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Rice Genotypes Express Compensatory Root Growth With Altered Root Distributions in Response to Root Cutting
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Root systems play a pivotal role in water and nutrient uptake from soil. Lateral root (LR) growth is promoted to compensate for inhibited main root growth. Compensatory LR growth contributes to maintaining total root length (TRL) and hence water and nutrient uptake in compacted soils. However, it remains unclear how shoot and root phenotypic traits change during the compensatory growth and whether there are genotypic variations in compensatory root growth. This study analyzed shoot and root morphological traits of 20 rice genotypes, which includes mutants with altered root morphology, during the vegetative stage using a semihydroponic phenotyping system. The phenotyping experiment detected large variation in root and shoot traits among the 20 genotypes. Morphological changes induced by root cutting were analyzed in six selected genotypes with contrasting root system architecture. Root cutting significantly affected root distribution along vertical sections and among diameter classes. After root cutting, more roots distributed at shallower depth and thicker LRs developed. Furthermore, genotypes with deeper root growth without root cutting allocated more compensatory roots to deeper sections even after root cutting than the genotypes with shallower rooting. Due to the compensatory LR growth, root cutting did not significantly affect TRL, root dry weight (RDW), or shoot dry weight (SDW). To analyze the interaction between crown root (CR) number and compensatory root growth, we removed half of the newly emerged CRs in two genotypes. TRL of YRL38 increased at depth with CR number manipulation (CRM) regardless of root tip excision, which was attributed to an increase in specific root length (SRL), despite no change in RDW. Taken together, the tested rice genotypes exhibited compensatory root growth by changing root distribution at depth and in diameter classes. Reducing CR number promoted root development and compensatory growth by improving the efficiency of root development [root length (RL) per resource investment].
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INTRODUCTION

Root system architecture (RSA) is the shape and distribution of a root system in soil (Rogers and Benfey, 2015). It has an important role in plant anchorage, soil water and nutrient uptake, and plant growth and yield. Rice has a fibrous root system comprising a seminal root (SR), numerous crown roots (CRs), and lateral roots (LRs) (Supplementary Figure S1A). An embryonic SR and shoot-borne CRs are important for establishing a framework to explore soil (Yamauchi et al., 1996). LRs are produced postembryonically from seminal and CRs (main roots) and play a major role in water and nutrient uptake as they occupy ∼ 90% of the TRL (Yamauchi et al., 1987). LRs are further classified into S- and L-types, according to distinct morphological and anatomical characteristics (Supplementary Figure S1B) (Kawata and Shibayama, 1965; Kono et al., 1972; Sasaki et al., 1981; Yamauchi et al., 1987). S-type LRs are short and thin and do not produce higher-order LRs, whereas L-type LRs are long and thick and often produce higher-order LRs. S-type LRs contribute to the hydraulic conductivity of the whole root system (representing water uptake ability) than L-type LRs (Watanabe et al., 2020). The production of L-type LRs is important for expanding the root system due to their ability to produce higher-order LRs. Plastic development of LRs plays an important role for the adaptation to soil water fluctuation in rice (Suralta et al., 2018; Lucob-Agustin et al., 2021).

Lateral root development is promoted when parent root growth is inhibited by soil compaction and other reasons (Bengough et al., 2006). A hard soil layer in subsoil causes mechanical impedance for parent root growth (Batey, 2009), which triggers LR development in upper loose soils in various plant species (Shierlaw and Alston, 1984; Atwell, 1990; Montagu et al., 2001; Chen et al., 2014). In field-compacted soils, the roots grow in macropores and clacks, formed by earthworms or previous root growth (White and Kirkegaard, 2010; Haling et al., 2011; Kautz et al., 2013; Han et al., 2015). Compensatory LR growth increases root exploration in these spaces, which enables roots to pass through the hard soil layer. It facilitates water and nutrient uptake by maintaining adequate TRL that contributes to shoot growth maintenance (Montagu et al., 2001).

Compensatory LR growth can be induced in various plant species using root cutting treatments (Torrey, 1950; Crossett et al., 1975; Biddington and Dearman, 1984; Sasaki et al., 1984; Van Staden and Ntingane, 1996; Vysotskaya et al., 2001; Xu et al., 2017). Root cutting would be a suitable method to analyze the ability of compensatory root growth itself without a number of chemical, physical, and biological changes brought by soil compaction (Correa et al., 2019). In rice, main root tip cutting induced L-type LR development in the remaining proximal portions and promoted elongation of first-order LRs and higher-order branching (Sasaki et al., 1984; Kawai et al., 2017). The degree of LR development after root cutting varies depending on the ratio of cut roots in an individual root (Biddington and Dearman, 1984). However, it remains unclear how much the promoted LR growth by root cutting compensates for main root growth and how it can be promoted.

Some studies have revealed that reduced CR number increases deep rooting and enhances LR proliferation. Maize genotypes with fewer CRs had deeper roots, enhancing nitrogen (N) acquisition under low N and increasing biomass (Saengwilai et al., 2014). This deeper rooting increases access to subsoil water, which improves drought tolerance (Gao and Lynch, 2016). Reduced CR number through CR removal enhanced deeper rooting and relocation of biomass to LRs, which improves shoot growth in maize under low N (Guo and York, 2019). These studies suggest that reduced CR number could improve plant resilience to environmental stresses by improving RSA. However, the relationship between CR number and compensatory root growth remains unclear.

A semihydroponic phenotyping system was developed to characterize root trait variability in food crops (Chen et al., 2011), which includes narrow-leafed lupin (Lupinus angustifolius L.) (Chen et al., 2011, 2012, 2016), chickpea (Cicer arietinum L.) (Chen et al., 2017), maize (Zea mays L.) (Qiao et al., 2019), wheat (Triticum aestivum L.) (Chen et al., 2020), barley (Wang et al., 2021), and soybean (Liu et al., 2021). The semihydroponic system is advanced, as root growth can be easily monitored and manipulated. A study has tested the feasibility of using this system for observing dynamic root growth following root cutting in narrow-leafed lupin (Chen et al., unpublished data). It would be an efficient system for studying root trait variability in rice genotypes, which includes root responses to root tip cutting and CR number manipulation (CRM).

Thus, this study used the semihydroponic phenotyping system to characterize variation in shoot and root morphological traits in 20 rice genotypes, which includes Australian and Japanese genotypes and mutants with altered root phenotypes (Experiment I). Six genotypes with contrasting root systems, selected from Experiment I, were examined for compensatory root growth following root cutting on the main roots (Experiment II). In addition, we reduced CR number by removing newly emerged CRs in two selected genotypes (Experiment III) to reveal the relationships between CR number and the degree of compensatory growth.



MATERIALS AND METHODS


Phenotyping (Experiment I)


Experimental Design, Setup, and Plant Material

Experiment I used 20 genotypes of lowland rice (Oryza sativa L.), which includes ten Australian genotypes, five Japanese genotypes, and five rice mutants with altered root phenotypes (parent Taichung 65) (Table 1). The semihydroponic phenotyping system was used for all three experiments and set up according to Chen et al. (2011; Figure 1). Briefly, the system comprises 240 L plastic wheelie bin (108 cm height × 75 cm length × 58 cm width), 16 growth units, and an automatically controlled irrigation system. The growth units are made of a 5-mm thick acrylic panel (260 mm × 480 mm) wrapped in black calico cloth. Sixteen plants were grown per bin with five or six replications per genotype. Genotypes were randomly allocated in seven bins with only one plant per genotype grown in a bin. At harvest, three to six replications per genotype were analyzed their shoot and root traits.


TABLE 1. Rice genotypes used in this study.
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FIGURE 1. (A) Rice seedlings grown in a semihydroponic phenotyping platform. (B) Close up of plants in the bin. (C) Shoots from the side.


The bins were filled with 30 L of a complete nutrient solution previously used for hydroponic rice cultivation (Colmer, 2003; Supplementary Table S1) and refreshed weekly. Rice plants were irrigated continuously with a pomp so that the plants were not water stressed. The amount of evaporated water from the blank bin without plants was measured every 2 days, with the same amount of distilled water added to the bins with plants to maintain the water level and concentration of the nutrient solution. Plants were grown in a naturally lit glasshouse at The University of Western Australia (31°93′ S, 115°83′ E) with day–night temperatures of 30–20°C and photoperiod of 10–14 h from late April to mid June 2020 (Experiment I) and from late October to early December 2020 (Experiments II and III).



Seed Germination

Rice seeds were soaked in tap water at 30–20°C for 3 days and then transferred onto plastic nets floating on 10% strength nutrient solution (Supplementary Table S1) to grow in the same glasshouse as above for 3 days. Uniform germinated seeds with approximately 1 cm of coleoptile and 2–3 cm of SR were transplanted carefully into the growth units of the semihydroponic system. One individual plant was grown in each growth unit with 16 growth units installed per bin (seven bins in total). A blank bin without plants was used to measure the amount of evaporated water from each bin during the experiment.




Root Cutting Treatment (Experiment II)

Root cutting treatment was conducted using six rice genotypes (Nipponbare, Taichung 65, Bogan, YRL38, crl1, and qhb/Oswox5) selected from Experiment I. The semihydroponic system was used with the same settings as Experiment I. In Experiments II and III, sixteen plants were grown per bin with six replications per genotype–treatment (five bins in total). Genotypes–treatments were randomly allocated in each bin with the same set of genotypes–treatments in each bin. At harvest, three to six replications per genotype–treatment were analyzed for their shoot and root traits. Root growth of each plant was monitored and photographed every 5–6 days by opening the wrapped cloth from the back of each growth unit after lifting it out of the bin and placing it on a flat bench. The root cutting treatment started 6 days after transplanting (DAT) when the first main root (SR) reached the cutting depth (7.5–12.5 cm below stem base) in most plants. Main roots that reached the depth were cut 5 mm behind the root tip (Supplementary Figure S2A). Plants without root cutting were grown as the control (Cont). The root cutting treatment was conducted at 6, 11, 16, 21, 27, and 32 DAT. Shoot height (SH), leaf number (LN), tiller number (TN), and maximum root depth (MRD) were measured.



Crown Root Number Manipulation (Experiment III)

The semihydroponic system was used, with the same settings as Experiments I and II. Two genotypes Taichung 65 and YRL38 were selected from Experiment I for CRM by removing 50% of newly emerged CRs from the basal part (Supplementary Figure S2B). Shorter CRs among the newly emerged CRs were removed. The CRM was conducted on the same day of root cutting treatment in both genotypes with and without the root cutting treatment, as explained above.



Sampling and Measurements

Plants were assessed at 55 DAT in Experiment I and 41DAT in Experiments II and III. The growth panel in each bin was removed and placed on a flat bed. Plants were photographed with a digital camera after opening the wrapped cloth of each growth panel. SH and TN were measured, and then, shoots were cut from the stem base. MRD and seminal and crown root number (SCRN) were measured manually. The leaves were scanned at 200 dpi with a desktop scanner (Epson Perfection V800; Epson, CA, United States) for leaf area measurement using WinRHIZO Pro software (v2009; Regent Instruments, Montreal, QC, Canada). The leaves and stems were combined and oven-dried at 60°C for 48 h to determine shoot dry weight (SDW). Roots were sampled in four sections below the stem base (section 1, 0–10 cm, s1; section 2, 10–20 cm, s2; section 3, 20–30 cm, s3; section 4, >30 cm, s4). Root samples were separated to avoid crossover and scanned at 600 dpi with a desktop scanner. TRL and root diameter (RD) length [root length (RL) in five diameter classes (<80 μm, S-type LRs, RL_S; 80–150 μm, S- and L-type LRs, RL_M; 150–300 μm, L-type LRs, RL_L; 300–500 μm, thick L-type LRs and thin CRs, RL_LL; >500 μm, seminal and CRs, RL_CR)] were recorded by analyzing root images using WinRHIZO Pro software. The main RD was estimated from RL in diameter classes 500–2000 μm. After scanning, root subsamples for the same plant were combined to determine root dry weight (RDW) per plant. Detailed descriptions of the 32 root traits and five shoot-related traits are listed in Table 2.


TABLE 2. Description of 32 root-related traits and five shoot traits in rice characterized in a semihydroponic phenotyping system.
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To evaluate the degree of compensatory root growth, compensation rate was calculated as follows: (1) the compensatory RL was calculated for each genotype as in Equation 1. If root growth does not respond to root cutting at all, compensatory RL will be zero, and (2) the compensation rate for each genotype was calculated as in Equation 2. Compensation rate indicates how much RL below the cutting depth in the control was compensated by increased RL above the depth and/or LR growth below the depth after root cutting, and (3) the proportion of compensatory RL in each section to the total was calculated as in Equation 3. For section 1, the increase in RL by root cutting than the control was defined as compensatory RL of this section.

Equation 1 (compensatory RL):
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Equation 2 (Compensation rate):
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Equation 3 (Proportion of compensatory RL in each section):
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(for section 1, above the root cutting depth)
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(for sections 2–4, below the root cutting depth)



Statistical Analysis

Differences in morphological traits among genotypes (with and without root cutting, and with and without CRM) were compared using one (two or three)-way ANOVA and a multiple-comparison Tukey’s test using the glht function from multcomp package version 1.4-13 (Hothorn et al., 2008) in Rstudio version 1.2.5033 (R Core Team, 2020). Differences between with and without root cutting were compared using a two-tailed Student’s t-test. Pearson’s correlation analysis was performed using corrplot package version 0.84 (Wei and Simko, 2017) in Rstudio. The major traits without root area (RA) and root volume (RV) were used for principal component analysis (PCA) using FactoMineR package version 2.3 (Lê et al., 2008) in Rstudio.




RESULTS


Phenotypic Variations Among Rice Genotypes

At 55 DAT, significant differences (p < 0.01) among the 20 genotypes were observed in most of the measured shoot and root traits except root tissue density (RTD) (Table 3). Among the 15 major traits, the highest CV was detected in TRL (0.51), followed by RA (0.47), RV (0.44), and RDW (0.42) (Table 3).


TABLE 3. Descriptive statistics of 15 major traits in 20 rice genotypes grown in a semihydroponic phenotyping system for 55 days after transplanting.
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Pearson’s correlation coefficients were calculated for the major traits (Supplementary Table S2). All traits, except RTD, had strong correlations (p < 0.01) with at least one of the other traits. Significant correlations were detected among root traits (Supplementary Table S2). TRL positively correlated with MRD (Supplementary Figure S3A), RA, RV, specific root length (SRL; Supplementary Figure S3B), root length intensity (RLI; Supplementary Figure S3C), and RDW (Supplementary Figure S3D and Supplementary Table S2). In contrast, TRL negatively correlated with RD (Supplementary Figure S3E). RD also negatively correlated with MRD, SRL (Supplementary Figure S3F), and RLI (Supplementary Table S2). SCRN positively correlated with RV and RDW (Supplementary Figure S3G) but negatively correlated with SRL (Supplementary Figure S3H and Supplementary Table S2). SRL also positively correlated with MRD and RLI (Supplementary Figure S3I and Supplementary Table S2). RDW positively correlated with MRD, RA, RV, and RLI (Supplementary Table S2). All root traits were highly correlated with at least one shoot trait (mostly p < 0.01), except for SCRN and RTD (Supplementary Table S2). TRL and RDW positively correlated with SDW, SH, and LN (Supplementary Table S2). A negative correlation occurred between RD and SH (Supplementary Table S2). Positive correlations occurred within shoot traits, except between LN and SH (Supplementary Table S2). The shoot to root ratio (SRR) negatively correlated with SCRN (Supplementary Figure S3J), RV, and RDW (Supplementary Table S2).

Principal component analysis was performed for 13 selected major traits (excluding mathematically linked traits, RA and RV) to determine phenotypic variation (Table 4). Four principal components with eigenvalues > 1 were detected, which explains 91.1% of the genotypic variability (Table 4). PC1 accounted for 49.5% of the total variability and positively correlated with MRD, TRL, RLI, RDW, SDW, total dry weight, and SH (Table 4 and Figure 2A). PC2 accounted for 20.7% of the total variability and was positively correlated with SCRN and negatively correlated with SRL and SRR (Table 4 and Figures 2A,C). PC3 accounted for 12.2% of the total variability and positively correlated with RD and LN (Table 4 and Figure 2C). The biplots showed a separation of rice genotypes from Japan and Australia and rice mutants, except for Akihikari (Japanese genotype), YRL38 (Australian genotype), and crl1 along PC1 axis (Figures 2A,B) but not PC2 axis (Figures 2C,D).


TABLE 4. Loading scores of 13 selected traits and eigenvalues and the proportion of each principal component variance.
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FIGURE 2. Principal component analysis of 13 selected major traits in 20 rice genotypes grown in a semihydroponic phenotyping system for 55 days after transplanting. Biplot for (A) PC1 and PC2 and (C) PC2 and PC3. Corresponding distribution of 20 rice genotypes for (B) PC1 and PC2 and (D) PC2 and PC3.




Effect of Root Cutting Treatment on Shoot and Root Growth


Results of Root Cutting Treatment

Based on the phenotyping results, we selected six genotypes for their contrasting root phenotypes. In the PCA, Nipponbare, Taichung 65, YRL38, and crl1 mutant had similar PC1 scores but dispersed along the PC2 axis (Figure 2B). Bogan and the qhb/Oswox5 mutant had similar PC2 scores with Nipponbare and Taichung 65 but smaller PC1 scores than these genotypes (Figure 2B). The first main root (SR) reached the cutting depth (7.5–12.5 cm below stem base) in most plants at 6 DAT, when the root cutting treatment started. The cut root number ranged from 1 in crl1 to 14.3 in Nipponbare (Supplementary Figure S4A). The cumulative number of cut roots increased linearly with time in most genotypes except crl1 (Supplementary Figure S4B). In the crl1 mutant, only one main root (SR) was cut at 6 DAT; no CRs had reached the cutting depth by 32 DAT. The average root cutting depth was around 10 cm and did not differ among genotypes (Supplementary Figure S4C).



Effect of Root Cutting Treatment on Shoot and Root Growth

At 41 DAT, most measured traits varied among genotypes (p < 0.05), except for RTD and LN (Table 5 and Supplementary Table S3). Only two root traits, MRD and RLI, significantly differed between the control and root cutting treatment (p < 0.001) (Table 5 and Supplementary Table S3). The root cutting treatment decreased MRD but increased RLI in most genotypes (Figures 3A–C) and RD in the qhb/Oswox5 mutant (Figure 3D). A genotype × treatment interaction was detected for RD (p < 0.05) (Table 5). TRL differed among genotypes (p < 0.001) (Table 5 and Supplementary Table S3), but no significant differences occurred between the control and root cutting treatment in each genotype (Figure 3E). These data indicate that root cutting changed the root distribution among vertical sections.


TABLE 5. Descriptive statistics of 17 shoot and root traits (referred as major traits) in six rice genotypes with and without root cutting treatment grown in a semihydroponic phenotyping platform for 41 days after transplanting.
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FIGURE 3. Effect of root cutting treatment on root traits in six rice genotypes grown in a semihydroponic phenotyping platform for 41 days after transplanting (DAT). (A) Root phenotypes of three rice genotypes (Taichung 65, YRL38, and crt1) at 41DAT with cut (Cut) and without cut (Cont). (B–E) Effects of root cutting treatment on root traits. Values represent mean ± SD (n = 3–6) (*p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant).


Significant differences for the four measured traits (MRD, SH, LN, and TN) were detected among genotypes for at least one time point (p < 0.05) (Supplementary Table S4). The MRD also significantly differed between the control and root cutting treatment after 11 DAT (p < 0.001) (Supplementary Table S4). In most genotypes, MRD increased linearly with DAT in the control but did not increase for the first 10 days after the first root cutting, which later increases but not reaching the control values (Supplementary Figure S5).



Effect of Root Cutting Treatment on Root Distribution

Root cutting affected the RLs in some sections (p < 0.01) (Supplementary Table S5), which increases in section 1 (0–10 cm) and decreasing in section 4 (> 30 cm) (Supplementary Table S6), although TRL did not differ between the control and root cutting treatment (Figure 3E, Table 5, and Supplementary Table S3). The section RL proportion (of total root system) increased in section 1 and decreased in sections 3 (20–30 cm), 4 (>30 cm), and 2–4 (>10 cm) (Figure 4A and Supplementary Table S6). Among genotypes, root cutting significantly increased RL in section 1 (RL_s1) in Nipponbare, YRL38, and qhb/Oswox5 and decreased RL_s3 in Nipponbare, YRL38, and qhb/Oswox5, and RL_s4 in Nipponbare (Figure 5).
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FIGURE 4. Effect of root cutting treatment on root distribution in six rice genotypes grown in a semihydroponic phenotyping platform for 41 days after transplanting. (A) Proportion of RL in four sections. (B) Proportion of RL in five diameter classes. (C) Proportion of RL in five diameter classes in each section. Values represent means (n = 28 and 23, Cont and Cut, respectively) (*p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 5. Effect of root cutting treatment on RL in four sections in six rice genotypes grown in a semihydroponic phenotyping platform for 41 days after transplanting. Values represent mean ± SD (n = 3–6) (*p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant).


Root distribution in diameter length also changed with root cutting (p < 0.001) (Supplementary Table S5). For RD classes > 300 μm (Supplementary Figure S6A), RD length of 300–500 μm (RL_LL, Large L-type LRs) and its proportion of the total root system (RLP_LL) increased with root cutting (Figure 4B and Supplementary Table S6). Among root sections, RLP_LL increased in sections 2 and 3 with root cutting (Figure 4C). In contrast, the proportion of RD length of 80–150 μm (RLP_M) decreased in sections 2 and 3 (Figure 4C). In addition, the proportion of RD length of <80 μm (RLP_S) increased and >300 μm (RLP_CR) decreased with root cutting in section 3 (Figure 4C). Genotype × treatment interactions occurred for some diameter classes (Supplementary Table S5). RL_M decreased in qhb/Oswox5, whereas RL_LL increased in Nipponbare, Taichung 65, and YRL38 with root cutting (Supplementary Figure S6B).

The effect of root cutting on RD length in each section was analyzed for each genotype (Supplementary Figure S7). In section 1, Nipponbare and YRL38 increased RL in most diameter classes except RL_CR with root cutting. qhb/Oswox5 increased RL in diameter classes > 150 μm. RL_LL also increased in Taichung 65. In section 2, RL_LL increased in Nipponbare, Taichung65, and YRL38. In section 3, RL_M and RL_CR decreased in Nipponbare, and RLs in all classes decreased in YRL38 and qhb/Oswox5. In section 4, all genotypes decreased RD length in all classes, with significant decreases detected in RL_CR in Nipponbare and RL_S, RL_LL, and RL_CR in Taichung 65.



Distribution of Compensatory Roots in Vertical Sections

The compensation rate was calculated for each genotype to evaluate the degree of compensatory root growth after root cutting. The calculated compensation rates ranged from 97% in qhb/Oswox5 to 167% in Nipponbare (Figure 6A, no significant difference among genotypes at α = 0.05), which indicates that root growth recovered well in all genotypes after root cutting. The proportion of RL in each section showed the sectional root distribution contributing to the compensatory RL. It was highest in section 2 for all genotypes and >50% of compensatory RL (Figure 6B). Nipponbare, YRL38, and qhb/Oswox5 had relatively higher proportions of compensatory RL in section 1 than sections 3 and 4 (Figure 6B). In Taichung 65 and crl1, compensatory RL in sections 1, 3, and 4 equally contributed to the total compensatory RL (Figure 6B). These data indicate that the allocation of compensatory RL to sections differed among genotypes.
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FIGURE 6. Compensatory root growth in response to the root cutting treatment in six rice genotypes grown in a semihydroponic phenotyping platform for 41 days after transplanting. (A) RL in four sections. Percentages on bars indicate the compensation rate for each genotype. (B) Proportion of compensatory RL in four sections. Values represent means (n = 3–6). Bar data with different letters indicate significant differences among sections in each genotype (p < 0.05). (C) Correlations between MRD in the control and proportion of compensatory RL in section 3 (*p < 0.05).


The correlation analysis revealed root distribution relationships at depth between the control and root cutting treatment, with positive correlations for MRD (Supplementary Figure S8A) and RL in each section (Supplementary Table S7). Among root sections, the proportion of compensatory RL in section 3 positively correlated with MRD in the control (Figure 6C and Supplementary Figure S8B). These data indicate that genotypes with deeper roots in the control allocated more roots to deeper sections even after root cutting.




Effect of Crown Root Number Manipulation on Shoot and Root Growth


Results of Crown Root Number Manipulation

Crown root number was reduced by removing 50% of newly emerged CRs (CRM) in Taichung 65 and YRL38 to analyze the relationships between CR number and the degree of compensatory root growth. These two genotypes were selected for their contrasting root phenotypes based on the PCA in the phenotyping experiment, which includes SCRN, SRL, and SRR (PC2) with similar plant size (PC1) (Figures 2A,B). The CRM reduced CR numbers during early growth in both genotypes (Supplementary Figure S9A), whereas CR numbers did not differ with and without CRM during later growth, except for Taichung 65 in the control (Supplementary Figure S9A). The CRM maintained lower cut root numbers than the control, with a significant difference detected in YRL38 at 27 DAT (Supplementary Figure S9B).



Effect of Crown Root Number Manipulation on Shoot and Root Growth Combined With Root Cutting Treatment

Based on a three-way ANOVA, phenotypic variations between with and without CRM were detected for MRD, SCRN, RD, SRL, and LN (Table 6 and Supplementary Table S8). Genotype × CRM interactions were detected for eight traits (Table 6). TRL with CRM was higher when compared to the control without both CRM and root cutting in YRL38 but not in Taichung 65 (Figure 7A). The CRM increased MRD in YRL38 with and without root cutting (Figure 7B), also detected during early growth (Supplementary Figure S10). Among the four sections, CRM increased RL_s3 and RL_s4 of YRL38 without root cutting (Supplementary Figure S11A). In YRL38, CRM also increased RLP_s4 without root cutting and RLP_s2 with root cutting with decreased RLP_s1 (Supplementary Figure S11B). RDW did not differ among treatments with CRM for either genotype (Figure 7C), which increases SRL and decreases RD in YRL38 (Figures 7D,E). The CRM increased RL_M and RL_L in YRL38 without root cutting and RL_L with root cutting (Supplementary Figure S12A). RLP_CR decreased with CRM with and without root cutting in YRL38 (Supplementary Figure S12B). Among shoot traits, CRM increased LN in YRL38 without root cutting treatment (Supplementary Figure S13B).


TABLE 6. Effect of crown root number manipulation (CRM) and root cutting on 17 major traits in Taichung 65 and YRL38 grown in a semihydroponic phenotyping platform for 41 days after transplanting.
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FIGURE 7. Effect of CR number manipulation (CRM) on (A) TRL, (B) MRD, (C) RDW, (D) SRL, and (E) RD combined with root cutting in Taichung 65 and YRL38 grown in a semihydroponic phenotyping platform for 41 days after transplanting. Values represent mean ± SD (n = 3–6). For each trait, bar data followed by different letters indicate significant differences among treatments in each genotype (p < 0.05).






DISCUSSION

The phenotyping study (Experiment I) identified large variation in shoot and root traits among the 20 rice genotypes. Of the 15 measured traits, 11 traits were highly varied among genotypes, with CVs > 0.20 and p < 0.05 (Table 3), and well correlated within and between shoot and root traits (Supplementary Table S2). For example, shoot traits such as SH and SDW had significant positive correlations with TRL (Supplementary Table S2), consistent with other studies using the semihydroponic systems in various plant species (Chen et al., 2012, 2016, 2017, 2020; Qiao et al., 2019) and soil-grown maize under drought stress (Avramova et al., 2016). Several important root traits varied among genotypes, which includes those related to root growth (TRL, SCRN, and RDW), root distribution (MRD), and economic aspects of the root system (SRL). The PCA of 13 selected major traits separated the Australian genotypes, Japanese genotypes, and mutants mainly by traits describing plant size (PC1), such as TRL, SH, and SDW, with a few exceptions including the crl1 mutant (Figures 2A,B). In contrast, SCRN, SRL, and RD varied more within genotypes of the same group (Figures 2A,B). Many Australian rice varieties originated from the United States, where some Japanese genotypes have been introduced (Ko et al., 1994; Garland et al., 1999). Whereas Japanese and Australian varieties are closely related, the rice genotypes used in this study had significant phenotypic variations, which are probably related to the extended breeding and selection of rice genotypes adapted to the Mediterranean environments in Australia (Bajwa and Chauhan, 2017). The large phenotypic variations observed allowed us to select the genotypes with contrasting RSA for analyzing relationships between RSA and compensatory root growth.

In Experiment II, the root cutting treatment dramatically changed RSA in rice, which decreases rooting depth but maintaining TRL in the six genotypes (Figures 3C,E). None of the shoot traits was affected by root cutting (Table 5 and Supplementary Table S3), which is likely due to root growth maintenance after root cutting. Studies have shown different responses in shoot and root biomass and SRR after root cutting in lettuce (Biddington and Dearman, 1984), wheat (Vysotskaya et al., 2001; Fang et al., 2010; Ma et al., 2010), and soybean (Fanello et al., 2020). The responses depend on the root cutting methodology (e.g., ratio of removed roots, growth stage, experimental conditions). However, root cutting on a smaller portion of roots, such as just the main root tip as excised in this study, had less effect on shoot growth than root cutting on a larger portion in lettuce seedlings (Biddington and Dearman, 1984).

Distribution of compensatory roots differed among genotypes. RLs of Nipponbare, YRL38, and qhb/Oswox5 increased in a shallow section but decreased in a deeper section, relative to the control (Figure 5). In contrast, Taichung 65 and crl1 maintained RL at each depth (Figure 5). The proportion of compensatory RL in each section to total compensatory RL also differed among genotypes (Figure 6B). The proportion of compensatory RL in section 3 positively correlated with MRD in the control (Figure 6C) and between the control and the root cutting treatment for RL in each section (Supplementary Table S7). Therefore, deep-rooting genotypes in the control allocated more roots to deeper layers even after root cutting than shallow-rooting genotypes. Studies suggested that the RSA ideotype differs in soil environments, especially those with heterogeneous water and nutrient distribution (Schneider and Lynch, 2020; Uga, 2021). In upland conditions, deeper rooting is beneficial to drought tolerance by accessing water and nutrients from deeper soils (Uga et al., 2013). In contrast, shallow-rooted systems can efficiently acquire immobile nutrients below the soil surface (Sun et al., 2018). Drought stress severely affects crop productivity in compacted soils as the hard soil layer inhibits deep root growth (Araki and Iijima, 2005; Colombi et al., 2018). In this context, genotypes that can maintain root growth deeper in the profile would be more adaptable to compacted soils under drought through LR proliferation below the hard soil layer. Narrow pores and cracks exist in compacted soils (White and Kirkegaard, 2010; Haling et al., 2011; Kautz et al., 2013; Han et al., 2015), which provides low resistance pathways for compensatory LR growth. In contrast, in compacted soils, genotypes with a higher proportion of compensatory roots in shallow layers after root cutting might acquire water and nutrients above the hard soil layer. Therefore, selecting genotypes with compensatory root distribution at depth might increase crop production in compacted soils with varying water availability in the soil profile. Further studies are needed to test whether the observed genotypic differences in root distribution are found in compacted soils and confer shoot growth improvement under specific soil environments.

The root cutting treatment also affected root distribution in diameter classes. Most of the Australian and Japanese genotypes increased the proportion of RD length of 300–500 μm (RLP_LL) (Supplementary Figure S6B), generally below the root cutting depth (sections 2 and 3) (Figure 4C). These data indicate that root cutting induced L-type LRs which were thicker than those in the control. The increased LR diameter might be beneficial for penetrating compacted soils, as thicker roots have increased root growth pressure and potential growth rate (Materechera et al., 1992; Pagès et al., 2010), and thus greater ability to explore compacted soils. Because L-type LRs can produce higher-order LRs (Sasaki et al., 1981) and second-order LRs were observed on L-type LRs in this study (Supplementary Figure S1), the increased large L-type LR length contributed to the thinner RLs after root cutting especially below the cutting depth. qhb/Oswox5 greatly reduced the lengths of thinner roots (<150 μm) and their proportions (Supplementary Table S6), which had more than half of TRL (Figure 4B), reducing TRL than the parent Taichung 65 (Figure 3E and Supplementary Table S3). In addition, the length of thicker roots (>150 μm) increased with root cutting, but thinner RL did not change in section 1 in the mutant (Supplementary Figure S7). qhb/Oswox5 is defective in S-type LR formation, which includes second-order LRs, but L-type LR formation after root cutting was promoted more than in the wild-type, Taichung 65 (Kawai et al., 2022). Thus, root cutting promoted L-type LR formation in the mutant, but did not increase S-type LRs, which increases RD after root cutting (Figure 3D). The root cutting induced thick L-type LRs, which compensates root growth by producing higher-order branches.

In Experiment III, CRM promoted compensatory root growth in an Australian genotype, YRL38. The increased TRL in YRL38 was attributed to increase efficiency of root system development as reflected in the increased SRL (Figure 7D). A negative correlation between SCRN and SRL existed among the 20 rice genotypes without root tip excision (Supplementary Figure S3H), where SRL positively correlated with TRL (Supplementary Figure S3B). The CRM reduced the RLP_CR (Supplementary Figure S12B) and increased RL_L in YRL38 regardless of root cutting treatment (Supplementary Figure S12A). It is noteworthy that CRM did not decrease RL_CR in Taichung 65 and YRL38 (Supplementary Figure S12A), likely due to the promoted CR emergence in CRM during later growth (Supplementary Figure S9A). The increased SRL was also detected in crl1 than the parent cultivar Taichung 65, recorded the highest SRL among the six genotypes (Supplementary Table S3). crl1 has a defect in CR formation (Inukai et al., 2005) and did not produce any CRs in this study (Supplementary Table S3). Interestingly, crl1 decreased CR length but showed similar LR growth than the parent cultivar Taichung 65 (Supplementary Figure S6 and Supplementary Table S6). Therefore, defected CR formation promoted LR growth in crl1. CRM also promoted deep rooting in YRL38 regardless of root cutting treatment (Figure 7B and Supplementary Figures S10, S11). These results are consistent with studies in maize, where genotypes with fewer CRs or CRM resulted in deep root systems with increased LR growth (Saengwilai et al., 2014; Gao and Lynch, 2016; Guo and York, 2019). In Taichung 65, however, MRD did not increase even with the crl1 mutation, which did not form CRs (Figure 3C and Supplementary Table S3). CRM did not affect any root traits in Taichung 65 (Figure 7). Therefore, the effect of reduced CR number on root growth is dependent on genotype. YRL38 had a thicker root system with thicker RD of the total root system and main roots and the lowest SRL among the six tested genotypes (Figure 3D, Supplementary Figure S14, and Supplementary Table S3) and higher RLP_CR than Taichung 65 (Supplementary Table S6). Thicker roots require more assimilates for their formation and maintenance, which could reduce the assimilate allocation to LR growth (Eissenstat, 1992; Thaler and Pagès, 1999). Thus, reducing CR number might be beneficial for improving root development efficiency in genotypes with thicker root systems. Further studies are needed to identify the CR number for maximizing compensatory root growth and examine the relationship between main RD and LR development or compensatory root growth using more genotypes with contrasting main RD.



CONCLUSION

The phenotyping experiment detected large variations in root and shoot traits among the 20 tested genotypes, which allows the selection of six rice genotypes with contrasting RSA. Root cutting causes compensatory root growth in rice genotypes, which did not affect TRL or RDW but altered root distribution along vertical sections and in diameter classes. After root cutting, more roots distributed at a shallower depth and thicker L-type LRs emerged, which contributes to the compensatory growth. Genotypic differences in the distribution of compensatory roots were detected—deeper rooting genotypes without root cutting allocated more compensatory roots to deeper sections than genotypes with shallower roots. The reduced CR number increased TRL with deeper root growth regardless of root cutting in an Australian genotype YRL38. The increased TRL was attributed to increased SRL, as RDW did not change. Thus, reducing CR number might be beneficial for promoting root development by improving the efficiency of root system development, but the effect will depend on genotype. The promoted compensatory LR growth by CR number manipulation might confer higher root exploration ability in compacted soils and hence better access to soil resources below the hardpan.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

All authors conceived and designed the experiments. TK performed the experiments along the supervisions of YC, HT, YI, and KS. TK and YC analyzed the data. TK wrote the manuscript. YC, HT, YI, and KS revised the manuscript.



FUNDING

This work was supported by JSPS KAKENHI Grant Number 18J21800, JSPS Overseas Challenge Program for Young Researchers, and The UWA Institute of Agriculture, and School of Agriculture and Environment at The University of Western Australia.



ACKNOWLEDGMENTS

We thank Pornpun Yanaso, Heping Han, and Lukasz Kotula for providing rice seeds; Robert Creasy, Bill Piasini, Yinghao Li, Gilang Bintang Fajar Suhono, and Andrew Chen for their valuable technical supports. TK thanks Tanusree Halder and Victoria Figueroa-Bustos for their valuable technical advice to conduct experiments.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.830577/full#supplementary-material


ABBREVIATIONS

ANOVA, analysis of variance; CR, crown root; CRM, crown root number manipulation; CV, coefficients of variation; DAT, days after transplanting; LR, lateral root; PCA, principal component analysis; P, probability; R2, R-squared (the coefficient of determination); RSA, root system architecture; SD, standard deviation; SR, seminal root.


REFERENCES

Araki, H., and Iijima, M. (2005). Stable isotope analysis of water extraction from subsoil in upland rice (Oryza sativa L.) as affected by drought and soil compaction. Plant Soil 270, 147–157.

Atwell, B. J. (1990). The effect of soil compaction on wheat during early tillering. I. growth, development and root structure. New Phytol. 115, 29–35.

Avramova, V., Nagel, K. A., Abdelgawad, H., Bustos, D., Duplessis, M., Fiorani, F., et al. (2016). Screening for drought tolerance of maize hybrids by multi-scale analysis of root and shoot traits at the seedling stage. J. Exp. Bot. 67, 2453–2466. doi: 10.1093/jxb/erw055

Bajwa, A. A., and Chauhan, B. S. (2017). “Rice production in Australia,” in Rice Production Worldwide, eds B. S. Chauhan, K. Jabran, and G. Mahajan (Cham: Springer).

Batey, T. (2009). Soil compaction and soil management – a review. Soil Use Manag. 25, 335–345.

Bengough, A. G., Bransby, M. F., Hans, J., McKenna, S. J., Roberts, T. J., and Valentine, T. A. (2006). Root responses to soil physical conditions; growth dynamics from field to cell. J. Exp. Bot. 57, 437–447. doi: 10.1093/jxb/erj003

Biddington, N. L., and Dearman, A. S. (1984). Shoot and root growth of lettuce seedlings following root pruning. Ann. Bot. 53, 663–668. doi: 10.1093/oxfordjournals.aob.a086731

Chen, Y. L., Dunbabin, V. M., Diggle, A. J., Siddique, K. H. M., and Rengel, Z. (2011). Development of a novel semi-hydroponic phenotyping system for studying root architecture. Funct. Plant Biol. 38, 355–363. doi: 10.1071/FP10241

Chen, Y. L., Dunbabin, V. M., Diggle, A. J., Siddique, K. H. M., and Rengel, Z. (2012). Assessing variability in root traits of wild Lupinus angustifolius germplasm: basis for modelling root system structure. Plant Soil 354, 141–155. doi: 10.1007/s11104-011-1050-1

Chen, Y. L., Palta, J., Clements, J., Buirchell, B., Siddique, K. H. M., and Rengel, Z. (2014). Root architecture alteration of narrow-leafed lupin and wheat in response to soil compaction. Field Crops Res. 165, 61–70.

Chen, Y., Ghanem, M. E., and Siddique, K. H. M. (2017). Characterising root trait variability in chickpea (Cicer arietinum L.) germplasm. J. Exp. Bot. 68, 1987–1999. doi: 10.1093/jxb/erw368

Chen, Y., Palta, J., Prasad, P. V. V., and Siddique, K. H. M. (2020). Phenotypic variability in bread wheat root systems at the early vegetative stage. BMC Plant Biol. 20:185. doi: 10.1186/s12870-020-02390-8

Chen, Y., Shan, F., Nelson, M. N., Siddique, K. H. M., and Rengel, Z. (2016). Root trait diversity, molecular marker diversity, and trait-marker associations in a core collection of Lupinus angustifolius. J. Exp. Bot. 67, 3683–3697. doi: 10.1093/jxb/erw127

Colmer, T. D. (2003). Aerenchyma and an inducible barrier to radial oxygen loss facilitate root aeration in upland, paddy and deep-water rice (Oryza sativa L.). Ann. Bot. 91, 301–309. doi: 10.1093/aob/mcf114

Colombi, T., Torres, L. C., Walter, A., and Keller, T. (2018). Feedbacks between soil penetration resistance, root architecture and water uptake limit water accessibility and crop growth – a vicious circle. Sci. Total Environ. 626, 1026–1035. doi: 10.1016/j.scitotenv.2018.01.129

Correa, J., Postma, J. A., Watt, M., and Wojciechowski, T. (2019). Soil compaction and the architectural plasticity of root systems. J. Exp. Bot. 70, 6019–6034. doi: 10.1093/jxb/erz383

Crossett, R. N., Campbell, D. J., and Stewart, H. E. (1975). Compensatory growth in cereal root systems. Plant Soil 42, 673–683. doi: 10.1111/j.1469-8137.1994.tb02969.x

Eissenstat, D. M. (1992). Costs and benefits of constructing roots of small diameter. J. Plant Nutr. 15, 763–782.

Fanello, D. D., Kelly, S. J., Bartoli, C. G., Cano, M. G., Martínez Alonso, S., and Guiamet, J. J. (2020). Plasticity of root growth and respiratory activity: root responses to above-ground senescence, fruit removal or partial root pruning in soybean. Plant Sci. 290, 110296. doi: 10.1016/j.plantsci.2019.110296

Fang, Y., Xu, B., Turner, N. C., and Li, F. (2010). Does root pruning increase yield and water-use efficiency of winter wheat? Crop Pasture Sci. 61, 899–910. doi: 10.1071/cp10125

Gao, Y., and Lynch, J. P. (2016). Reduced crown root number improves water acquisition under water deficit stress in maize (Zea mays L.). J. Exp. Bot. 67, 4545–4557. doi: 10.1093/jxb/erw243

Garland, S. H., Lewin, L., Abedinia, M., Henry, R., and Blakeney, A. (1999). The use of microsatellite polymorphisms for the identification of Australian breeding lines of rice (Oryza sativa L.). Euphytica 108, 53–63.

Guo, H., and York, L. M. (2019). Maize with fewer nodal roots allocates mass to more lateral and deep roots that improve nitrogen uptake and shoot growth. J. Exp. Bot. 70, 5299–5309. doi: 10.1093/jxb/erz258

Haling, R. E., Simpson, R. J., Culvenor, R. A., Lambers, H., and Richardson, A. E. (2011). Effect of soil acidity, soil strength and macropores on root growth and morphology of perennial grass species differing in acid-soil resistance. Plant Cell Environ. 34, 444–456. doi: 10.1111/j.1365-3040.2010.02254.x

Han, E., Kautz, T., Perkons, U., Uteau, D., Peth, S., Huang, N., et al. (2015). Root growth dynamics inside and outside of soil biopores as affected by crop sequence determined with the profile wall method. Biol. Fertil. Soils 51, 847–856.

Hothorn, T., Bretz, F., and Westfall, P. (2008). Simultaneous inference in general parametric models. Biometrical J. 50, 346–363. doi: 10.1002/bimj.200810425

Inukai, Y., Sakamoto, T., Ueguchi-Tanaka, M., Shibata, Y., Gomi, K., Umemura, I., et al. (2005). Crown rootless1, which is essential for crown root formation in rice, is a target of an AUXIN RESPONSE FACTOR in auxin signaling. Plant Cell 17, 1387–1396. doi: 10.1105/tpc.105.030981

Kautz, T., Perkons, U., Athmann, M., Pude, R., and Köpke, U. (2013). Barley roots are not constrained to large-sized biopores in the subsoil of a deep Haplic Luvisol. Biol. Fertil. Soils 49, 959–963.

Kawai, T., Nosaka-Takahashi, M., Yamauchi, A., and Inukai, Y. (2017). Compensatory growth of lateral roots responding to excision of seminal root tip in rice. Plant Root 11, 48–57.

Kawai, T., Shibata, K., Akahoshi, R., Nishiuchi, S., Takahashi, H., Nakazono, M., et al. (2022). WUSCHEL-related homeobox family genes in rice control lateral root primordium size. Proc. Natl. Acad. Sci. U.S.A. 119:e2101846119. doi: 10.1073/pnas.2101846119

Kawata, S., and Shibayama, B. (1965). On the lateral root primordia formation in the crown roots of rice plant. Proc. Crop Sci. Soc. Jpn. 33, 423–431. doi: 10.1626/jcs.33.423

Kitomi, Y., Inahashi, H., Takehisa, H., Sato, Y., and Inukai, Y. (2012). OsIAA13-mediated auxin signaling is involved in lateral root initiation in rice. Plant Sci. 190, 116–122. doi: 10.1016/j.plantsci.2012.04.005

Ko, H. L., Cowan, D. C., Henry, R. J., Graham, G. C., Blakeney, A. B., and Lewin, L. G. (1994). Random amplified polymorphic DNA analysis of Australian rice (Oryza sativa L.) varieties. Euphytica 80, 179–189.

Kono, Y., Igeta, M., and Yamada, N. (1972). Studies on the developmental physiology of the lateral roots in rice seminal roots. Proc. Crop Sci. Soc. Jpn. 41, 192–204.

Lê, S., Josse, J., and Husson, F. (2008). FactoMineR: an r package for multivariate analysis. J. Stat. Softw. 25, 1–18.

Liu, S., Begum, N., An, T., Zhao, T., Xu, B., Zhang, S., et al. (2021). Characterization of root system architecture traits in diverse soybean genotypes using a semi-hydroponic system. Plants 10:2781. doi: 10.3390/plants10122781

Lucob-Agustin, N., Kawai, T., Kano-Nakata, M., Suralta, R. R., Niones, J. M., Hasegawa, T., et al. (2021). Morpho-physiological and molecular mechanisms of phenotypic root plasticity for rice adaptation to water stress conditions. Breed. Sci. 71, 20–29. doi: 10.1270/jsbbs.20106

Ma, S. C., Li, F. M., Xu, B. C., Huang, Z., and Bin. (2010). Effect of lowering the root/shoot ratio by pruning roots on water use efficiency and grain yield of winter wheat. Field Crops Res. 115, 158–164. doi: 10.1016/j.fcr.2009.10.017

Materechera, S. A., Alston, A. M., Kirby, J. M., and Dexter, A. R. (1992). Influence of root diameter on the penetration of seminal roots into a compacted subsoil. Plant Soil 144, 297–303.

Montagu, K. D., Conroy, J. P., and Atwell, B. J. (2001). The position of localized soil compaction determines root and subsequent shoot growth responses. J. Exp. Bot. 52, 2127–2133. doi: 10.1093/jexbot/52.364.2127

Pagès, L., Serra, V., Draye, X., Doussan, C., and Pierret, A. (2010). Estimating root elongation rates from morphological measurements of the root tip. Plant Soil 328, 35–44.

Qiao, S., Fang, Y., Wu, A., Xu, B., Zhang, S., Deng, X., et al. (2019). Dissecting root trait variability in maize genotypes using the semi-hydroponic phenotyping platform. Plant Soil 439, 75–90.

R Core Team (2020). R: a Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Rogers, E. D., and Benfey, P. N. (2015). Regulation of plant root system architecture: implications for crop advancement. Curr. Opin. Biotechnol. 32, 93–98. doi: 10.1016/j.copbio.2014.11.015

Saengwilai, P., Tian, X., and Lynch, J. P. (2014). Low crown root number enhances nitrogen acquisition from low-nitrogen soils in maize. Plant Physiol. 166, 581–589. doi: 10.1104/pp.113.232603

Sasaki, O., Yamazaki, K., and Kawata, S. (1981). The relationship between the diameters and the structures of lateral roots in rice plants. Jpn. J. Crop Sci. 50, 476–480.

Sasaki, O., Yamazaki, K., and Kawata, S. (1984). The development of lateral root primordia in rice plants. Jpn. J. Crop Sci. 53, 169–175.

Schneider, H. M., and Lynch, J. P. (2020). Should root plasticity be a crop breeding target? Front. Plant Sci. 11:546. doi: 10.3389/fpls.2020.00546

Shierlaw, J., and Alston, A. M. (1984). Effect of Soil Compaction on root-growth and uptake of phosphorus. Plant Soil 77, 15–28.

Sun, B., Gao, Y., and Lynch, J. P. (2018). Large crown root number improves topsoil foraging and phosphorus acquisition. Plant Physiol. 177, 90–104. doi: 10.1104/pp.18.00234

Suralta, R. R., Kano-Nakata, M., Niones, J. M., Inukai, Y., Kameoka, E., Tran, T. T., et al. (2018). Root plasticity for maintenance of productivity under abiotic stressed soil environments in rice: progress and prospects. Field Crop. Res. 220, 57–66.

Thaler, P., and Pagès, L. C. (1999). Why are laterals less affected than main axes by homogeneous unfavourable physical conditions? a model-based hypothesis. Plant Soil 217, 151–157.

Torrey, J. G. (1950). The induction of lateral roots by indoleacetic acid and root decapitation. Am. J. Bot. 37, 257–264.

Uga, Y. (2021). Challenges to design-oriented breeding of root system architecture adapted to climate change. Breed. Sci. 71, 3–12. doi: 10.1270/jsbbs.20118

Uga, Y., Sugimoto, K., Ogawa, S., Rane, J., Ishitani, M., Hara, N., et al. (2013). Control of root system architecture by DEEPER ROOTING 1 increases rice yield under drought conditions. Nat. Genet. 45, 1097–1102. doi: 10.1038/ng.2725

Van Staden, J., and Ntingane, B. M. (1996). The effect of a combination of decapitation treatments, zeatin and benzyladenine on the initiation and emergence of lateral roots in Pisum sativum. S. Afr. J. Bot. 62, 11–16. doi: 10.1016/s0254-6299(15)30571-8

Vysotskaya, L. B., Timergalina, L. N., Simonyan, M. V., Veselov, S. Y., and Kudoyarova, G. R. (2001). Growth rate, IAA and cytokinin content of wheat seedling after root pruning. Plant Growth Regul. 33, 51–57.

Wang, J., Chen, Y., Zhang, Y., Zhang, Y., Ai, Y., Feng, Y., et al. (2021). Phenotyping and validation of root morphological traits in barley (Hordeum vulgare L.). Agronomy 11, 1–15.

Watanabe, Y., Kabuki, T., Kakehashi, T., Kano-Nakata, M., Mitsuya, S., and Yamauchi, A. (2020). Morphological and histological differences among three types of component roots and their differential contribution to water uptake in the rice root system. Plant Prod. Sci. 23, 191–201.

Wei, T., and Simko, V. (2017). Package ‘Corrplot’: Visualization of a Correlation Matrix. Available Online at: https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html (accessed August 12, 2020).

White, R. G., and Kirkegaard, J. A. (2010). The distribution and abundance of wheat roots in a dense, structured subsoil – implications for water uptake. Plant Cell Environ. 33, 133–148. doi: 10.1111/j.1365-3040.2009.02059.x

Xu, D., Miao, J., Yumoto, E., Yokota, T., Asahina, M., and Watahiki, M. (2017). YUCCA9-mediated auxin biosynthesis and polar auxin transport synergistically regulate regeneration of root systems following root cutting. Plant Cell Physiol. 58, 1710–1723. doi: 10.1093/pcp/pcx107

Yamauchi, A., Kono, Y., and Tatsumi, J. (1987). Quantitative analysis on root system structures of upland rice and maize. Jpn. J. Crop Sci. 56, 608–617.

Yamauchi, A., Pardales, J. R., and Kono, Y. (1996). “Root system structure and its relation to stress tolerance,” in Roots and Nitrogen in Cropping Systems of the Semiarid Tropics, eds O. Ito, K. Katayama, C. Johansen, J. V. D. K. Kumar Rao, J. J. Adu-Gyamfi, and T. J. Rego (Tsukuba: JIRCAS), 211–223.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Kawai, Chen, Takahashi, Inukai and Siddique. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-13-830577-t002.jpg
Trait

Major traits
Maximum root depth
Seminal and crown root number
Total root length
Root diameter
Root area
Root volume
Specific root length
Root length intensity
Root tissue density
Root dry weight
Shoot dry weight
Total dry weight
Shoot to root ratio
Shoot height
Leaf number
Leaf area
Tiller number

Local traits
Root length s1
Root length s2
Root length s3
Root length s4
Root length s2-4
Root diameter length S
Root diameter length M
Root diameter length L
Root diameter length LL
Root diameter length CR
Root length proportion s1
Root length proportion s2
Root length proportion s3
Root length proportion s4
Root length proportion s2-4
Root length proportion S
Root length proportion M
Root length proportion L
Root length proportion LL
Root length proportion CR

Abbreviation

MRD
SCRN
TRL
RD
RA
RV
SRL
RLI
RTD
RDW
SDW
TDW
SRR
SH
LN

™

RL_s1
RL_s2
RL_s3
RL_s4
RL_s2-4
RL_S
RL_M
RL_L
RL_LL
RL_CR
RLP_s1
RLP_s2
RLP_s3
RLP_s4
RLP_s2-4
RLP_S
RLP_M
RLP_L
RLP_LL
RLP_CR

Description

The longest root length (seminal or crown root)
Seminal and crown root number

Total root length

Average root diameter

Root surface area

Root volume

Total root length per unit root dry mass

Total root length per unit root depth

Root dry mass per unit root volume

Root dry mass

Shoot dry mass

Total dry mass (sum of root and shoot dry mass)
Shoot-to-root dry mass ratio

Shoot height measured to the tallest leaf

Leaf number of main stem

Leaf area

Tiller number

Root length in section 1 (s1, 0-10 cm; above cutting depth)
Root length in section 2 (s2, 10-20 cm)

Root length in section 3 (s3, 20-30 cm)

Root length in section 4 (s4, >30 cm)

Root length in section 2-4 (s2-4, >10 cm; below cutting depth)
Root length with diameter < 80 um (S-type lateral root)

Root length with diameter 80-150 pum (S- and L-type lateral root)
Root length with diameter 150-300 wm (L-type lateral root)

Root length with diameter 300-500 um (thick L-type lateral root and thin crown root)
Root length with diameter > 500 pm (seminal and crown root)
Proportion of RL_s1 per total root length

Proportion of RL_s2 per total root length

Proportion of RL_s3 per total root length

Proportion of RL_s4 per total root length

Proportion of RL_s2-4 per total root length

Proportion of RL_S per total root length

Proportion of RL_M per total root length

Proportion of RL_L per total root length

Proportion of RL_LL per total root length

Proportion of RL_CR per total root length

Unit

cm
number per plant
cm
wm

cm?

cmmg™!
cmem™!

mg cm~3

mg

mg

mg

mg mg~"

cm

Number per plant
cm?

Number per plant

cm
cm
cm
cm
cm
cm
cm
cm
cm
cm
%
%
%
%
%
%
%
%
%
%





OPS/images/fpls-13-830577-t003.jpg
Trait

Maximum root depth (cm)
Seminal and crown root number
Total root length (cm)

Root diameter (um)

Root area (cm?)

Root volume (cm®)

Specific root length (cm mg=")
Root length intensity (cm cm~1)
Root tissue density (mg cm~3)
Root dry weight (mg)

Shoot dry weight (mg)

Total dry weight (mg)

Shoot to root ratio (mg mg=")
Shoot height (cm)

Leaf number

Abbreviation

MRD
SCRN
TRL
RD
RA
RV
SRL
RLI
RTD
RDW
SDw
TDW
SRR
SH
LN

Minimum

16.5
1.8
416
165
34.0
0.17
14.2
12.5
100
22
93
115
1.9
222
4.8

Maximum

43.9
28.3
2782
283
179.1
0.96
43.2
735
162
107
299
363
5.9
41.2
6.3

Mean

29.9
171
1302
210
80.7
0.42
26.3
4141
121
49
176
225
4.0
31.9
5.4

Median

202
17.8
1203
208
7.2
0.40
27.6
41.8
116
45
162
197
4.0
31.6
5.3

Sb

6.6
5.6
668
30
37.7
0.18
6.4
14.3
16
20
65
80
1.0
5.4
0.5

cv

0.22
0.33
0.51
0.14
0.47
0.44
0.24
0.35
0.14
0.42
0.37
0.36
0.25
0.17
0.09

Significance

Significance was based on one-way ANOVA of the 20 genotypes (n = 3-6) (**P < 0.01; **P < 0.001, n.s., not significant).
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Trait PC1
MRD 0.73
SCRN 0.14
TRL 0.97
RD -0.55
SRL 0.60
RLI 0.89
RTD 0.00
RDW 0.82
SDW 0.91
TDW 0.95
SRR 0.01
PH 0.87
LN 0.59
Variation proportion

Eigenvalue 6.4
Variance (%) 49.5
Cumulative variance (%) 49.5

PC2

-0.24
0.88
0.11
0.56

-0.65
0.28

-0.18
0.54

-0.12
0.04

-0.81

-0.06
0.14

2.7
20.7
70.2

PC3

0.15
-0.20
-0.10

0.57
-0.19
-0.21
-0.63
-0.07

0.22

0.16

0.40
-0.08

0.68

1.6
12.2
82.4

PC4

-0.29
0.19
-0.12
0.07
-0.35
-0.09
0.72
-0.02
0.28
0.22
0.40
0.06
0.21

1.1
8.7
911

For each trait, the largest loading score (absolute value) among the four

components are in bold.
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Trait Abbreviation Minimum Maximum Mean Median SD cv Significance
G T GxT

Maximum root depth (cm) MRD 19.4 42.2 30.6 29.3 7.8 0.25 o e n.s.
Seminal and crown root number SCRN 1.0 32.5 18.6 22.0 9.8 0.53 . n.s. n.s.
Total root length (cm) TRL 538 4820 2446 2187 1395 0.57 n.s. n.s.
Root diameter (um) RD 155 358 243 235 62 0.26 . n.s. *
Root area (cm?) RA 49.3 288.2 165.3 149.8 78.6 0.48 n.s. n.s.
Root volume (cm?) RV 0.37 1:51 0.96 0.93 0.43 0.44 n.s. n.s.
Specific root length (cm mg~") SRL 10.4 59.6 27.5 24.6 16.1 0.58 . n.s. n.s.
Root length intensity (cm cm~1) RLI 14.8 160.2 79.3 74.4 42.4 0.563 P i n.s.
Root tissue density (mg cm*3) RTD 89.4 2.3 99.4 97.4 71 0.07 n.s. n.s. n.s.
Root dry weight (mg) RDW 35 163 95 93 46 0.48 s n.s. n.s.
Shoot dry weight (mg) SDW 114 358 236 239 94 0.40 n.s. n.s.
Total dry weight (mg) TDW 149 521 331 364 125 0.38 n.s. n.s.
Shoot to root ratio (mg mg~") SRR 1.7 6.6 3.0 2.1 1.8 0.60 o n.s. n.s.
Shoot height (cm) SH 21.5 40.6 29.6 29.3 7.0 0.23 n.s. n.s.
Leaf number LN 5.0 6.0 5.6 55 0.3 0.06 08 n.s. n.s.
Leaf area (cm?) LA 9.2 32.8 20.6 21.3 8.0 0.39 n.s. n.s.
Tiller number TN 0.3 2.3 1.2 1.3 0.5 0.42 * n.s. n.s.

Significance was based on two-way ANOVA (n = 3-6) (*p < 0.05; **p < 0.001; n.s., not significant). G, genotype, T, treatment.
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Australian genotypes
Japanese genotypes

Mutants

Bogan, Calrose (Originated from US), Goolarah, Inga, Langi, Pelde, Quest, Reizig, YRL38, YRW4

Akihikari, Koshihikari, Nipponbare, Somewake, Taichung 65

crlt Reduced crown roots (Inukai et al., 2005)
T12-3, T12-36 Increased L-type LRs and decreased S-type LRs and main root growth (Kawai et al., under review)
Osiaa13 Reduced LRs and gravitropism (Kitomi et al., 2012)

ghb/Oswox5 Reduced CRs and S-type LRs and increased L-type LRs after root cutting (Kawai et al., 2022)
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Trait Abbreviation Genotype Cutting CRM Genotype Genotype Cutting Genotype

x Cutting x CRM x CRM x Cutting x CRM
Maximum root depth MRD e e = n.s. n.s. n.s. n.s.
Seminal and crown root number  SCRN n.s. n.s. * n.s. > n.s. n.s.
Total root length TRL e n.s. n.s. n.s. n.s. n.s. n.s.
Root diameter RD e n.s. o n.s. * n.s. n.s.
Root area RA 5 n.s. n.s. n.s. n.s. n.s. n.s.
Root volume RV n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Specific root length SRL e n.s. ¥ n.s. n.s. n.s. n.s.
Root length intensity RLI = i n.s. n.s. * n.s. n.s.
Root tissue density RTD = n.s. n.s. n.s. n.s. n.s. n.s.
Root dry weight RDW n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Shoot dry weight SDW n.s. n.s. n.s. n.s. * n.s. n.s.
Total dry weight TDW n.s. n.s. n.s. n.s. * n.s. n.s.
Shoot to root ratio SRR n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Shoot height SH e n.s. n.s. n.s. n.s. n.s. n.s.
Leaf number LN n.s. n.s. * n.s. * n.s. n.s.
Leaf area LA n.s. n.s. n.s. S * n.s. n.s.
Tiller number TN n.s. n.s. n.s. n.s. " n.s. n.s.

Significance was based on three-way ANOVA (n = 3-6) ("p < 0.05; *p < 0.01; **p < 0.001; n.s., not significant).





