Soil Circles

The inhibition of weeds by allelopathic rice mainly results from the production of rice allelochemicals. We detected the presence of eight phenolic acids (protocatechuic, p-hydroxybenzoic, vanillic, syringic, p-coumaric, ferulic, salicylic, and cinnamic acid), which are recognized as rice allelochemicals. The results showed that variation in the content of each phenolic acid in the three rice cultivars was inconsistent with the increase in lateral distance (Table 2). The reported phenolic acid compounds with allelopathic potential are mainly classified into benzoic acid derivatives and cinnamic acid derivatives. Based on the chemical structure, the sum of the contents of five phenolic acids (protocatechuic, p-hydroxybenzoic, vanillic, syringic, and salicylic acid) is termed as benzoic acid derivatives content, and the sum of the remaining three phenolic acids (cinnamic, p-coumaric, and ferulic acid) is defined as cinnamic acid derivatives content.


Table 2. The content of eight phenolic acids in two soil circles of different allelopathic rice varieties.

[image: Table 2]

As shown in Figure 4, the contents of both types of phenolic acids in the 6–12 cm soil circle were higher than those observed in the 0–6 cm soil circle in allelopathic rice, while the cinnamic acid derivative contents of non-allelopathic rice were slightly higher in the 6–12 cm soil layer. At the same time, although there was no significant difference in the benzoic acid derivatives content of the three rice cultivars at 0–6 cm lateral distance, the contents of two kinds of phenolic acids in the 6–12 cm soil layer of allelopathic rice were significantly higher than those of non-allelopathic rice. In addition, the total amount of all phenolic acids showed a similar trend at two different horizontal distances from the base of three rice seedlings.


[image: Figure 4]
FIGURE 4. Contents of benzoic acid derivatives and cinnamic acid derivatives in two soil circles of three rice cultivars. PI: allelopathic rice PI312777, TN: allelopathic rice Taichung Native1, and Le: non-allelopathic rice Lemont. Error bars indicate standard deviation. Significant differences (p < 0.05) between rice cultivars were indicated by different lowercase letters, according to Tukey's honestly significant difference test.




Correlation Between Root Distribution and Weed-Suppressive Activity and the Content of Rice Allelochemicals in Soil

We studied the correlations between weed-suppressive activity (% inhibition on plant height, fresh weight, and dry weight of barnyardgrass), rice allelochemicals in soil (the contents of benzoic acid derivatives, cinnamic acid derivatives, and total phenolic acids), and root parameters (RLD, RSD, and RWD) at two lateral distances (Figure 5). Overall, weed-suppressive activity and rice allelochemicals in the soil had positive correlations with RLD, RSD, and RWD at both distances, except for the content of benzoic acid derivatives in soil at 0–6 cm. At a 6–12 cm horizontal distance from the base of rice seedlings, weed-suppressive activity (IRH, IRF, and IRD) had a stronger correlation with the contents of allelochemicals (TBP, TCP, and TPA) and root measures (p < 0.05). Besides, RLD and RSD values at 6–12 cm were highly correlated with the contents of benzoic acid derivatives (TBP), cinnamic acid derivatives (TCP), and total phenolic acid (TPA) in soil (p < 0.05). These two root parameters simultaneously had a stronger correlation with the inhibition rate of rice on plant height (IRH), fresh weight (IRF), and dry weight (IRD) of barnyardgrass (p < 0.05).


[image: Figure 5]
FIGURE 5. Correlation plot between allelopathic activity, rice allelochemicals in soil, and root parameters at a lateral distance. IRH, rice allelopathic activity (% inhibition on plant height of barnyardgrass); IRF, rice allelopathic activity (% inhibition on fresh weight of barnyardgrass); IRD, rice allelopathic activity (% inhibition on the dry weight of barnyardgrass); TBP, the content of benzoic acid derivatives in soil; TCP, the content of cinnamic acid derivatives in the soil; TPA, total phenolic acid content in soil; RLD, root length density; RSD, root surface area density; and RWD, root dry weight density. The gradient of the legend is a function of the strength of the correlation; while the slope of the ellipse indicates a negative or positive correlation (i.e., toward the left is a positive correlation and toward the right is a negative correlation). The shape of the ellipse indicates the strength of the correlation; a diffuse shape indicates a weak correlation.






DISCUSSION

Roots play a vital role in connecting the plant to the soil, which can synthesize, accumulate, and secrete a diverse array of compounds referred to as root exudates that significantly impact the soil environment (Laliberté, 2017; Tsunoda and Dam, 2017). Root distribution in the soil (how many root segments of individual roots exist in each soil compartment) is the most crucial factor in determining the release of root exudates into the soil (Tajima, 2021). Allelochemicals secreted by the roots of allelopathic rice are transmitted to the receptor rhizosphere through the soil medium to inhibit the growth of the surrounding weeds (Li et al., 2020; Xu et al., 2021). In this study, it was found that the lateral distribution of roots in the soil of allelopathic rice at the seedling stage was related to its weed-suppressive effect in situ, which provided a new method for improving the inhibitory ability of allelopathic rice at the seedling stage and supplied a scientific basis for the application strategy of expanding the weed-suppressive range in the field by strengthening the root traits of rice cultivars.

Our hypothesis was that the spatial-temporal distribution of rice cultivars with different allelopathic activity in the underground soil may be different, which proved to be true for root length density (RLD), root surface area density (RSD), and root dry weight density (RWD) of three rice cultivars at 5- and 6-leaf stages (Figure 1), the leaf stages showing the strongest allelopathic activity (Li et al., 2015; Zhang et al., 2020). From the vertical direction of the soil layer, the roots of allelopathic rice were mainly concentrated in the upper layer of 0–5 cm, while the roots of non-allelopathic rice were mainly distributed in the soil at 5–10 cm depth (Figure 1), which was consistent with the experimental results of Gealy and Moldenhauer (2012) and Gealy et al. (2013). From the horizontal direction of the soil layer at 0–5 cm depth, the RLD and RSD values of allelopathic rice roots in each sampled soil layer were higher than those of non-allelopathic rice, particularly at the 5-leaf or 6-leaf stage (Figures 2B,C). However, the difference in the RWD values between the circle layers (0–3 and 3–6 cm) around the growth center was not significant (Figure 2D), which may be explained by the results that allelopathic rice has a small root diameter but long roots, while non-allelopathic rice has large root diameter but short roots (Figure 2A). When comparing our results to those of previous studies (Li et al., 2019), it must be pointed out that the root surface area of PI and Le showed no significant difference at the seedling stage in a hydroponic system. These contradictory results may be a consequence of the differences in the planting medium. RLD and RSD in crop plants play an important role in improving water and nutrient use efficiency in soil, and also play a unique role in the interaction between root exudates and microorganisms in the soil (van Dam and Bouwmeester, 2016; Hu et al., 2020). Data generated in this study revealed that the roots of allelopathic rice mainly proliferated in the upper soil profile, extending to the lateral direction as far as possible, while those of non-allelopathic rice mostly grew in the deeper soil layer. It was expounded that the main functions of the roots of two kinds of rice cultivars may be different in different soil varieties.

Soil is the natural substrate where roots grow, and therefore it is of more practical significance to explore the regulation of rice allelopathy by the characteristics of the rice root system in the underground soil. In order to simulate the actual rice planting conditions in the field, the study adopted the inhibitory-circle method established earlier (Li et al., 2015), whereby the rice was mixed with barnyardgrass in paddy soils at equal distances, resulting in the formation of weed-suppressive circles (Supplementary Figure 1). Based on the results of the horizontal distribution of rice roots in the current study, few roots were distributed at the lateral distance > 12 cm from the base of rice seedlings (Figures 2B–D). Meanwhile, the weed-suppressive effect is a combination of rice allelopathy and interspecific competition (Kong et al., 2008; Xu et al., 2021). Therefore, it was considered that the 6–12 cm distance between the rice seedlings and barnyardgrass was a suitable distance to reduce plant–plant interference from the competition as much as possible. Several studies have shown that roots of allelopathic rice always grew toward the roots of weeds (intrusive pattern), while the roots of all weeds tended to avoid growing toward the roots of rice (Zhang et al., 2018b; Xu et al., 2021), which implied that the roots of barnyardgrass at 6–12 cm horizontal distance might be negligible with the help of manual selection. Similar to Li et al. (2020), we found that allelopathic rice cultivars significantly inhibited the above-ground growth of barnyardgrass co-cultures at a 12 cm lateral distance in situ (Figure 3).

Rice allelopathy is the result of an interaction effect between rice allelochemicals, including phenolic acids, and other allelochemicals, known as the “allelochemicals cocktail” (Li et al., 2020). The eight phenolic acids selected in our study are widely recognized as rice allelochemicals (Seal et al., 2004; Li et al., 2019, 2020; Zhang et al., 2019b, 2020). Usually, a single compound could not manifest the allelopathic effect of rice exudates on the target plants. In this paper, the sum of contents of eight phenolic acids in root exudates (Table 2) was expressed as the total phenolic acid contents in the root exudates of three rice cultivars (Figure 4). Recent studies have indicated that the allelopathic potential of benzoic acid derivatives, one kind of phenolic acid, was higher than that of cinnamic acid derivatives in a laboratory bioassay (Reigosa and Malvido, 2007; Li et al., 2020). This study highlighted that the contents of benzoic acid derivatives in the 6–12 cm soil circle were higher than those observed in the 0–6 cm soil circle in allelopathic rice, while that of non-allelopathic rice showed no significant difference (Figure 4), similar to other previous studies (Li et al., 2020; Zhang et al., 2020). The difference in the number of allelochemicals in soil layers at lateral distances of allelopathic rice may also be partly driven by soil microbial composition, because the rhizosphere microbiota could impact the transport of root exudate metabolites from rice to weed in soil, such as the adsorption and desorption of benzoic acid derivatives and cinnamic acid derivatives with soil matrix (Tharayil et al., 2006; Sun et al., 2014). In the follow-up study, we will further explore whether the distribution of allelopathy rice in the lateral soil can regulate the distribution of the rhizosphere microflora in soil and inhibit the adjacent weeds.

The correlation analysis confirmed that root distribution at the horizontal distance was significantly correlated with the allelopathic activity on the growth of barnyardgrass in situ and allelochemical contents secreted by root in the horizontal soil (Figure 5). These results implied that the spatial-temporal distribution of allelopathic rice roots in the paddy soil may have important impact on rice allelopathy at the seedling stages. Weston and Mathesius (2013) reported some flavonoids can accumulate at the root tip of white clover and were exuded into the soil from root cap cells, mediating allelopathic interactions in the plant rhizosphere. Although the current study did not accurately locate the release location of phenolic acid from rice roots as performed by Zhu et al. (2016), it is well-known that allelopathic rice mainly secretes phenolic acid allelochemicals through its roots (Li et al., 2019; Zhang et al., 2019b, 2020). Therefore, we can conclude that the distribution of allelopathic rice roots in the lateral distance was bound to affect the action distance of allelopathic substances secreted by roots, thus affecting their inhibitory effect on weeds. It is suggested that the growth of rice roots in the soil would be used as a regulation target for rice allelopathy. Several reports have shown that many plant hormones could regulate the growth and development of rice roots, particularly brassinolide, ethylene, and abscisic acid (Zhao et al., 2015; Cai et al., 2018). Consequently, more in-depth work is needed to identify inducing agents for effectively improving the allelopathic potential of traditional or improved rice cultivars, via screening for regulators of root distribution.



CONCLUSION

Enhancing the weed-suppressive activity of rice at its seedling stage may be an important strategy to apply rice allelopathy for controlling paddy weeds. This study showed that allelopathic rice cultivars had small root diameter and larger root length density, root surface area density, and root dry weight density in the top 5 cm of the vertical soil profile at 5- and 6-leaf stages. In particular, there were significant differences in root distribution at the horizontal distance of 6–12 cm between allelopathic rice and non-allelopathic rice. Furthermore, these root traits had strong correlations with the phenolic acid content at the lateral 6–12 cm of the soil layer and weed-suppressive activity in situ, suggesting that strengthening root traits or modifying the distribution of rice roots in soil may be a novel method to enhance the ability of rice seedlings to resist paddy weeds. However, additional studies involving the mechanism of regulating rice–weed interactions by the spatial distribution of rice roots in paddy soil are required.
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