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Hydroxyurea (HU) is the replication stress known to carry out cell cycle arrest by inhibiting ribonucleotide reductase (RNR) enzyme upon generating excess hydrogen peroxide (H2O2) in plants. Phytohormones undergo synergistic and antagonistic interactions with reactive oxygen species (ROS) and redox signaling to protect plants against biotic and abiotic stress. Therefore, in this study, we investigated the protective role of Indole-3-acetic acid (IAA) in mitigating HU-induced toxicity in rice seedlings. The results showed that IAA augmentation improved the growth of the seedlings and biomass production by maintaining photosynthesis metabolism under HU stress. This was associated with reduced H2O2 and malondialdehyde (MDA) contents and improved antioxidant enzyme [superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), and peroxidase (POD)] activity that was significantly affected under HU stress. Furthermore, we showed that the HU stress-induced DNA damage leads to the activation of uridine 5′-diphosphate-glucosyltransferase (UGT), which mediates auxin homeostasis by catalyzing IAA-glucose conjugation in rice. This IAA-glucose conjugation upregulates the RNR, transcription factor 2 (E2F2), cyclin-dependent kinase (CDK), and cyclin (CYC) genes that are vital for DNA replication and cell division. As a result, perturbed IAA homeostasis significantly enhanced the key phytohormones, such as abscisic acid (ABA), salicylic acid (SA), cytokinin (CTK), and gibberellic acid (GA), that alter plant architecture by improving growth and development. Collectively, our results contribute to a better understanding of the physiological and molecular mechanisms underpinning improved growth following the HU + IAA combination, activated by phytohormone and ROS crosstalk upon hormone conjugation via UGT.
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INTRODUCTION

Plants, as sessile organisms, are constantly challenged by a wide range of environmental stresses that often cause crop or yield losses. Reactive oxygen species (ROS) is an important signaling molecule that regulates plant growth and development in response to various stresses. Under adverse environmental stress, plants accumulate excess ROS, specifically H2O2, which results in molecular, biochemical, and physiological damage due to over-oxidation of essential macromolecules such as DNA, protein, and membrane lipids by inhibiting ROS-scavenging enzymes (Das and Roychoudhury, 2014). The interplay between ROS and plant hormones regulates the stress response and drives changes in transcriptomic, metabolic, and proteomic networks that lead to plant acclimation and survival (Bright et al., 2006). In Arabidopsis, ROS directly regulates the auxin activity in an H2O2-dependent mitogen-activated protein kinase cascade, which alters auxin sensitivity by suppressing the expression of auxin-inducible genes (Xia et al., 2015). Apart from auxin, ROS is also induced by drugs like HU and Bleomycin (BM) and it is also found to affect cell cycle regulation (Vanderauwera et al., 2011). Hydroxyurea (HU) is the DNA damage agent known to carry out cell cycle arrest by inhibiting the activity of ribonucleotide reductase (RNR) enzymes leading to an altered dNTP pool essential for DNA replication and cell cycle progression (Sakano et al., 2001; Cools et al., 2010; Winnicki, 2013). The RNR function is to make deoxyribonucleotides by directly reducing ribonucleotides, which is the rate-limiting step in de novo synthesis (Reichard, 1988). The HU directly targets RNR by inhibiting H2O2 decomposing enzyme catalase. The RNRs are localized in the chloroplast, and the altered activity decreases the cell cycle, chlorophyll biosynthesis, and retarded growth (Juul et al., 2010; Gu et al., 2020).

Glycosylation is a widespread molecular modification in both prokaryotic and eukaryotic species and is critical to maintaining metabolic balance by regulating the signaling molecule and defense compound (Lairson et al., 2008). Glucosyltransferases are responsible for glycosylation which binds active donor sugar moieties to various receptor molecules, including a given class of phytohormones, metabolites, xenobiotics, and pathogen antigens (Coutinho et al., 2003; Bowles et al., 2005). Phytohormones and their conjugations are considered vital due to their crucial hormone homeostasis role in regulating physiological active hormone levels during a plant’s growth and development. Most plant hormone conjugation is not physiologically active, but instead, it is known to participate in the transport, storage, and degradation (Sembdner et al., 1994). Auxins are the plant hormones that are well-known for their regulatory roles in plant growth and development throughout its life cycle, including apical dominance, vascular development, postembryonic organogenesis, plant tropism, fruit development, senescence, and stress response (Sundberg and Østergaard, 2009; Grunewald and Friml, 2010). At the same time, the endogenous auxin level is maintained by various mechanisms, including biosynthesis, degradation, transport, and formation of conjugation (Bajguz and Piotrowska, 2009). Over the decades, several crucial hormone glucosyltransferases that catalyze the transfer of activated sugars to hormones in plants play vital roles in regulating their homeostasis and stress tolerance. For example, rice OsIAGT1 (Liu et al., 2019), OsZOG1 (Shang et al., 2016), Arabidopsis AtJGT1 (Song, 2005), and bean PvABAGT (Palaniyandi et al., 2015) have the glucosylating activity toward IAA, cytokinin (CTK), Jasmonic acid (JA), and abscisic acid (ABA). The iaglu was the first cloned IAA glucosyl transferases gene in maize (Szerszen et al., 1994). But their biochemical characterization has been reported by Leźnicki and Bandurski (1988) and Kowalczyk and Bandurski (1991). In rice, iaglu was recently characterized to show regulatory activity on seed vigor, root growth, and stress tolerance by integrating multiple hormonal pathways (He et al., 2020; Zhao et al., 2020). The auxin glucosyltransferases UGT84B1, UGT74E2, and UGT74D1 genes are known to encode auxin glucosyltransferases in Arabidopsis (Jackson et al., 2001). However, their glycosylation activity differs between IAA and indole-3-butyric acid (IBA), while UGT84B1displayed higher activity toward IAA, with considerable activity toward IBA and indole-3-pyruvic acid (IPA) (Jackson et al., 2001), UGT74E2, and UGT74D1 chose IBA as their conjugation substrate rather than IAA (Tognetti et al., 2010). In addition, the activity of IAA glucosyltransferases has also been identified in the seeds of pea (Pisum sativum) (Jakubowska and Kowalczyk, 2004; Ostrowski et al., 2015). The effect of auxin application on the Arabidopsis roots treated with HU stress displayed a phenotype with a considerable increase in the number of sites of lateral root initiation with respect to control and HU treatment, and the mechanism responsible for the growth-promoting role following HU + NAA treatment remains elusive (Topping and Lindsey, 1997). Based on the available knowledge in literature, the combined treatment of HU and phytohormones (i.e., auxin and cytokinin) in response to the plants still awaits detailed investigation. Thus, studies concentrating on how phytohormones (i.e., IAA) influences the HU stress should be of a broader scope that addresses a set of questions: (1) What is an interaction between the IAA and hydroxyurea? (2) How IAA improves the plant growth under HU stress. And most importantly, what is the mechanism involved in enhancing plant growth upon HU + IAA. Answering these questions is undoubtedly, a long-lasting task, and requires knowledge from multiple aspects like hormone conjugation, phytohormone crosstalk, and ROS signaling pathway.

With this backdrop, the present study was designed to elucidate the possible mechanism involved in the IAA-mediated changes of HU toxicity in retarded rice seedlings. The influence of IAA on HU-induced changes of growth, photosynthesis, DNA damage, cell division, cellular integrity, and antioxidant defense enzymes activities has been investigated. This study provides new insights into physiological and molecular mechanisms underlying enhanced growth upon HU + IAA treatment, triggered by the interplay of phytohormones with ROS signaling, and paved the way for the functional relevance of HU on plant glycosylation studies.



MATERIALS AND METHODS


Plant Genetic Materials, Treatments, and Sampling

The rice cultivar (Dongjin) seeds obtained from the Rural Development Administration (RDA, South Korea) were used in this study. Uniform and healthy seeds were surface-sterilized with 1% (v/v) sodium hypochlorite solution (NaOCl). Then, the seeds were germinated in a Petri dish for 3 days in the dark in a temperature-controlled room at 37°C. After germination, 3-day-old identical seedlings were selected and transferred to an aquaponic growing foam board container with half-strength Murashige and Skoog (½ MS) nutrient medium (Sigma-Aldrich, MO, United States). Then, the plants were grown in MS medium with HU and IAA (alone or combined, for 3 days. Four treatment groups of plants were maintained: control (CK), HU (1 mM), IAA (0.3 μM), and HU (1 mM) + IAA (0.3 μM). Plants were kept in a temperature-controlled growth chamber set at 28°C with 60% relative humidity and a photoperiod of 16/8 h (light/dark). The shoot and root samples were collected from 6-day-old seedlings and stored at –80°C for further experiments.



Measurement of the Chlorophyll Content and Photosynthetic Rate

The method of Arnon (1949) was followed to measure the total chlorophyll, chlorophyll a, and chlorophyll b contents. Briefly, leaf samples of 200 mg were taken in test tubes and then added to 2 ml of 80% acetone. These samples were incubated at 65°C until the samples became colorless. The chlorophyll contents were read at 645 and 663 nm. The amount of chlorophyll content was calculated and expressed as μg/ml. Photosynthetic efficiency as the quantum yield of photosystem II (i.e., Fv/Fm) was measured as described by Chen et al. (2019) using an ultra-portable modulated chlorophyll fluorometer (Mini-PAM II Photosynthesis Yield Analyzer, WALZ, Germany). The minimal (F0) and maximal fluorescence yield of the dark-adapted state (Fm) emissions were assessed in the leaves after 20 min of dark adaptation, and the maximum quantum yield of PSII was calculated as Fv/Fm = (Fm–F0)/Fm.



DAB and PI Staining

The H2O2 superoxide generated inside the cell was observed using DAB staining. The root samples were immersed with DAB-hydrogen chloride (HCl) solution (0.5 mg/ml, pH 3.8) for 30 min with a mild shaking in an incubator at room temperature. The DAB reacted with H2O2 to develop the brown product in roots, which was further observed and captured using a light microscope. The cell death of the roots of the rice was observed using PI. The harvested roots around 15 mm were loaded with 20 μM of PI for 15 min at 25°C. The fluorescence was captured using the Olympus FluoView FV1,000 confocal microscope at an excitation of 535 nm and emission of 615 nm.



Determination of H2O2 and Malondialdehyde Content

The H2O2 content was estimated according to the method previously described by Velikova et al. (2000). Root samples (0.25 g) were homogenized with 3 ml of 0.1% (w/v) trichloroacetic acid (TCA) in an ice bath. The supernatant was collected after centrifugation at 12,000 × g for 15 min. Next, to the 0.5 ml of 10 mM potassium phosphate buffer (pH 7.0) and 0.75 ml of 1 M KI, 0.5 ml aliquot of the supernatant was added. The H2O2 content was determined based on the absorbance of the supernatant at 390 nm, and it was expressed as nmol g–1 fresh weight. Lipid peroxidation was measured by estimating MDA according to the method of Heath and Packer (1968). Root samples (0.25 g) were homogenized with 5% (w/v) TCA and centrifuged at 11,500 × g for 12 min. The supernatant was mixed with 20% TCA containing 0.5% TBA and heated at 95°C for 30 min. The MDA content was measured from the difference in absorbance at 532 and 600 nm, respectively, and expressed as nmol g–1 fresh weight.



Electrolyte Leakage Analysis

The electrolyte leakage (EC) was measured as previously described by Dionisio-Sese and Tobita (1998). Fresh leaf samples (200 mg) were cut into pieces (approximately 5 mm) and placed in test tubes containing 10 ml of deionized water. The test tubes were fixed with plastic caps and incubated in a water bath (32°C). After 2 h, the initial EC of the medium (EC1) was quantified using the conductivity meter HI2300 (Hanna Instruments, Woonsocket, RI, United States). The samples were autoclaved at 121°C for 20 min, and the final EC (EC2) was measured. Relative EC was calculated by the following formula:
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Assay of Antioxidant Enzymes

Root samples (100 mg) were frozen in liquid nitrogen and homogenized in 200 μl of different extraction buffer: for ascorbate peroxidase (APX), catalase (CAT) (pH 7.0), peroxidase (POD) (pH 6.0), and superoxide dismutase (SOD) (pH 7.8). The homogenate was centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant was collected to determine the activity of APX, CAT, POD, and SOD. Total proteins were determined with the same buffer solution, and the quantification was made using the Bradford method. The APX activity was quantified according to the decrease in the ascorbate content. The 1-ml reaction mixture contained 830 μl of 50 mM HEPES and 0.1 mM of EDTA buffer (pH 7.0), 50 μl 0.6 mM of ascorbic acid, 100 μl of 0.06 mM H2O2, and 20μl of crude enzyme solution. The APX activity was recorded at 290 nm, and the results were expressed as μmol g–1 fresh weight (Nakano and Asada, 1981). The CAT activity was estimated upon the decrease of H2O2 content in a 1-ml reaction mixture containing 650 μl of 50 mM PBS (pH 7.0), 330 μl of 0.1% H2O2, and 20 μl of enzyme solution was prepared. The CAT activity was measured at 240 nm, and the results were expressed as μmol g–1 fresh weight (Aebi, 1984). POD was estimated according to the production rate of pyrogallol. The 1-ml of the reaction mixture consists of 420 μl of 100 mM potassium phosphate buffer (pH 6.0), 320 μl of 5% pyrogallol, 6 μl of 30% H2O2, and 20 μl of enzyme solution. The change was recorded at 420 nm for 20 s after the reaction began and was expressed as μmol g–1 fresh weight (Kwak et al., 1995). The SOD activity was detected by determining its ability to inhibit nitroblue tetrazolium (NBT) photochemical reduction. A 1-ml reaction mixture containing 500 μl of 50 mM PBS (pH 7.8), 100 μl and 20 μM of riboflavin, 100 μl and 150 mM of L-methionine, 100 μl and 750 μM of NBT, 100 μl and 100 μM of EDTA, 80 μl of H2O, and 20 μl of crude enzyme solution was incubated for 20 min under a white fluorescent lamp. The SOD activity was measured at 560 nm (Beauchamp and Fridovich, 1971).



1,1-Diphenyl-2-Picrylhydrazyl Antioxidant Activity Assay

The antioxidant capacity of the samples was measured as previously described by Kumaran and Joel karunakaran (2006) based on the scavenging activity of the stable 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical. Briefly, various dilutions of the sample extracts were prepared. An aliquot of 500 μl of a diluted extract was added with 500 μl of freshly prepared 0.004% DPPH in methanol and incubated in the dark for 30 min at room temperature. The absorbance at 517 nm against blank was used to calculate [(A0–A1)/A0] × 100, where A0 is the absorbance of the control, and A1 is the extract.



Sugar Content Analysis

The glucose content was quantified using a commercial Starch Assay Kit (SA-20, Sigma-Aldrich, St. Louis, MO, United States), and all steps were performed strictly following the technical instruction. The absorbance of samples was measured at 340 nm and expressed as mg-g–1dry weight. The sugar content was measured using Agilent 1100 series high-performance liquid chromatography (Agilent Technologies, CA, United States) with the RI -101, refractive index detector (shodex, Denmark). A total of 200 mg of the sample was finely powdered and dissolved in 1 ml of ethanol (80%) and incubated at 50°C for 30 min. Then centrifuged for 3,500 g for 15 min and was repeated twice to obtain all the available supernatant. Then the sample was loaded in a metacarp 87 H column and then eluted at 0.5 ml/min at 25°C. The mobile phase consisted of 0.005 M H2SO4. The standard curve was prepared by using glucose, fructose, and sucrose (mg/ml) at analytical purity. All the samples were repeated and measured three times.



Number of Apurinic/Apyrimidinic Sites in DNA

A kit obtained from BioVision (Zurich, Switzerland) was used to measure apurinic/apyrimidinic (AP) sites in DNA (three replicates for each treatment group). According to the manufacturer’s instructions, fresh samples were harvested and ground into a fine powder using liquid nitrogen, and DNA was isolated using DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). All genomic DNA samples were diluted to 0.1 μg/μl for accurate assay, and the absorbance of the sample was measured at 650 nm.



Quantification of Hormones

The quantitative analysis of phytohormones was performed as described by Pan et al. (2010). Fresh root samples of 50 mg were ground into a fine powder using liquid nitrogen and mixed with 500 μl of extraction solvent (2-propanol/H20/concentrated HCL 2:1:0.002, vol/vol/vol), vigorously shaken on a shaking bed for 30 min at 4°C. About 1 ml of dichloromethane was added and again kept in the shaker for 30 min at 4°C. And then centrifuged at 13,000 g for 5 min at 4°C. The supernatant was carefully transferred to a new 1.5-ml tube and concentrated using a nitrogen evaporator with nitrogen flow. The sample was redissolved in 0.1 ml methanol, and 50 μl of sample solution was injected into a C18 (reverse-phase) HPLC column for the (HPLC–ESI–MS/MS) analysis. Agilent 1100 HPLC (Agilent Technologies, CA, United States), Waters C18 column (150 × 2.1 mm, 5 μm), and API3000 MSMRM (Applied Biosystems, CA, United States) were used for the analysis. The elution gradient was carried out with a binary solvent system consisting of 0.1% formic acid in water (Solvent A) and 0.1% formic acid in methanol (solvent B) at a 0.5 ml/min flow rate. The content of the hormone (ABA, SA, JA, GA, CTK, and IAA) was determined using a standard external method (ng/g FW) with three biological replications.



RNA Isolation, Complementary DNA Synthesis, and Quantitative Real-Time PCR Analysis

Total RNA was isolated using the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, United States), according to the manufacturer’s instructions, and treated with RNase-free DNase I (Promega, WI, United States). The first-strand of complementary DNA (cDNA) was prepared by Revert Aid M-MuLV Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer’s guidelines. The primers used for quantitative real-time PCR (qRT-PCR) analysis are listed in Supplementary Table 1, Aliquots for qRT-PCR reactions included 20 μl of final volumes containing 1 μl of cDNA, 1 μl of each primer (10 μM), 7 μl of dH2O, and 10 μl of SYBR Green PCR Master Mix kit (Toyobo, Japan). All reactions were performed three times in a 96-well reaction plate using the CFX96 Real-Time PCR detection system (Bio-Rad, CA, United States). Three biological replicates were performed for each sample. Ubiquitin gene from the rice was used to normalize, and the change in the transcripts was measured using the 2–ΔΔ CT method.



Protein Isolation and Immunoblotting Analysis

Immunoblot analysis was performed according to the method of Li et al. (2011). About 200 mg of sample was finely powdered in liquid nitrogen. About 400 μl of aliquot of extraction buffer [62.5 mM TRIS-HCl (pH 7.4), 10% glycerol, 0.1% SDS, 2 mM EDTA, 1 mM phenylmethylsulphonyl fluoride (PMSF), and 5% (v/v) β-mercaptoethanol] was added; then, the sample mixture was vortexed and incubated on ice for 10 min. After two rounds of centrifugation at 12,000 × g for 10 min, at 4°C, the supernatants were collected and stored at –80°C until use. The protein concentrations of the samples of the rice tissues were obtained using the Bradford method. For immunoblot analysis, 30 μg of total protein samples were separated on SDS-PAGE 12.5% polyacrylamide gel and transferred to polyvinylidene fluoride (PVDF) membranes. Proteins were determined using a mouse anti-RbcL as a primary antibody (1:5,000; Agri sera AB, Vannas, Sweden) and horseradish peroxidase (HRP) conjugated anti-mouse as a secondary antibody (1:2,000). Using an ECL kit (Bio-Rad, Laboratories, United States), the antibody-protein complexes were visualized.



Statistical Analysis

The result was shown as the mean of at least three replicates with standard deviation (SD). All the data were analyzed statistically by one-way ANOVA, and the mean differences were evaluated by Fisher’s post-test using the Minitab software (Minitab., Inc., State College, PA, United States). A significance threshold of p < 0.05 level was applied.




RESULTS


Indole-3-Acetic Acid Improves Plant Growth Under Hydroxyurea-Stress

The 3-day-old rice seedlings were treated either with HU or IAA alone and in combination (HU + IAA) for 3 days to know how IAA influenced the HU stress. The results showed that the root length was significantly decreased under HU stress compared to the control, whereas HU + IAA mitigated the root length reduction caused by HU and improved the root length compared to HU-treated plants (Figures 1A,B). Similarly, plants treated with HU + IAA prevented the shoot growth and biomass decrease than the HU-treated plants (Figures 1A–C). Besides, the plants treated with HU significantly reduced chlorophyll content, whereas IAA-treated plants had a slight increase than the control (Figure 1D). When HU and IAA were applied together, chlorophyll content was significantly increased compared to HU-treated plants. Collectively, these results suggested that IAA reduced the effect of HU stress on plant growth.
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FIGURE 1. Response of rice seedlings to IAA treatment under HU stress. (A) The phenotypic response of 3-day-old rice seedlings to HU, IAA, and their combination treatment. Bar = 1 cm. (B) Shoot and root length of the 3-day-old rice seedling, (C) plant fresh and dry biomass, and (D) chlorophyll contents. Different letters indicate significant differences between treatments, tested by one-way ANOVA followed by Fisher’s test (n = 3, p < 0.05). CK, Control; HU, Hydroxyurea; IAA, indole-3-acetic acid.




Indole-3-Acetic Acid Maintains Photosynthesis Metabolism Under Hydroxyurea Stress

The rice seedlings treated with HU, IAA, and HU + IAA were analyzed for photosynthesis-related parameters to see if IAA maintains photosynthesis performance under HU stress. The photochemical efficiency (Fv/Fm) of Photosystem II was decreased under HU stress compared to the control, while HU + IAA significantly increased the photochemical efficiency of the plants treated with HU (Figure 2A). The photosynthetic efficiency is directly linked to the Ribulose-1,5- bisphosphate carboxylase/oxygenase (Rubisco) enzyme activity. The HU stress significantly downregulated the Rubisco expression in transcript and protein levels compared to the IAA and control. However, it was significantly upregulated by HU + IAA (Figure 2B). Moreover, chloroplast synthesis and development are regulated by the integrated expression of plastid and nuclear genes. Thus, we examined the transcript level of the positive and negative regulators of the genes involved in chloroplast biogenesis. The HU stress suppressed the transcript levels of psbA, RbcL, and DVR genes that are key positive regulators of chloroplast formation and photoautotrophic growth. However, when IAA was combined with HU, the transcript levels of these genes were upregulated (Figure 2C). In contrast, the transcript levels of rpoA, rpoB, and rpoC1 genes related to the negative regulation of chloroplast formation were significantly upregulated under HU stress while they were downregulated following HU + IAA treatment (Figure 2D). These observations suggest that HU-induced adverse effects on chloroplast formation and development were enhanced upon HU + I AA treatment.
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FIGURE 2. The IAA-treated rice plant’s photosynthesis performance under HU stress. (A) Photosynthetic PSII efficiency in the leaves of plants treated with HU, IAA, and their combination (n = 8). (B) Rubisco large subunit (RbcL) protein expression (top panel) and protein loading control were confirmed by Coomassie blue staining (bottom panel). (C,D) Transcript levels of plastid-nuclear genes involved in chlorophyll biosynthesis. Different letters indicate significant changes between treatments, tested by one-way ANOVA followed by Fisher’s test (n = 3, p < 0.05). CK, Control; HU, Hydroxyurea; IAA, indole-3-acetic acid.




Indole-3-Acetic Acid Treatment Increases the Ribonucleotide Reductase Activity and Enhances the Chlorophyll Accumulation

As shown in Figures 3A–C, the HU inhibits the activities of the RNRs enzyme that are highly temperature-sensitive. Compared to IAA and control plants, the HU-treated plants showed a chlorosis phenotype in leaves at low temperatures (20 and 23°C). However, this effect was slightly improved under favorable conditions (28°C) compared to control. Notably, HU + IAA-treated plant showed a recovery from chlorosis phenotype at all the temperatures. These results suggest that phenotypic development upon HU + IAA is closely associated with increased RNR activity under ambient temperatures.
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FIGURE 3. Phenotype characteristics of rice plants treated with HU, IAA, and their combination grown in a plant growth chamber with 12 h of light/12 h of darkness at 20°C, 23°C, and 28°C, respectively (A–C). CK, Control; HU, Hydroxyurea; IAA, indole-3-acetic acid.




Indole-3-Acetic Acid Treatment Decreases DNA Damage Under Hydroxyurea Stress

To elucidate the potential role of IAA on the DNA damage induced by HU stress, the HU-induced DNA damage and the resulting alterations in purine/pyrimidine and carbohydrate metabolisms and their transporter activity were evaluated. Interestingly, in the HU-treated plants, the DNA damage in response to H2O2 was more evident with a substantial upregulation in the accumulation of apurinic/apyrimidinic (AP) sites than the control and IAA-treated plants (Figure 4A). Furthermore, the accumulation of sugar was stimulated in response to HU treatment. Compared to the control and the other treatments, sucrose, glucose, and fructose contents were significantly increased following the HU treatment (Figures 4B,C). Also, the transcript levels of sucrose transporter genes (SUT1, SUT2, and SWEET15) decreased in HU-treated plants compared to the control (Figure 4D). In contrast, a strong alleviating effect of IAA on HU was observed in HU + IAA treatment; the transcript levels of these genes were increased. It provided significant protection against DNA damage. Overall, these results indicate that IAA alleviated DNA damage and sugar transport inhibition, resulting in the decreased accumulation of sugars in the chloroplast.
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FIGURE 4. DNA damage in rice plants treated with IAA, HU, and their combination. (A) Quantification of apurine/apyrimidine (AP) sites from the plants treated with HU, IAA, and their combination. (B) Sugar contents were analyzed using HPLC analysis. (C) Glucose contents. (D) The transcript level of starch and sucrose transporter genes (SUT1, SUT2, and SWEET15). Different letters indicate significant differences between treatments, tested by one-way ANOVA followed by Fisher’s test (n = 3, p < 0.05). CK, Control; HU, Hydroxyurea; IAA, indole-3-acetic acid.




Indole-3-Acetic Acid Regulates the Hydroxyurea-Induced DNA Replication and Cell Cycle Arrest

The HU stress is known to disturb the RNR activity that negatively regulates the replication of chloroplast DNA. In contrast, auxin plays a prominent role in regulating both cell proliferation and cell expansion. Thus, to ascertain the specific cell cycle role of IAA in response to HU, we analyzed the transcription level of several genes related to the cell cycle. The RNR of large and small subunits (RNRL1 and RNRS2) are related to DNA duplication. Cyclin-dependent kinase (CDKA2) primarily expressed in the dividing zone of roots throughout the cell cycle, and their regulatory partner cyclins (CYCD3; 1 and CYCA1; 1) are required for the normal regulation of G1/S and G2/M transitions. Transcription factor 2 (E2F2) regulates cell cycle entry and progression in which the transcript levels of all these genes were significantly downregulated in HU treatment relative to the control (Figure 5A). Importantly, IAA and HU + IAA combination treatment displayed a remarkable upregulation of the RNRs, E2F2, and CDK-CYCs genes. In contrast, the CDK inhibitor, KRP3, negatively affects cell division, the transcript levels in both IAA and HU + IAA were decreased compared to HU and the control. Furthermore, the accumulation of dead cells triggered by HU treatment was reduced in the HU + IAA treatment (Figure 5B). These results indicate that the addition of IAA alleviated the HU-induced cell cycle arrest by stimulating the RNR.
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FIGURE 5. Role of IAA treatment on HU in DNA replication and cell cycle in rice seedlings. (A) The transcript level of key cell cycle-related marker genes. (B) Confocal images of PI-stained root tips. Different letters indicate significant differences between treatments, tested by the one-way ANOVA followed by Fisher’s test (n = 3, p < 0.05). CK, Control; HU, Hydroxyurea; IAA, indole-3-acetic acid.




Indole-3-Acetic Acid Mitigates the Oxidative Effects of Hydroxyurea Stress by Regulating the Antioxidant System

To know the protective role of IAA in plant growth under HU stress, we examined the oxidative stress indicators (H2O2, MDA, and EL) and antioxidant enzyme activities. The H2O2 accumulation was visualized through histochemical staining with DAB reagent in root samples, and a solid brown color deposit was observed in the HU than in the control and IAA-treated plants. Furthermore, the H2O2 content significantly increased under HU stress, which was consistent with qualitative results. On the other hand, plants treated with HU + IAA showed a reduction in brown color deposit and H2O2 levels compared to HU-treated plants (Figures 6A,B). Likewise, MDA and EL levels were also decreased in HU + IAA-treated plants than in the HU-treated plants (Figure 6C and Supplementary Figure 1A). Moreover, under HU stress, the activities of all the enzymes (SOD, APX, CAT, and POD) were decreased (Figures 6D–F and Supplementary Figure 1B). In particular, the CAT activity was significantly reduced when compared to the control. Conversely, HU + IAA significantly increased the activities of all antioxidant enzymes and their radical scavenging capacity than in the HU-treated plants (Supplementary Figure 4). These results indicated that IAA promoted antioxidant enzyme activity, scavenging the excess H2O2 accumulated in plant cells under HU stress.
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FIGURE 6. Effect of IAA on physiological and biochemical parameters in the rice seedling exposed to HU stress. (A) DAB staining of roots, (B) H2O2 content, (C) MDA content, (D) APX activity, (E) CAT activity, (F) POD activity. Different letters indicate significant differences between treatments, tested by the one-way ANOVA followed by Fisher’s test (n = 3, p < 0.05). CK, Control; HU, Hydroxyurea; IAA, indole-3-acetic acid.




Replication Stress Role in the Regulation of Indole-3-Acetic Acid-Glucose Conjugation

The inhibition of root growth by HU stress was reversed by HU + IAA treatment. Thus, we examined the role of IAA under HU stress using auxin biosynthesis genes (TAA2, TAA4, YUCCA, YUCCA3, and YUCCA6). The HU + IAA and IAA treatment showed a significant increase in the transcript levels of all the biosynthetic genes than the control. A slight increase was observed in HU, indicating that hormone levels were altered upon the stress treatment (Figure 7A). In addition, we examined the transcript level of the genes encoding UDP (UGT90A1) and auxin-specific (IAGT1) glucosyltransferases responsible for mediating the glycosylation reaction. The transcript levels of both the genes (UGT90A1 and IAGT1) were significantly upregulated in HU + IAA than in the other treatments (Figure 7B). Importantly, the auxin transporter gene (PIN5B) is vital for exporting and regulating free auxin and their conjugates between the cytoplasm and endoplasmic reticulum (ER). The HU + IAA and IAA displayed a significant upregulation in the transcript level of the PIN5B gene (Supplementary Figure 2). This result indicates the transportation of IAA and HU + IAA-induced hormone conjugates from chloroplast to ER. We also investigated the impact of these treatments on the root growth of the putative glycosyltransferase, a csld1 mutant. Treatment with either HU or HU + IAA promoted the root growth of csld1 mutant compared to IAA and untreated condition (Figure 7C). Moreover, the transcript levels of cellulose synthase genes (CSLD4, CesA4) in HU and HU + IAA were also significantly upregulated compared to IAA and control (Supplementary Figure 2). These results indicated that the sugar accumulation triggered by HU treatment involves hormone conjugation upon HU + IAA treatment. The recovery of glycosylation activity in the csld1 mutant enhanced the plant growth and development.
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FIGURE 7. Transcript level analysis of auxin biosynthesis (A) and IAA glycosyltransferase (OsIAGT1) marker genes (B). Effect of HU, IAA, and their combination treatment on the putative glycosylation CSLD1mutant seedling grown for 5 days in a nutrient medium (C). Different letters indicate significant differences between treatments, tested by one-way ANOVA followed by Fisher’s test (n = 3, p < 0.05). CK, Control; HU, Hydroxyurea; IAA, indole-3-acetic acid.




Indole-3-Acetic Acid-Glucose Conjugation Regulates Plant Growth via Multiple Hormones Pathway

Plant hormones are essential molecular signals that stimulate plant growth and induce plant tolerance under stress conditions. Therefore, we investigated whether IAA-glucose conjugation is involved in mitigating the plant architecture by triggering the phytohormones. So, we carried out HPLC-MS/MS analysis to quantify the hormone content in the roots under CK, HU, IAA, and HU + IAA treatments. The HU-treated plants showed a significant increase in JA, SA, GA, ABA, and IAA levels compared to the control and IAA-treated plants, with decreasing the CTK levels. While the ABA, SA, CTK, and GA levels were upregulated in HU + IAA compared to all other treatments (Table 1). Transcript-level analysis of SA marker genes (NPR2, NPR3, and WRKY45) also showed a significant upregulation in HU + IAA than other treatments (Supplementary Figure 3). These results indicate that combined treatment (HU + IAA) induced hormone conjugation, which regulates plant growth by integrating multiple hormone pathways.


TABLE 1. Quantification of plant hormones in rice plants treated with IAA, HU, and their combination.

[image: Table 1]


Indole-3-Acetic Acid-Glucose Conjugation Affects the Auxins Signaling Pathway

The phytohormone conjugates do not function as signaling molecules; instead, they fulfill other functions, such as transport and storage. Thus, we performed a transcript level analysis using auxin signaling and downstream marker genes (OsARF1,OsARF4, OsARF5, OsARF7, OsARF8, OsIAA7, OsGH3-1, and OsGH3-5) to determine the role of IAA-glucose conjugation in auxin signal transduction. The transcript level was significantly downregulated in the IAA-glucose conjugation-induced HU + IAA treatment than the other treatments (Figure 8), which shows that auxin signaling and homeostasis was perturbated in HU + IAA glycosylated plants.
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FIGURE 8. Hormone-glucose conjugation (HU + IAA) negatively regulates the auxin signaling. Transcript analysis of the auxin signaling pathway genes in HU, IAA, and their combination treatment compared to the control. Different letters indicate significant differences between treatments, tested by one-way ANOVA followed by Fisher’s test (n = 3, p < 0.05). CK, Control; HU, Hydroxyurea; IAA, indole-3-acetic acid.





DISCUSSION

The “interactions” between sugars and phytohormone are regarded as the most important process due to their regulatory role in mediating hormone homeostasis and plant stress tolerance. However, the regulation of signaling and metabolic pathways involved in sugar-hormonal conjugation is still not well understood (Gibson, 2004). The current study shows that IAA forms an ester conjugation with sugar produced from HU-induced DNA damage, resulting in the hormone homeostasis, thus remarkably ameliorating HU-induced toxicity, and enhancing plant growth (i.e., shoot and root) in rice (Figures 1A–D). Chloroplasts are the central hub for metabolic processes, act as environmental stimuli sensors, and synchronize plastid and nucleus-encoded adaptive stress responses. The HU disturbs the RNR activity that severely affects chloroplast biogenesis (Gillard et al., 2008). Recently, the chloroplast localized mutant gene (slrnrl1) in tomato has been reported to affect chloroplast division and development (Gu et al., 2020) and the rice virescent3 (v3) and stripe1 (st1) mutants, which encode the large and small subunits of RNR that are sensitive to temperature and important for chlorophyll biogenesis (Yoo et al., 2009). In this study, the transcript level of the plastid genes encoding the transcription/translation apparatus (rpoA, rpoB, and rpoC1) were significantly upregulated, and the other photosynthetic genes encoded in the plastid (psbA) and nucleus (RbcL) were downregulated in the HU treatment in comparison to the control. These findings correspond to the studies by Yoo et al. (2009), who reported that the transcript levels of photosynthetic genes encoded in the plastid-nucleus (psbA and LhcpII, RbcL) were reduced in RNR mutants (V3 and st1). In contrast, the increase in the transcript level was observed in genes encoding transcription/translation apparatus (rpoA, rpoB, and rps7) compared to the wild type. Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is the most abundant enzyme which catalyzes the carbon fixation that is a key for photosynthesis (Bar-On and Milo, 2019). In Bacillus subtilis, the HU treatment resulted in the significant downregulation of genes related to carbon uptake due to an insufficient supply of dNTPs for DNA replication and repair (Wozniak and Simmons, 2021). Likewise, in our study, the lower transcript and protein expression trends of the large subunit of Rubisco (RbcL) indicated that HU stress reduces the transformation process of carbon assimilation. That disturbs the photosynthetic performance, and the reduction in Fv/Fm displays the decline in PSII efficiency in the HU-treated plants. However, all these changes were mitigated by HU + IAA combined treatment that effectively reversed the HU-induced photosynthetic deficiency (Figures 2A–D). Under ambient temperature, application of IAA to rice seedling root treated with HU stimulates the RNR activity (Figures 3A–C), leading to enhanced chlorophyll accumulation that was significantly reduced by HU stress (Yoo et al., 2009).

Hydroxyurea was previously reported to cause DNA damage through base oxidation and depurination via hydrogen peroxide and nitric oxide formation (Sakano et al., 2001). Likewise, the prolonged exposure of HU causes the depletion of the dNTP pool resulting in DNA damage by reducing RNR activity. The purine/pyrimidine and glucose metabolism genes were upregulated, while ribose 5-phosphate and carbon uptake biosynthesis genes were downregulated in the Bacillus subtilis. However, the overexpression of RNR genes (nrdEF) suppresses the growth inhibition induced by HU, suggesting that RNR is a crucial target of HU (Wozniak and Simmons, 2021). In agreement with the previous literature, in this study, the HU treatment resulted in the oxidative damage of chloroplast DNA, with increased AP site and accumulation of sugar via lowering RNR activity (Figures 4A–C, 5A). The significant accumulation of sugar content and its transport inhibition in HU was evident from the transcript level analysis using the sucrose transporters (SUT1, SUT2, and SWEET15) (Figure 4D). This evidence exhibits that HU caused the high accumulation of sugars in the chloroplast and reduced the photosynthesis gene expression which resulted in the retardation of plant phenotype. Previously, Wang et al. (2018) had reported that the rice glycosyltransferase premature leaf senescence (PLS) mutant displayed a chlorosis phenotype with an elevated level of sucrose and decreased expression of sucrose synthesis and transporters genes than the wild-type plants. Moreover, in this study, the application of IAA and HU decreased the sugars, and purine/pyrimidine accumulation with an increase in sugar transport enhanced plant growth with respect to HU stress. Furthermore, HU + IAA treatment positively regulates cell division. In contrast, the HU reduces the RNR activity resulting in the arrest of chloroplast DNA replication (Cools et al., 2010). Likewise, the tomato RNR mutant (slrnrl1-1) gene has been shown to affect the DNA duplication and cell cycle progress. The percentage of 4C and 8C cells in slrnrl1-1 was markedly lower than in the control (Gu et al., 2020). In our transcript level analysis using key cell cycle genes, the HU + IAA treatment displayed the significant upregulation of transcript level in the CDK-CYCs, RNRs, and E2F2 genes. In contrast, a reduced level of transcripts was observed in the HU-treated sample relative to the control. The transcript level of the cell cycle inhibitor, KRP3, was also downregulated in HU + IAA and IAA than in the control (Figure 5A). The Arabidopsis WEE1KO mutant displayed a significant accumulation of dead cells triggered by HU treatment, together with N6-benzyl adenine (BA) hormone and HU (BA + HU) treatment, led to the rapid decrease in the vascular cell death phenotype (Cools et al., 2011). Consistent with these previous findings, the PI-stained HU treated roots displayed a significant increase in the accumulation of dead cells, which were substantially reduced in the HU + IAA treatment (Figure 5B). Importantly, antioxidant enzymes act as the first line of defense against ROS in plants. The imbalance between ROS generation and enzymatic detoxification causes oxidative stress that severely affects the membrane integrity (Das and Roychoudhury, 2014). The HU + IAA treatment plays a positive regulatory role in decreasing the membrane lesions triggered by the HU stress. The antioxidant enzyme activities, particularly SOD, CAT, APX, and POD, were enhanced in the HU + IAA treatment with the H2O2, MDA, and EL content decreased compared to the HU treatment (Figures 6A–F and Supplementary Figures 1A,B). These findings were consistent with the reports of Tognetti et al. (2010), who reported that the overexpression of Arabidopsis auxin hydrogen peroxide–responsive UDP-glucosyltransferase (UGT74E2) results in the hormone homeostasis, followed by an alteration in plant architecture and stress tolerance, by the interplay between H2O2 and auxin signaling via UGT. In addition, the overexpression of Arabidopsis UDP-glycosyltransferase enzyme (OsUGT90A1) plants displayed enhanced antioxidant enzymes to maintain the integrity of the cell membrane against the chilling stress (Shi et al., 2020). The HU has been reported to inhibit ROS (H2O2) antioxidant scavenging enzymes like CAT and APX in plants (Chen and Asada, 1990; Juul et al., 2010). The increase in CAT and POD activities are interlinked with a decrease in the leaf chlorosis phenotype observed after a growth recovery from ROS-induced stress treatment in rice seedlings (Chen et al., 2012).

The physiological and molecular mechanisms underlying the enhanced seedling growth in response to combination treatment (HU + IAA) were investigated using transcript-level analysis with IAA biosynthesis, UGT, and transporter genes. The IAA can still form ester bonds with sugars catalyzed by UGT following their biosynthesis from the IPA, providing an effective buffer system to maintain cellular auxin content (Wang et al., 2017). Interestingly, the IAA biosynthetic (TAA2, TAA4, YUCCA, YUCCA3, and YUCCA6) gene transcript levels were upregulated in HU + IAA and IAA treatment than other treatments (Figure 7A) (Ribnicky et al., 1996; Lang et al., 2019). Consistent with our study, the overexpression of the auxin glucosyltransferase gene (OsIAGT1) led to the increased transcript level in auxin biosynthesis genes and downregulation of auxin-responsive genes (Liu et al., 2019). The UGT-induced glycosylation modification of IAA plays a critical role in maintaining auxin homeostasis and auxin-related growth activities (Tognetti et al., 2010; Jin et al., 2013). The transcript levels were significantly upregulated in the cytoplasm or chloroplast localized (UGT90A1) and auxin-glucose specific (IAGT1) UDP- glucosyltransferases genes in the HU + IAA treatment than other treatments (Figure 7B and Supplementary Figure 2). These UGTs are the enzymes that glycosylate a wide range of aglycones, including the plant’s hormones, regulating their bioactivity, solubility, and transport within the cell and throughout the plant (Coutinho et al., 2003; Bowles et al., 2005). In addition, the PIN5B transporter gene displayed a high transcript level in HU + IAA and IAA, than in the control (Supplementary Figure 2). ER-localized PIN5 genes are involved in auxin homeostasis by pumping auxin from the cytoplasm into the ER lumen (Mravec et al., 2009). This is consistent with the previous study that showed PIN5 overexpression that increases the synthesis of exogenously supplied IAA and its immediate IAA-glucose conversion product in tobacco BY-2 cells. Moreover, the overexpression of Arabidopsis thaliana PIN5 displayed high levels of IAA conjugates than the IAA (Mravec et al., 2009). This evidence suggests that the IAA and HU + IAA-induced auxin conjugates were exported from chloroplast to ER through the PIN transporter gene (PIN5b).

Cellulose synthesis is involved in cellulose microfibril biosynthesis, which is essential for cell proliferation and elongation. The putative glycosyltransferases Cellulose Synthase-Like D 1 (CSLD1) mutant has a moderate root sensitivity phenotype (Kim et al., 2007). Surprisingly, upon HU treatment, csld1 mutant seedling provided concrete evidence about the functional relevance of HU on glycosylation. HU and HU + IAA-treated csld1 mutant seedling rescued root sensitivity phenotype more significantly than the IAA and control treatment. In addition, HU and HU + IAA displayed high transcript levels in the cellulose synthase (CSLD4, CesA4) genes, than in the IAA and control (Figure 7C and Supplementary Figure 2), indicating that sugar supplementation triggered by HU and HU + IAA-induced hormone conjugation recovered the csld1 mutant root sensitive phenotype. Furthermore, in the previous study, HU treatment has been reported to prevent the UGT1A promoter polymorphisms induced by bilirubin conjugation deficiency, the UGTs enzymes that mediate the conjugation of various compounds with glucuronic acid and facilitate their excretion in the bile. HU treatment on children with UGT1A polymorphism genotype had normal bilirubin levels that prevent gallstone formation (Heeney et al., 2003). The auxin glucosyltransferase (OsIAGLU) gene responsible for regulating root traits was identified using the genome-wide association study (GWAS) approach on rice. The Osiaglu mutant displayed reduced root architecture relative to wild type (Zhao et al., 2020), increasing the free ABA, IAA, and JA concentrations and decreasing CTK levels in the roots. Another rice glycosyltransferase (OsUGT90A1) gene protects the plasma membrane from chilling stress by forming sugar conjugates, thereby regulating the plant redox potential via the hormone-mediated pathway (Shi et al., 2020). Likewise, our study using HPLC-MS/MS analysis showed an increased level of free JA, SA, GA, ABA, and IAA in HU treatment than the control. The ABA, SA, CTK, and GA were significantly upregulated in HU + IAA (Table 1). Moreover, the transcript analysis using the salicylic acid (NPR2, NPR3, and WRKY45) displayed remarkable upregulation in HU + IAA than other treatments (Supplementary Figure 3). Therefore, HU + IAA-induced hormone glucose conjugation regulates plant growth through multiple hormone pathways. However, the IAA content was decreased in the HU + IAA treatment when compared to other treatments, which was consistent with those genes involved in auxin signaling. The transcription repressor IAA7, auxin-responsive ARF1, ARF4, ARF5, ARF7, and ARF8 and auxin downstream gene GH3-1 and GH3-5 (Wang et al., 2020) displayed the reduced transcript level in HU + IAA treatment than the control treatment (Figure 8). These data were coupled with the earlier finding of Liu et al. (2019) who reported that the overexpression of auxin glucosyltransferase gene (OsIAGT1) resulted in the downregulation of auxin content auxin-responsive gene expression. Previously, Topping and Lindsey (1997) observed a considerable lateral root development in the NAA + HU combination treatment, but the resilience mechanism involved in the growth-promoting role remains unclear. Our study is closely in line with these results, but from our obtained results, we elucidate that the protective role of IAA on HU is caused by the glycosylation of hormones that are involved in the modulation of plant growth.

In summary, we observed that the induction of HU replicative stress, leading to oxidative DNA damage affects the plant architecture. At the same time, the HU + IAA combination treatment-induced hormone-glucose conjugation by (UGT) upregulated the key phytohormones that enhance the plant stress tolerance by decreasing the ROS accumulation (Figure 9). Collectively, our results provide the physiological and molecular evidence of the mitigating effect of IAA against HU-induced phytotoxicity by upregulating the phytohormone and ROS signaling pathway, following hormone-glucose conjugation.


[image: image]

FIGURE 9. Proposed model for IAA-glucose mediated hormone antagonism.




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

YL and VKa conceived and designed this study. VKa, NR, Y-EY, HyC, and K-AL performed the experiments. VKa, NR, MC, Y-NK, HaC, and VKu analyzed the data. VKa, MC, Y-NK wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2015R1A6A1A0303141331).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.767044/full#supplementary-material



REFERENCES

Aebi, H. (1984). Catalase in vitro. Meth. Enzymol. 105, 121–126.

Arnon, D. I. (1949). Copper enzymes in isolated chloroplasts. polyphenoloxidase in beta vulgaris. Plant Physiol. 24, 1–15. doi: 10.1104/pp.24.1.1

Bajguz, A., and Piotrowska, A. (2009). Conjugates of auxin and cytokinin. Phytochemistry 70, 957–969. doi: 10.1016/j.phytochem.2009.05.006

Bar-On, Y. M., and Milo, R. (2019). The global mass and average rate of rubisco. Proc. Natl. Acad. Sci. U S A. 116:4738. doi: 10.1073/pnas.1816654116

Beauchamp, C., and Fridovich, I. (1971). Superoxide dismutase: improved assays and an assay applicable to acrylamide gels. Anal. Biochem. 44, 276–287. doi: 10.1016/0003-2697(71)90370-8

Bowles, D., Isayenkova, J., Lim, E. K., and Poppenberger, B. (2005). Glycosyltransferases: managers of small molecules. Curr. Opin. Plant Biol. 8, 254–263. doi: 10.1016/j.pbi.2005.03.007

Bright, J., Desikan, R., Hancock, J. T. I, Weir, S., and Neill, S. J. (2006). ABA-induced NO generation and stomatal closure in Arabidopsis are dependent on H2O2 synthesis. Plant J. 45, 113–122. doi: 10.1111/j.1365-313X.2005.02615.x

Chen, G. X., and Asada, K. (1990). Hydroxyurea and p-aminophenol are the suicide inhibitors of ascorbate peroxidase. J. Biol. Chem. 265, 2775–2781. doi: 10.1016/s0021-9258(19)39869-2

Chen, H., Li, Q.-P., Zeng, Y.-L., Deng, F., and Ren, W.-J. (2019). Effect of different shading materials on grain yield and quality of rice. Scientific Rep. 9:9992. doi: 10.1038/s41598-019-46437-9

Chen, S., Yin, C., Strasser, R. J., Yang, C., and Qiang, S. (2012). Reactive oxygen species from chloroplasts contribute to 3-acetyl-5-isopropyltetramic acid-induced leaf necrosis of Arabidopsis thaliana. Plant Physiol. Biochem. 52, 38–51. doi: 10.1016/j.plaphy.2011.11.004

Cools, T., Iantcheva, A., Maes, S., Van den Daele, H., and De Veylder, L. (2010). A replication stress-induced synchronization method for Arabidopsis thaliana root meristems. Plant J. 64, 705–714. doi: 10.1111/j.1365-313X.2010.04361.x

Cools, T., Iantcheva, A., Weimer, A. K., Boens, S., Takahashi, N., Maes, S., et al. (2011). The Arabidopsis thaliana checkpoint kinase WEE1 protects against premature vascular differentiation during replication stress. Plant Cell 23, 1435–1448. doi: 10.1105/tpc.110.082768

Coutinho, P. M., Deleury, E., Davies, G. J., and Henrissat, B. (2003). An evolving hierarchical family classification for glycosyltransferases. J. Mol. Biol. 328, 307–317. doi: 10.1016/s0022-2836(03)00307-3

Das, K., and Roychoudhury, A. (2014). Reactive oxygen species (ROS) and response of antioxidants as ROS-scavengers during environmental stress in plants. Front. Environ. Sci. 2:53. doi: 10.3389/fenvs.2014.00053

Dionisio-Sese, M. L., and Tobita, S. (1998). Antioxidant responses of rice seedlings to salinity stress. Plant Sci. 135, 1–9. doi: 10.1016/s0168-9452(98)00025-9

Gibson, S. I. (2004). Sugar and phytohormone response pathways: navigating a signalling network. J. Exp. Bot. 55, 253–264. doi: 10.1093/jxb/erh048

Gillard, J., Devos, V., Huysman, M. J. J., Veylder, L. De, D’Hondt, S., Martens, C., et al. (2008). Physiological and transcriptomic evidence for a close coupling between chloroplast ontogeny and cell cycle progression in the pennate diatom seminavis robusta. Plant Physiol. 148, 1394–1411. doi: 10.1104/pp.108.122176

Grunewald, W., and Friml, J. (2010). The march of the PINs: developmental plasticity by dynamic polar targeting in plant cells. EMBO J. 29, 2700–2714. doi: 10.1038/emboj.2010.181

Gu, M., Liu, Y., Cui, M., Wu, H., and Ling, H.-Q. (2020). Requirement and functional redundancy of two large ribonucleotide reductase subunit genes for cell cycle, chloroplast biogenesis in tomato. bioRxiv [Preprint]. doi: 10.1101/2020.05.18.102301

He, Y., Zhao, J., Yang, B., Sun, S., Peng, L., and Wang, Z. (2020). Indole-3-acetate beta-glucosyltransferase OsIAGLU regulates seed vigour through mediating crosstalk between auxin and abscisic acid in rice. Plant Biotechnol. J. 18, 1933–1945. doi: 10.1111/pbi.13353

Heath, R. L., and Packer, L. (1968). Photoperoxidation in isolated chloroplasts. I. Kinetics and stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 125, 189–198. doi: 10.1016/0003-9861(68)90654-1

Heeney, M. M., Howard, T. A., Zimmerman, S. A., and Ware, R. E. (2003). UGT1A promoter polymorphisms influence bilirubin response to hydroxyurea therapy in sickle cell anemia. J. Laborat. Clin. Med. 141, 279–282. doi: 10.1067/mlc.2003.28

Jackson, R. G., Lim, E. K., Li, Y., Kowalczyk, M., Sandberg, G., Hoggett, J., et al. (2001). Identification and biochemical characterization of an Arabidopsis indole-3-acetic acid glucosyltransferase. J. Biol. Chem. 276, 4350–4356. doi: 10.1074/jbc.M006185200

Jakubowska, A., and Kowalczyk, S. (2004). The auxin conjugate 1-O-indole-3-acetyl-β-D-glucose is synthesized in immature legume seeds by IAGlc synthase and may be used for modification of some high molecular weight compounds. J. Exp. Bot. 55, 791–801. doi: 10.1093/jxb/erh086

Jin, S.-H., Ma, X.-M., Han, P., Wang, B., Sun, Y.-G., Zhang, G.-Z., et al. (2013). UGT74D1 is a novel auxin glycosyltransferase from Arabidopsis thaliana. PLoS One 8:e61705. doi: 10.1371/journal.pone.0061705

Juul, T., Malolepszy, A., Dybkaer, K., Kidmose, R., Rasmussen, J. T., Andersen, G. R., et al. (2010). The in vivo toxicity of hydroxyurea depends on its direct target catalase. J. Biol. Chem. 285, 21411–21415. doi: 10.1074/jbc.M110.103564

Kim, C. M., Park, S. H., Je, B. I., Park, S. H., Park, S. J., Piao, H. L., et al. (2007). OsCSLD1, a cellulose synthase-like D1 gene, is required for root hair morphogenesis in rice. Plant Physiol. 143, 1220–1230. doi: 10.1104/pp.106.091546

Kowalczyk, S., and Bandurski, R. S. (1991). Enzymic synthesis of 1-O-(indol-3-ylacetyl)-β-d-glucose. Purification of the enzyme from Zea mays, and preparation of antibodies to the enzyme. Biochem. J. 279, 509–514. doi: 10.1042/bj2790509

Kumaran, A., and Joel karunakaran, R. (2006). Antioxidant and free radical scavenging activity of an aqueous extract of coleus aromaticus. Food Chem. 97, 109–114.

Kwak, S.-S., Kim, S.-K., Lee, M.-S., Jung, K.-H. I, Park, H., and Liu, J.-R. (1995). Acidic peroxidases from suspension-cultures of sweet potato. Phytochemistry 39, 981–984.

Lairson, L. L., Henrissat, B., Davies, G. J., and Withers., S. G. (2008). Glycosyltransferases: structures, functions, and mechanisms. Annu. Rev. Biochem. 77, 521–555. doi: 10.1146/annurev.biochem.76.061005.092322

Lang, D., Lyu, D., Zhu, Z., and Qin, S. (2019). Exogenous glucose mediates the regulation of root morphology and carbon–nitrogen metabolism by indole-3-acetic acid (IAA) in Malus baccata (L.) Borkh. in Soil with Low Organic Carbon Content. J. Plant Growth Regul. 38, 1598–1615.

Leźnicki, A. J., and Bandurski, R. S. (1988). Enzymic synthesis of indole-3-acetyl-1-O-β-D-glucose. I. Partial purification and characterization of the enzyme from Zea mays. Plant. Physiol. 88, 1474–1480. doi: 10.1104/pp.88.4.1474

Li, X., Bai, H., Wang, X., Li, L., Cao, Y., Wei, J., et al. (2011). Identification and validation of rice reference proteins for western blotting. J. Exp. Bot. 62, 4763–4772. doi: 10.1093/jxb/err084

Liu, Q., Chen, T.-T., Xiao, D.-W., Zhao, S.-M., Lin, J.-S., Wang, T., et al. (2019). OsIAGT1 is a glucosyltransferase gene involved in the glucose conjugation of auxins in rice. Rice 12:92. doi: 10.1186/s12284-019-0357-z

Mravec, J., Skùpa, P., Bailly, A., Hoyerová, K., Krecek, P., Bielach, A., et al. (2009). Subcellular homeostasis of phytohormone auxin is mediated by the ER-localized PIN5 transporter. Nature 459, 1136–1140. doi: 10.1038/nature08066

Nakano, Y., and Asada, K. (1981). Hydrogen Peroxide is Scavenged by Ascorbate-specific Peroxidase in Spinach Chloroplasts. Plant Cell Physiol. 22, 867–880.

Ostrowski, M., Hetmann, A., and Jakubowska, A. (2015). Indole-3-acetic acid UDP-glucosyltransferase from immature seeds of pea is involved in modification of glycoproteins. Phytochemistry 117, 25–33. doi: 10.1016/j.phytochem.2015.05.023

Palaniyandi, S. A., Chung, G., Kim, S. H., and Yang., S. H. (2015). Molecular cloning and characterization of the ABA-specific glucosyltransferase gene from bean. J. Plant Physiol. 178, 1–9. doi: 10.1016/j.jplph.2015.01.015

Pan, X., Welti, R., and Wang, X. (2010). Quantitative analysis of major plant hormones in crude plant extracts by high-performance liquid chromatography-mass spectrometry. Nat. Protoc. 5, 986–992. doi: 10.1038/nprot.2010.37

Reichard, P. (1988). Interactions between deoxyribonucleotide and DNA synthesis. Annu. Rev. Biochem. 57, 349–374. doi: 10.1146/annurev.bi.57.070188.002025

Ribnicky, D. M., Ilic, N., Cohen, J. D., and Cooke, T. J. (1996). The effects of exogenous auxins on endogenous indole-3-acetic acid metabolism. Plant Physiol. 112, 549–558. doi: 10.1104/pp.112.2.549

Sakano, K., Oikawa, S., Hasegawa, K., and Kawanishi, S. (2001). Hydroxyurea induces site-specific DNA damage via formation of hydrogen peroxide and nitric oxide. Jpn. J. Cancer Res. 92, 1166–1174. doi: 10.1111/j.1349-7006.2001.tb02136.x

Sembdner, G., Atzorn, R., and Schneider, G. (1994). “Plant hormone conjugation”. in Signals and Signal Transduction Pathways in Plants, ed. K. Palme (Netherlands: Springer.), 223–245. doi: 10.1007/978-94-011-0239-1_13

Shang, X. L., Xie, R. R., Tian, H., Wang, Q. L., and Guo, F. Q. (2016). Putative zeatin O-glucosyltransferase OscZOG1 regulates root and shoot development and formation of agronomic traits in rice. J. Integr. Plant Biol. 58, 627–641. doi: 10.1111/jipb.12444

Shi, Y., Phan, H., Liu, Y., Cao, S., Zhang, Z., Chu, C., et al. (2020). Glycosyltransferase OsUGT90A1 helps protect the plasma membrane during chilling stress in rice. J. Perimental Bot. 71, 2723–2739. doi: 10.1093/jxb/eraa025

Song, J. (2005). Biochemical characterization of an Arabidopsis glucosyltransferase with high activity toward jasmonic acid. J. Plant Biol. 48, 422–428. doi: 10.1007/bf03030584

Sundberg, E., and Østergaard, L. (2009). Distinct and dynamic auxin activities during reproductive development. Cold Spring Harb. Perspect Biol. 1:a001628. doi: 10.1101/cshperspect.a001628

Szerszen, J. B., Szczyglowski, K., and Bandurski, R. S. (1994). iaglu, a gene from Zea mays involved in conjugation of growth hormone indole-3-acetic acid. Science 265, 1699–1701. doi: 10.1126/science.8085154

Tognetti, V. B., Aken, O. Van, Morreel, K., Vandenbroucke, K., van de, B., and Cotte, I. De, et al. (2010). Perturbation of indole-3-butyric acid homeostasis by the UDP-glucosyltransferase UGT74E2 Modulates Arabidopsis architecture and water stress tolerance. Plant Cell 22, 2660–2679. doi: 10.1105/tpc.109.071316

Topping, J. F., and Lindsey, K. (1997). Promoter trap markers differentiate structural and positional components of polar development in Arabidopsis. Plant Cell 9, 1713–1725. doi: 10.1105/tpc.9.10.1713

Vanderauwera, S., Suzuki, N., Miller, G., van de Cotte, B., Morsa, S., Ravanat, J.-L., et al. (2011). Extranuclear protection of chromosomal DNA from oxidative stress. Proc. Natl. Acad. Sci. U S A. 108:1711. doi: 10.1073/pnas.1018359108

Velikova, V., Yordanov, I., and Edreva, A. (2000). Oxidative stress and some antioxidant systems in acid rain-treated bean plants. Plant Sci. 151, 59–66. doi: 10.1016/s0168-9452(99)00197-1

Wang, M., Zhang, T., Peng, H., Luo, S., Tan, J., Jiang, K., et al. (2018). Rice Premature Leaf Senescence 2, Encoding a Glycosyltransferase (GT), Is Involved in Leaf Senescence. Front. Plant Sci. 9:560. doi: 10.3389/fpls.2018.00560

Wang, T., Li, P., Mu, T., Dong, G., Zheng, C., Jin, S., et al. (2020). Overexpression of UGT74E2, an Arabidopsis IBA glycosyltransferase, enhances seed germination and modulates stress tolerance via ABA signaling in rice. Int. J. Mol. Sci. 21:7239. doi: 10.3390/ijms21197239

Wang, Y., Zhang, T., Wang, R., and Zhao, Y. (2017). Recent advances in auxin research in rice and their implications for crop improvement. J. Exp. Bot. 69, 255–263. doi: 10.1093/jxb/erx228

Winnicki, K. (2013). ATM/ATR-dependent Tyr15 phosphorylation of cyclin-dependent kinases in response to hydroxyurea in vicia faba root meristem cells. Protoplasma 250, 1139–1145. doi: 10.1007/s00709-013-0490-2

Wozniak, K. J., and Simmons, L. A. (2021). Hydroxyurea induces a stress response that alters DNA replication and nucleotide metabolism in bacillus subtilis. J. Bacteriol. 203:e0017121. doi: 10.1128/JB.00171-21

Xia, X.-J., Zhou, Y.-H., Shi, K., Zhou, J., Foyer, C. H., and Yu, J.-Q. (2015). Interplay between reactive oxygen species and hormones in the control of plant development and stress tolerance. J. Exp. Bot. 66, 2839–2856. doi: 10.1093/jxb/erv089

Yoo, S.-C., Cho, S.-H., Sugimoto, H., Li, J., Kusumi, K., Koh, H.-J., et al. (2009). Rice Virescent3 and Stripe1 encoding the large and small subunits of ribonucleotide reductase are required for chloroplast biogenesis during early leaf development. Plant Physiol. 150, 388–401. doi: 10.1104/pp.109.136648

Zhao, J., Yang, B., Li, W., Sun, S., Peng, L., Feng, D., et al. (2020). A genome-wide association study reveals that the glucosyltransferase OsIAGLU regulates root growth in rice. J. Exp. Bot. 72, 1119–1134. doi: 10.1093/jxb/eraa512


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 Kantharaj, Ramasamy, Yoon, Cheong, Kim, Lee, Kumar, Choe, Kim, Chohra and Lee. 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-12-767044-g005.jpg
Relative expression

A

e

‘e

CJCX
CHU
S AA
B HU-LAA

e

RNRL1 RNRS2 CDRA2 CYCD3;1 CYCAanl E2R2






OPS/images/fpls-12-767044-g004.jpg
: R
5% 5
A6 &
o w o 9w 9
cq " . o o
i (3/3w) Juauo)

of |

S 8 8 8 8 °
T . M -

JAUQS9 1 dO
< (% saps snunprunildesruimdy)

HU+IAA

IAA

O

e |

O Wy - o ~ - o

i

oF L
v ] ] T T T
w O o o O o o
s < o (& | —

(-(T-MS-31) Ju2)u03 250M[D

SUT2 SWEET15

SUTI

IAA HU+IAA

HU

CK





OPS/images/fpls-12-767044-g003.jpg





OPS/images/fpls-12-767044-e000.jpg
EL(%) = (EC\/ECy) x 100.





OPS/images/fpls-12-767044-g002.jpg
Photosynthetic efficiency »

S50

w
3
Q)

(Fv/Fi%o)
2

630 A
CK j IAA HU-IAA
D
g — CK —1 CK
) HU 160 1 = HU -
8 g mmm A S q10 ] =mmIM .L
.Q Em HU-LA '5 - HU-1\A
) $ 120 -
<P -~ a
. % 100 - by 13
L D
L o 801
c:: .a
k= = %
20 o = b
b dl I;. d| b= d

psbA RixL DVR fpoA rpoB rpoCl





OPS/images/fpls-12-767044-g009.jpg
Replication stress Auxin

l l

\
\ s
S I » UDP-glycosyltransferase

|

IAA-glucose » Hormone
conjugation homeostasis

"

Hormone's leve I

(N

| Y

Redox potential I i 7
Enryme’s activities 2

Plant growth and
development





OPS/images/fpls-12-767044-g008.jpg
tive expression

Rela

0.8 -

0.6 -

0.4 4

0.2

H
o

0.0

ARF1

Ho

ARF4

He

e
i

d

ARFS

ARF7

| ST

Ho*

ARFS

Hu

Ho

[JCK
/T HU
[ PEE
Bl HU-1AA

e

a
I

IAAT

GH3-1 GH3-5





OPS/images/fpls-12-767044-g007.jpg
>

Relative expression

10 +

=
1

o
|

—3JCK
[ EU
B [AA
B HU-IAA

TAAL

HU
184

YUCCA

YUCCAS

YUCCAS

Relative expression

10

OSIAGT1

csldl






OPS/images/fpls-12-767044-g006.jpg
(&

<

(M _.w jouss) ua

vy

WD VAN

©

L

o o
T ~”

(M _.w;o:_s oo L0y

o o
4 —

o

(Buue)s gvda) ‘O'H

A HU-IAA

HU

IAA  HU-IAA

HU

w
o

HU-IAA

HU JAA

L4

(K

L .

o o o < o
w o - -

M .2 () Aeane Jod

L.

mmmmmwmmo
(M -3 ) Anwroe LvD
LU

o b N o

Q (a8 Axaee Xdv

0 -
8

IAA  HU-IAA

HU

HU-IAA

IAA

[AA HU-IAA

HU





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Auxin-Glucose Conjugation Protects the Rice (Oryza sativa L.) Seedlings Against Hydroxyurea-Induced Phytotoxicity by Activating UDP-Glucosyltransferase Enzyme



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Genetic Materials, Treatments, and Sampling



		Measurement of the Chlorophyll Content and Photosynthetic Rate



		DAB and PI Staining



		Determination of H2O2 and Malondialdehyde Content



		Electrolyte Leakage Analysis



		Assay of Antioxidant Enzymes



		1,1-Diphenyl-2-Picrylhydrazyl Antioxidant Activity Assay



		Sugar Content Analysis



		Number of Apurinic/Apyrimidinic Sites in DNA



		Quantification of Hormones



		RNA Isolation, Complementary DNA Synthesis, and Quantitative Real-Time PCR Analysis



		Protein Isolation and Immunoblotting Analysis



		Statistical Analysis







		RESULTS



		Indole-3-Acetic Acid Improves Plant Growth Under Hydroxyurea-Stress



		Indole-3-Acetic Acid Maintains Photosynthesis Metabolism Under Hydroxyurea Stress



		Indole-3-Acetic Acid Treatment Increases the Ribonucleotide Reductase Activity and Enhances the Chlorophyll Accumulation



		Indole-3-Acetic Acid Treatment Decreases DNA Damage Under Hydroxyurea Stress



		Indole-3-Acetic Acid Regulates the Hydroxyurea-Induced DNA Replication and Cell Cycle Arrest



		Indole-3-Acetic Acid Mitigates the Oxidative Effects of Hydroxyurea Stress by Regulating the Antioxidant System



		Replication Stress Role in the Regulation of Indole-3-Acetic Acid-Glucose Conjugation



		Indole-3-Acetic Acid-Glucose Conjugation Regulates Plant Growth via Multiple Hormones Pathway



		Indole-3-Acetic Acid-Glucose Conjugation Affects the Auxins Signaling Pathway







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
frontiers
In Plant Science

Auxin-Glucose Conjugation
Protects the Rice (Oryza sativa
L.) Seedlings Against
Hydroxyurea-Induced
Phytotoxicity by Activating
UDP-Glucosyltransferase
Enzyme









OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-12-767044-t001.jpg
S. no Hormone (ng/g FW) Treatment

CK HU 1AA HU + IAA
1 Abscisic acid (ABA) 3.978d 6.163 b 5.63 ¢ 16.074 a
2 Salicylic acid (SA) 2.756 ¢ 4919b 2.948 ¢ 7.289a
3 Jasmonic acid (JA) 0.674c 6.193 a 1.778 ¢ 54b
4 Gibberellic acid (GA) 24.667 d 49.778 b 45.556 ¢ 79111 a
5 Cytokinin (CTK) 24222 b 20.519d 21.385¢ 29.481 a
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The phytohormone contents were analyzed using LC-MS/MS from the roots of the 3-day-old rice seedling treated with HU, IAA, and their combination for 72 h. Different
letters indlicate significant differences between treatments, tested by one-way ANOVA followed by Fisher’s test (n = 3, p < 0.05). LC-MS/MS, Liquid chromatography-mass
spectrometry CK, Control; HU, Hydroxyurea, IAA, indole-3-acetic acid.
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