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Abstract

:

Auxin regulates plant growth and development, as well as helps plants to survive abiotic stresses, but the effects of auxin on the growth of alkaline-stressed rice and the underlying molecular and physiological mechanisms remain unknown. Through exogenous application of IAA/TIBA, this study explored the physiological and molecular mechanisms of alkaline stress tolerance enhancement using two rice genotypes. Alkaline stress was observed to damage the plant growth, while exogenous application of IAA mitigates the alkaline-stress-induce inhibition of plant growth. After application of exogenous IAA to alkaline-stressed rice, dry shoot biomass, foliar chlorophyll content, photosynthetic rate in the two rice genotypes increased by 12.6–15.6%, 11.7–40.3%, 51.4–106.6%, respectively. The adventitious root number, root surface area, total root length and dry root biomass in the two rice genotypes increased by 29.3–33.3%, 26.4–27.2%, 42.5–35.5% and 12.8–33.1%, respectively. The accumulation of H2O2, MAD were significantly decreased with the application of IAA. The activities of CAT, POD, and SOD in rice plants were significantly increased by exogenous application of IAA. The expression levels of genes controlling IAA biosynthesis and transport were significantly increased, while there were no significant effects on the gene expression that controlled IAA catabolism. These results showed that exogenous application of IAA could mitigate the alkaline-stress-induced inhibition of plant growth by regulating the reactive oxygen species scavenging system, root development and expression of gene involved in IAA biosynthesis, transport and catabolism. These results provide a new direction and empirical basis for improving crop alkaline tolerance with exogenous application of IAA.
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1. Introduction


As the world’s most important cereal, rice is consumed by more than three billion people worldwide and provides 50 to 80% of the calories they require each day. Globally, rice growth and production are affected by various environmental factors, among which soil saline-alkalization stress is one of the main stress factors [1]. According to the world soil map, approximately 434 million hectares of soil suffer from alkalinity [2]. Moreover, soil alkalization has been reported to be increasing as a result of natural events and human interaction, such as weathering of parental rocks that release soluble salts, wind and rain that deposit oceanic salts, and irrigation that contains trace amounts of sodium chloride. [1,3]. In order to solve the soil saline-alkaline problem, several measures have been applied in recent years, such as breeding crops that can grow on saline-alkaline soils, soil amelioration, etc. For soil amelioration measurements, flooding fields is one of the most important strategies for alleviating the damage caused by saline-alkaline stress on plants by leaching sodium, magnesium, and calcium into the groundwater [4,5]. However, these strategies will result in another problem, a decreased Na+ concentration and a high pH in the soil [6]. The low concentration of Na+ and high pH in soil (alkaline stress) also affect the growth and production of plants by disrupting ion uptake and causing oxidative stress and osmotic stress in plant cells. However, little attention has been paid to the response of plants to low soil Na+ concentrations and high soil pH conditions. Despite that, understanding how plants respond to low Na+ concentrations and high soil pH conditions is crucial to understanding saline-alkaline tolerance mechanisms.



Plants can re-program several defense responses when they are exposed to environmental stresses. To minimize Na+ toxicity during saline-alkaline, plants have developed several strategies, including limiting Na+ absorption, encapsulating toxic Na+ in vacuoles, and limiting Na+ transport to shoots [3]. In rice, for example, saline tolerance was enhanced by a transporter, OsHKT1;5, that can withdraw Na+ from the vasculature [7]. Despite Na+ toxicity, plants subjected to saline-alkaline stress also experience osmotic stress. Therefore, plants equipped with the capacity to tolerate osmotic stress may increase their tolerance to saline-alkaline stress. It has been demonstrated that the build-up of suitable osmolytes within the cytosol plays an important role in osmotic stress tolerance, since water intake by plants was decreased in an environment in which the soil’s osmotic potential was elevated [3]. The increase in antioxidant enzyme activity is another mechanism by which plants adapt to saline-alkaline stresses. It has been shown that saline-alkaline tolerant rice [8], tomato [9] and Trifolium alexandrinum L. [10] are better protected from reactive oxygen species (ROS) as a result of an increase in antioxidant enzyme activity in response to salt-alkaline stresses. In addition, saline-alkaline stress can increase nutritional stress in plants, since a high pH in the soil can affect the availability of minerals, such as nitrogen and iron. Thus, plants have developed mechanisms to deal with the nutritional stress caused by the high pH of the saline-alkaline soil. It has been shown in several studies that a high iron acquisition rate, nitrate assimilation rate, and calcium metabolism are necessary for plants to adapt to salt-alkaline stress [5,11,12]. Furthermore, the accumulation of organic acids and the secretion of H+ are important mechanisms that equip plants with saline-alkaline stress resistance [11,13].



Auxin (IAA, indole-3-acetic acid) is one of the most important plant hormones that regulate plant growth and development, including the morphogenesis of shoots and roots and their elongation [14]. In addition, recent studies have shown that auxins are also important in allowing plants to tolerate various abiotic stresses, including salt stress [15], sodic alkaline stress [16], and phosphorus-deficient [17]. When abiotic stress conditions exist, auxin homeostasis is disturbed and as a consequence, processes and signal transduction governed by auxin are impacted. For instance, when auxin homeostasis is disrupted through alkaline stress, root growth is inhibited [16,18], while a higher concentration of endogenous IAA can potentially promote the root growth of plants by modulating genes involved in auxin biosynthesis, efflux, and conjugation and degradation [15,19].It has been demonstrated that the application of IAA/NAA (naphthylacetic acid) increases the root growth of plants, such as rice [20], maize [21], citrus rootstock [18] and malus rootstocks [19], under abiotic stress conditions. Recently, several studies have revealed the mechanisms through which auxin enhances plant stress resistance. Naser and Shani (2016), for example, provide an overview of the mechanism by which auxin promotes plant growth and development under conditions of osmotic stress [14]. They demonstrated that auxin homeostasis was modulated by regulating the expression of genes involved in auxin biosynthesis (YUC, TAA1), transport (PIN), perception (TIR/AFB, Aux/IAA), and inactivation/conjugation (GH3, miR167, IAR3) [14]. The stress-modulated auxin gradient, in turn, drives a wide range of physiological and developmental processes, including the opening of stomata, the production of aquaporin, the positioning of lateral roots [14], and the accumulation of osmoregulation substances, such as proline and soluble sugar [22,23]. Furthermore, auxin contributes to the stress tolerance of plants through the scavenging of reactive oxygen species, the decrease of Na+ accumulation and protection of the photosystem II (PSII) from damage [16,24]. As an example, Gong et al. (2014) observed that exogenous application of IAA increased the concentration of IAA in cucumber leaves, thereby enhancing the activity of CAT to alleviate sodic alkaline stress [16]. As well as the mechanisms outlined above, stress-modulated auxin gradients are also involved in changing root parameters, which are also involved in stress resistance mechanisms [15,25]. Saini et al. (2021), for instance, concluded that higher levels of auxin in rice roots stimulated the development of root systems, ultimately resulting in salt-tolerant genotypes of rice [15].



According to our previous studies, Dongdao-4 rice genotype is not only more tolerant to saline-alkaline stress [11] but is also more tolerant to low Na+ concentrations and high soil pH levels (alkaline stress) than Jigeng-88 rice genotype (unpublished paper). In addition, we found that alkaline stress reduced IAA concentrations in Dongdao-4 plants less than those in Jigeng-88 plants, suggesting that IAA may play an important role in alkaline stress tolerance of Dongdao-4 rice genotype. Therefore, to clarify the mechanisms involved in the adaptation of rice plants to alkaline stress, we undertook a comparative study of the effects of exogenously applied IAA and TIBA (2,3,5-triiodobenzoic acid, which inhibits the transport of auxins) on the growth of these two rice genotypes under alkaline stress.




2. Results


2.1. Dongdao-4 Seedlings Are More Tolerant to Alkaline Stress than Jigeng-88 Seedlings


In order to assess the differences in alkaline stress resistance between Dongdao-4 and Jigeng-88 plants, a solution supplemented with 20 mM NaHCO3 was applied for 2 days to one-week-old rice seedlings of both rice genotypes. The effects of alkaline stress on plant growth and survival were observed. As shown in Figure S1, Dongdao-4 plants had significantly higher survival rates after being exposed to alkaline stress than Jigeng-88 plants. In addition, we compared some key physiological processes between these two genotypes of rice and found that in comparison with Jigeng-88 seedlings, Dongdao-4 seedlings are more resistant to alkaline stress (unpublished paper).




2.2. Effect of Alkaline Stress on Auxin Concentration


As auxin plays a crucial role in salt tolerance, we hypothesized that auxin may also play a significant role in alkaline tolerance and that the composition of IAA in plant tissues may also differ among plants with different levels of alkaline tolerance. In order to investigate this hypothesis, we measured the concentration of IAA in the shoots and roots of Dongdao-4 and Jigeng-88 plants grown on both control and alkaline media (Figure 1). According to Figure 1, we can see that there were no differences in IAA concentrations between the two genotypes of rice under control conditions. However, when both rice genotypes were exposed to alkaline stress, both Jigeng-88 and Dongdao-4 exhibited significant reductions in their levels of IAAs. Under alkaline treatment, shoot IAA concentrations were significantly reduced by 3.4% and 13.1%, respectively, compared to the control treatment for Dongdao-4 and Jigeng-88 plants; the decreased values of root IAA concentrations for Dongdao-4 and Jigeng-88 were 57.7% and 63.5%, respectively. Those results may indicate that in rice plants, IAA plays a major role in the tolerance of alkaline stress.




2.3. Effect of IAA and TIBA on Plant Growth under Alkaline Stress


In order to evaluate the effect of IAA on rice’s ability to tolerate alkaline conditions, the performance of the Dongdao-4 and Jigeng-88 plants was compared with the application of both IAA and TIBA. As shown in Figure 2, no growth differences were observed between these two genotypes in the control solution. While undergoing alkaline treatment, the growth of both rice genotypes was suppressed. Under alkaline stress, Dongdao-4 plants experienced a much smaller amount of suppression than Jigeng-88 plants, which resulted in a significantly higher height of the plants and dry shoot biomass in Dongdao-4 seedlings than in Jigeng-88 seedlings (Figure 2B,C).



As compared to plants under alkaline stress, exogenously applied IAA significantly increased dry shoot biomass by 12.6% and 15.6%, respectively, in the Dongdao-4 and Jigeng-88 plants (Figure 2C), which indicates that exogenously applied IAA significantly reduced the inhibitory effects of alkaline stress on plant growth in both rice genotypes (Figure 2C). In contrast, the growth-inhibiting effects of alkaline stress on rice plants were significantly enhanced by exogenous application of TIBA as evidenced by lower plant height and dry shoot biomass compared to alkaline stress (Figure 2B,C). Compared with the alkaline treatment, the plant height of Dongdao-4 and Jigeng-88 plants treated with TIBA decreased significantly by 9.0% and 6.9%, respectively; dry shoot biomass decreased significantly by 13.3% and 18.1%, respectively, in Dongdao-4 and Jigeng-88 plants (Figure 2B,C).




2.4. Effect of IAA and TIBA on Foliar Chlorophyll Concentration and Photosynthetic Rates under Alkaline Stress


The chlorophyll concentration and photosynthetic rate of both genotypes were significantly reduced when exposed to alkaline stress, and the amount of the decrease for Jigeng-88 plants was greater than that for Dongdao-4 plants (Figure 3). In terms of foliar chlorophyll concentration, it was found that there was no difference between control and exogenous application of IAA for Dongdao-4 seedlings, however, the foliar chlorophyll concentration of Jigeng-88 seedlings after treatment with IAA is still 29.8% lower than the control condition (Figure 3A). As for photosynthetic rates, exogenous application of IAA alleviated the suppressive effects of alkaline stress for both genotypes, with Dongdao-4 plants showing significantly higher photosynthetic rates than Jigeng-88 plants (Figure 3B). Following the application of TIBA treatment, the foliar chlorophyll concentration and photosynthetic rate of both rice genotypes were significantly reduced, with the decrease being more pronounced for Jigeng-88 plants than for Dongdao-4 plants (Figure 3B).




2.5. Effect of IAA and TIBA on Root System Architecture under Alkaline Stress


Considering the importance of the root system for nutrient uptake and its relationship with growth hormones, we investigated the effects of IAA and TIBA on root structure under alkaline stress. As shown in Figure 4, the root systems of the two genotypes developed similarly in the control solution, but alkaline treatment significantly reduced root parameters in both genotypes, with a greater reduction in Jigeng-88 plants than in Dongdao-4 plants. As a result, Dongdao-4 plants under alkaline stress had a significantly higher number of adventitious root number, root surface area, dry root biomass, and total root length than Jigeng-88 plants (Figure 4B–E). The exogenous application of IAA reversed the inhibition of root growth caused by alkaline in both rice genotypes. As shown in Figure 4B–E, when IAA was applied, adventitious roots, root surfaces, root lengths, and root biomass of Dongdao-4 plants were significantly increased compared with the alkaline treatment by 29.3%, 26.4%, 42.5%, and 12.8%, respectively; the adventitious root number, root surfaces, root lengths, and root biomass of Jigeng-88 plants increased significantly by 33.3%, 27.2%, 35.5%, and 33.1%, respectively. When TIBA was applied under alkaline stress conditions to both rice genotypes, the root parameters of both rice genotypes significantly decreased, and adventitious root numbers, root surface area, total root length, and dry root biomass in Dongdao-4 plants were significantly higher than those in Jigeng-88 plants (Figure 4B–E).




2.6. Effect of IAA and TIBA on the Content of H2O2 and Malondialdehyde under Alkaline Stress


Whenever plants are subjected to abiotic stress, they often demonstrate oxidative stress symptoms, such as increased levels of reactive oxygen species (ROS) and malondialdehyde (MDA). Accordingly, MDA and H2O2 levels were measured under alkaline stress conditions with the addition of IAA and TIBA. As shown in Figure 5, alkaline stress significantly increases H2O2 and MDA content, with the increase being greater in Jigeng-88 seedlings than in Dongdao-4 seedlings. As a result, Jigeng-88 seedlings showed significantly higher levels of H2O2 and MDA in their leaves and roots as compared with Dongdao-4 seedlings. For both rice genotypes, exogenous application of IAA reduced alkaline-induced increases in H2O2 and MDA content. However, the decrease in root H2O2 and MDA was more pronounced in Dongdao-4 plants (26.4%, 62.0%) than in Jigeng-88 plants (20.2%, 22.6%) (Figure 5). When exogenous TIBA was applied to these two rice genotypes, a significant increase in H2O2 and MDA levels was observed in the leaf and root tissues under alkaline stress conditions, with the increase being larger for Jigeng-88 seedlings than for Dongdao-4 seedlings. Consequently, the levels of H2O2 and MDA in Jigeng-88 seedlings were higher than those in Dongdao-4 seedlings when TIBA was applied.




2.7. Effect of IAA and TIBA on Activities of Antioxidant Enzymes under Alkaline Stress


According to our previous findings, Dongdao-4 seedlings accumulate less H2O2 and MDA under alkaline stress than Jigeng-88 seedlings, which led us to examine the activities of the major antioxidant enzymes in the two rice genotypes. Our results showed that under the control conditions, Dongdao-4 and Jigeng-88 plants had similar levels of CAT, POD, and SOD enzyme activity, except for root CAT, where Dongdao-4 plants had a significantly higher level of root CAT activity than Jigeng-88 plants (Figure 6). When rice seedlings were exposed to alkaline stress, the activity of CAT, POD, and SOD increased significantly, and the increased activity of these enzymes was significantly higher in Dongdao-4 plants when compared to Jigeng-88 plants. As a result, the activities of CAT, POD, and SOD in Dongdao-4 plants were significantly greater than those of Jigeng-88 plants under alkaline stress (Figure 6). When exogenous application of IAA under alkaline stress conditions was conducted, significant increases in the activity of CAT, POD, and SOD were observed in both rice genotypes. It was found that the magnitude of the increase in levels of CAT and SOD was significantly greater in Dongdao-4 plants (83.9% and 82.1%) than in Jigeng-88 plants (71.1% and 75%), which led to significantly higher levels of CAT and SOD in the leaves of Dongdao-4 plants than in Jigeng-88 plants (Figure 6A,C). Although IAA treatment-induced increase in root CAT, POD, and SOD was more pronounced in Jigeng-88 plants (28.6%, 75.0% and 22.2%) than in Dongdao-4 plants (57.1%, 82.1% and 18.5%), the activities of root CAT, POD, and SOD in Dongdao-4 plants was still significantly higher than that in Jigeng-88 plants (Figure 6D–F). The exogenous application of TIBA under conditions of alkaline stress significantly reduced the activities of these enzymes, and it was found that the TIBA-induced reduction in Jigeng-88 plants was significantly higher than that in Dongdao-4 plants, leading to a significantly greater content of CAT, POD and SOD in the leaves and roots of Dongdao-4 plants as compared with Jigeng-88 plants (Figure 6A–D,F). Additionally, it should be noted that there was no significant difference in root activity of these enzymes between Dongdao-4 and Jigeng-88 plants when TIBA was applied (Figure 6E).




2.8. Effect of Alkaline Stress on the Genes Involved in IAA Biosynthesis, Transport and Catabolism


In this study, it was found that alkaline stress significantly affected the expression of genes controlling the synthesis, transportation, and catabolism of IAA in both Dongdao-4 and Jiigeng-88 plants. A significant reduction was observed in the expression levels of OsTAA1, OsYUCCA1 and OsPIN1, which controlling IAA biosynthesis and transport, respectively, (Figure 7A–F), while a significant increase in the expression levels of IAA catabolism genes, OsGH3.2 and OsGH3.8, was observed (Figure 7G–J) when rice plants are subject to alkaline stress. As compared to Dongdao-4, treatment-induced changes in the expression levels of OsTAA1, OsYUCCA1, OsPIN1 and OsGH3.2, OsGH3.8 in Jigeng-88 was greater than that in Dongdao-4. Exogenous application of IAA resulted in different effects on the expression of these genes. Following the exogenous application of IAA, there was a significant increase in the expression levels of OsTAA1, OsYUCCA1 and OsPIN1 (Figure 7A–F), while there was no significant effect on the expression levels of OsGH3.2 and OsGH3.8 (Figure 7G–J). Similar to exogenous IAA application, exogenous TIBA application significantly reduced the expression levels of OsTAA1, OsYUCCA1 and OsPIN1 (Figure 7A–F) but had minimal effect on the expression levels of OsGH3.2 and OsGH3.8 (Figure 7G–J).





3. Discussion


The salinization of soil threatens agricultural productivity in many parts of the world, including north-eastern and north-western China [2,26]. Currently, these regions are commonly using large-scale irrigation methods to combat soil salinization, especially in rice-growing regions [26]. However, this technique may lead to low sodium levels and high pH levels in the soil. A soil with low sodium level and high pH level (alkaline stress) can negatively impact the growth and development of crops, but very little attention has been paid on this subject. As is well known, auxin play an important role in the regulation of abiotic stress in higher plants [27]. In this study, we therefore investigated whether auxin plays an important role in alkaline stress resistance in rice plants (using two genotypes with different tolerance to alkaline stress) through exogenous application of IAA/TIBA. Our results revealed that Dongdao-4 plants were more resistant to alkaline stress than Jigeng-88 plants, as evidenced by higher IAA concentration (Figure 1) and higher survival rates (Figure S1). A higher level of IAA concentration in plants may promote plant grow more strongly in stressful conditions [14,27], which was also demonstrated in our study by the fact that Dongdao-4 had larger shoots biomass (Figure 2). The enhancement of rice growth may account by the higher chlorophyll concentration and photosynthetic rates induced by the application of exogenous IAA (Figure 3). In addition, effective ROS detoxifying systems and a larger root system induced by the application of exogenous IAA may also contribute to the increased growth of rice seedlings grown in alkaline stress environment [28]. Previous studies have demonstrated that plants with a larger root system and higher antioxidant enzyme activities are capable of not only absorbing more nutrients from the soil for growth but are also better able to protect cell from oxidative stress [28]. Inconsistent with these findings, our research revealed that rice root parameters were less affected by alkaline stress when they were treated with exogenous IAA (Figure 4) and that the higher activities of antioxidant enzyme induced by exogenous application IAA enable plant accumulate less H2O2 and MDA (Figure 5 and Figure 6), thereby conferring tolerance to alkaline stress. The concentration of a plant’s auxin can be influenced by the processes of hormone synthesis, transport, and catabolism, as well as by the expression of genes that determine all these processes [14]. We, therefore, investigated the effect of alkaline stress on the expression of genes that are involved in the synthesis, transport, and catabolism of auxin. It was found that alkaline stress up-regulated the expression levels of genes controlling the transport and catabolism of auxin and down-regulated the expression levels of genes controlling the synthesis of auxin (Figure 7). While the application of exogenous IAA/TIBA significantly affected the expression of these related genes and, eventually, affected rice growth under alkaline stress by altering the concentration of auxin (Figure 7). In summary, our findings indicate that IAA plays an important role in alkaline stress tolerance by modulating root development and ROS detoxifying systems in rice plants.



Plant hormones play an important role in regulating plant responses to abiotic stress [14,29]. Nevertheless, only a few reports have been available up to now that evaluated the effect of plant hormones on the growth of plants under saline-alkaline stress conditions [8,9,30]. As an important plant hormone, auxin plays a significant role in regulating the growth of plants that are subjected to alkaline stress. In previous research, it has been demonstrated that when alkaline stress is applied to rice plants, alkaline-tolerant genotypes (Luna Suvarna) show higher root IAA concentrations than alkaline-sensitive genotypes (IR64) [15]. Similarly, the same results were also observed in malus rootstocks [19]. Generally, a higher level of IAA concentration in plant roots encourages root growth, which in turn promotes the development of the plant [27]. Mechanistically, the effect of growth hormone on root development under stress conditions is through the regulation of auxin homeostasis and transport, for example, by inhibiting IAA biosynthesis and promoting IAA efflux [27]. In accordance with these findings, our study also found that the formation and growth of root systems in rice plants were inhibited by alkaline stress, and exogenous IAA can alleviate this inhibition and promote root formation and elongation (Figure 4). In addition to IAA, recent studies have shown that higher levels of endogenous ABA or application of ABA increase rice’s tolerance to alkaline stress [8,31]. For instance, Liu et al. (2022) demonstrated that OsABA8ox1 RNAi lines (higher concentration of ABA) were more tolerant to saline-alkaline stress than their wild-type counterparts, as reflected in the fact that their seedling survival and yield rates were higher [8]. Under alkaline stress conditions, higher levels of endogenous ABA or the application of ABA were found to activate the antioxidant defense system in a way that minimized the accumulation of ROS. This consequently resulted in the mitigation of alkali-induced root damage and seedling death [31]. In accordance with these results, our results also found that alkaline stress led to an increase in ABA in these two rice genotypes, and that the magnitude of the increase in Dongdao-4 plants was significantly greater than that of the increase in Jigeng-88 plants (Figure S2). As a consequence of the higher ABA concentration in Dongdao-4 plants, a greater tolerance to alkaline stress is also likely to be observed.



In plants, auxin levels are regulated by auxin biosynthesis and catabolism [14]. As one of the most important auxins of higher plants, IAA (Indole-3-acetic acid) is proposed to be synthesized by a Trp-(tryptophan)-dependent two-step pathway, which contributes significantly to the production of auxin [14]. During this pathway, Trp is first converted into IPA (indole-3-pyruvate) by the TAA1 (L-tryptophan pyruvate aminotransferase) family of aminotransferases and then into IAA by the YUCCA family of flavin monooxygenases [14]. In the biosynthesis of IAA, OsYUCCA plays a critical role as a rate-limiting enzyme. In rice, OsYUCCA is encoded by seven genes of which OsYUCCA1 appear to play the most important role in producing IAA [32]. Generally, the expression levels of OsYUCCA1 and OsTAA1 was inhibited by multiple environmental stresses, such as salt stress, drought stress, osmotic stress, etc. [27,33,34]. In this study, we also showed that alkaline stress significantly inhibited the expression of IAA biosynthesis genes (OsYUCCA1 and OsTAA1), with Jigeng-88 being significantly inhibited by alkaline stress than Dongdao-4 (Figure 7A–D). Furthermore, this study also found that the addition of exogenous IAA and TIBA altered the expression levels of OsTAA1 and OsYUCCA1 genes (Figure 7A–D). The exogenous addition of IAA alleviated the inhibition of OsTAA1 and OsYUCCA1 genes expression by alkaline stress, whereas the exogenous addition of TIBA exacerbated the inhibition (Figure 7A–D). IAA is synthesized at the root and stem tips and then transported by an IAA transporter to the site of action [14]. IAA transporters are encoded by the OsPIN gene, whose expression can be inhibited by various environmental stresses, such as salt stress, cold stress, drought stress, etc. [14,27,35]. There is evidence that increasing the expression levels of the OsPIN gene can increase the plant’s resistance to environmental stresses [14,35]. In accordance with the above results, we found that the expression levels of OsPIN1 was significantly inhibited by alkaline stress, with Jigeng-88 being significantly more inhibited than Dongdao-4 (Figure 7E,F). Moreover, the exogenous addition of IAA alleviated the alkaline stress-induced inhibition of OsPIN1 expression, whereas the exogenous addition of TIBA, on the other hand, exacerbated the alkaline stress-induced inhibition of OsPIN1 expression (Figure 7E,F). Generally, IAA catabolism is thought to determine the amount of active IAA in a given cell and is therefore important for many developmental processes [14]. It is found that IAA can be converted to ester conjugates with sugars by UGTs (UDP-glucose transferases) or to amide conjugates with amino acids by GH3 amino acid conjugate synthetases [14]. The expression of OsGH3 gene family is affected by a variety of different stress factors and is associated with auxin-deficient traits and resistance to abiotic stresses [14,36]. In rice, 13 GH3 genes have been identified, and all OsGH3 genes play an important role in the response to abiotic stress [36]. As an example, the expression of OsGH3.2 and OsGH3.8 is significantly induced by salt stress, indicating that OsGH3.2 and OsGH3.8 play important roles during salt stress [36]. Similarly, our results showed that alkaline stress significantly increased the expression of IAA catabolism genes (OsGH3.2 and OsGH3.8), with Jigeng-88 being significantly enhanced by alkaline stress than Dongdao-4 (Figure 7G–J). In contrast to IAA biosynthesis (OsYUCCA1 and OsTAA1) and transporter genes (OsPIN), it was found that the exogenous addition of IAA and TIBA did not significantly alter the expression of OsGH3 genes in this study (Figure 7).



As part of the process of photosynthesis, chlorophyll plays a crucial role in absorbing light and converting it into chemical energy that can be used by plants. Whenever there is chlorophyll degradation, plants are unable to achieve their full photosynthetic potential, which adversely affects their growth and development, and also their ability to thrive [37]. In general, environmental stress causes a decrease in the foliar chlorophyll concentration, as well as a decrease in the plant’s photosynthetic rate. It was found that exogenous application of IAA could increase the content of chlorophyll a and chlorophyll b, thus increasing the photosynthetic rate [16]. The presence of auxin enhances photosynthetic rate by increasing the density of leaf veins, whose well-organized placement drives the increase in photosynthetic capacity of leaf surfaces [38]. Enhancement of photosynthetic rate may also result in greater stomatal aperture induced by exogenous application of IAA under stress condition [22,23]. Additionally, IAA and its precursors, including L-tryptophan (Trp) and indole (Ind), increase the amount of mineral nutrients in plant leaves, such as magnesium which also play important role in chlorophyll synthesis [23,39]. In summary, higher endogenous IAA concentration or application of exogenous IAA will enhance chlorophyll synthesis, widened stomatal aperture, increase photosynthesis rate, thereby increase the tolerance to alkaline stress in rice plants. In agreement with these results, our study also found that IAA application mitigated the alkaline stress-induced reduction of foliar chlorophyll concentration in both genotypes of rice, thereby mitigating the negative effect of alkaline stress on photosynthetic rate and plant growth (Figure 3). In addition, it has been shown that the application of exogenous IAA under alkaline stress can protect the photosystem by enhancing proton dynamics and reducing proton gradients [40] and, therefore, improve photosynthetic rates in both genotypes of rice plants under alkaline stress (Figure 3).



Auxin is an important plant hormone well-known for controlling root development [41]. Under stress conditions, the accumulation and distribution of auxin in roots will be altered, thus affecting root morphology [27,42]. Among these studies, the mechanism of the effect of salt stress on root architecture is well studied [27]. Several studies have indicated that salt stress alters the accumulation and distribution of auxin, causing changes in the root architecture by inhibiting the growth of primary and lateral roots [42]. In similar to salt stress, root IAA concentration was decreased by alkaline stress, which resulting in decreasing of the adventitious root number, total root length, root surface area and dry root biomass [11]. Saini et al. (2021) have found that Luna Suvarna (salt tolerant cultivar) plants have a higher root IAA concentration than IR64 (a salt sensitive cultivar), which confers it greater root length, adventitious root number, and dry root biomass than IR64 plants [15]. Exogenous IAA treatment promote root growth, enable plants have a bigger root system than that plant under control condition [15,19]. Under stress conditions, a bigger root system may contribute to nutrition acquisition of plants [23]. In agreement with these results, our study found that alkaline-induced decrease in the adventitious root number, total root length, root surface area and dry root biomass in Dongdao-4 was less than that in Jigeng-88, and IAA application mitigated the alkaline stress-induced reduction of these root parameters in both rice genotypes (Figure 4). These findings imply that a higher endogenous IAA concentration or application of exogenous IAA can contribute to the development of a more extensive root system in rice seedlings, which may promote nutrition acquisition, thereby enhancing tolerance to alkaline stress.



Normally, reactive oxygen species are in dynamic equilibrium [28]. However, if plants are subjected to abiotic stresses, such as herbicides, pesticides, saline stress, or alkaline stress, they accumulate in large quantities [23,43,44]. The large quantity of reactive oxygen species that accumulate over time will damage the membrane structure of the plant and will affect the plant’s normal metabolism as a result of the peroxidation of nucleic acids, proteins, and lipids [28]. At the same time, reactive oxygen species also damage the selectivity of the membrane of the cell, leading to an increase in membrane permeability and the occurrence of membrane lipid peroxidation, which is eventually likely to cause plant damage or even death [28]. Moreover, free radicals act on the lipid peroxidation process, and the end product of this oxidation process is MDA, which can crosslink and polymerize with proteins, nucleic acids, and other living macromolecules, making them no longer active [45]. In this study, it was found that alkaline stress stimulated the formation of H2O2 and MDA in both rice genotypes, and following the application of exogenous IAA, there was a decrease in the content of H2O2 and MDA in both rice genotypes (Figure 5). In recent years, it has been reported that IAA plays a very important role in the activation of antioxidant enzymes under stress conditions [46]. Whenever IAA has been applied to plants, the activities of SOD, CAT, and POD were increased [16,46], the ability to scavenge ROS was increased, as well as the antioxidant capacity of plants was improved. In the current study, we have also found that exogenous IAA treatment increased the activity of SOD, CAT, and POD under alkaline stress conditions (Figure 6). The findings in this study are in accordance with those found in the existing literature. Using exogenous IAA may be an effective way of enhancing the activity of antioxidant enzymes in rice seedlings under alkaline conditions, thus enhancing their ability to scavenge ROS and increasing their antioxidant effects.



In summary, this study demonstrated that Dongdao-4, an elite rice genotype that was bred in saline-alkaline soil in northern China was more tolerant to alkaline stress. When grown in alkaline conditions, Dongdao-4 plants can accumulate more IAA than Jigeng-88 plants and confers on it a larger root system and ROS detoxifying systems. In addition, application of exogenous IAA mitigates the effect of alkaline stress on root parameters and ROS accumulation. An extensive root system, as well as ROS detoxifying systems, strengthened with IAA may enable rice plant have better able to tolerate alkaline stress. These findings will be valuable for our understanding of the physiological mechanisms of rice plants in responses to alkaline stress.




4. Materials and Methods


4.1. Plant Materials and Germination Treatments


In this study, the varieties of rice Dongdao-4 and Jigeng-88 from the species Oryza sativa L. ssp. Japonica was utilized. After 2 days of germination in tap water at 37 °C, the seeds were put on moist tissue paper and kept in the dark at 30 °C for 2 days. The seedlings were then moved to a solution containing (mM): 1.425 NH4NO3, 0.42 NaH2PO4, 0.510 K2SO4, 0.998 CaCl2, 1.643 MgSO4, 0.168 Na2SiO3, 0.125 Fe-EDTA, 0.019 H3BO3, 0.009 MnCl2, 0.155 CuSO4, 0.152 ZnSO4, and 0.075 Na2MoO4 and were cultivated in a growth chamber with a 14-hour photoperiod at a constant temperature of 30 °C/22 °C (day/night) and relative humidity of approximately 70%.



In order to determine the tolerance of these two rice genotypes to alkaline stress, the rice plants were exposed to a nutritious solution for 2 weeks, and then half of the plants were moved to a solution containing 20 mM NaHCO3 and a pH of 8.5 for 5 days. To determine the effects of IAA and TIBA on the growth of rice plants under alkaline stress, two-week-old seedlings were transferred to an alkaline stress treatment solution containing 6 μM IAA and 30 μM TIBA for 5 days. For both the control and treatment media, the pH was adjusted and the solution was changed every 2 days.




4.2. Measurements of Plant Growth


After treatments, the plants’ height was measured with a meter ruler. To determine the rice seedlings’ dry biomass, the shoots and roots were plucked and oven-dried at 75 °C for 2 days until their weight was constant.



In order to examine root morphological parameters, an Epson digital scanner (Expression 10000XL, Epson (China) Co., Ltd., Beijing, China) was used to scan roots, which were then processed using the WinRHIZO/WinFOLIA program (Regent Instruments Inc., Québec City, QC, Canada).




4.3. Measurements of Chlorophyll (CHL) Concentration


In this study, the chlorophyll concentration was determined as described by Sharma et al., (2012) [47]. To determine the concentration of CHL in rice leaves, freshly harvested leaves were weighed, distilled, and extracted with 95% (v/v) aqueous ethanol. The absorbance of the supernatant was measured using wavelengths of 663 nm and 645 nm. Based on the calculated chlorophyll content per gram of fresh mass, the total chlorophyll content is 8.02 A663 + 20.21 A645 mg.




4.4. Measurements of Photosynthetic Characteristics


A portable photosynthesis system (LI-6400 XT) equipped with an LED leaf cuvette (Li-Cor, 146, Lincoln, NE, USA) was used to measure the photosynthetic rate of rice seedlings between 8:30 and 11:30. In the chamber, leaves were artificially illuminated by 6400-02B LEDs mounted on the sensor head and were illuminated continuously for 1000 mol m−2 s−1 photosynthetic photon flux density and 500 moL CO2 mol ambient CO2 concentration. The photosynthetic rates of rice plants were evaluated individually for each treatment by evaluating a minimum of 15 plants per treatment.




4.5. Determination of H2O2


In this study, hydrogen peroxide was measured in accordance with Alexieva et al. (2001) with some modification [48]. In brief, 1 g of samples were ground in 2 mL of 0.1% trichloroacetic acid (TCA), and 8 mL of TCA was then added to rinse the mortar and pestle. Following this, the sample was centrifuged at 10,000× g at 4 °C for 20 min. The supernatant (1 mL) was then diluted with 1 mL of potassium phosphate buffer pH (7.0) and 2 mL of 1 M KI. After mixing and dark reaction at room temperature for 60 min, the OD value was measured at 390 nm. To calculate the amount of hydrogen peroxide in the mixture, a standard curve of known hydrogen peroxide concentrations was prepared.




4.6. Determination of Malondialdehyde (MDA)


The levels of malondialdehyde in rice leaves were determined following the procedure described by [48]. In brief, the leaves of rice were weighed and homogenized in a 10% TCA solution in 5 mL, after which they were centrifuged for 10 min at 10,000× g. Following centrifugation, 2 mL of supernatant was combined with 2 mL of 10% TCA containing 0.6% thiobarbituric acid. After incubation at 95 °C for 30 min, the reaction was stopped using an ice bath. The solution’s absorbance was measured at three different wavelengths: 450, 532, and 600 nm.




4.7. Determination of Peroxidase, Superoxide Dismutase, and Catalase Activity


Rice leaves were ground thoroughly to a weight of approximately 0.5 g in a pH 7.8 potassium phosphate buffer (50 mM) with 1% polyvinylpyrrolidone using a cold mortar and pestle. Following homogenization, the homogenate was centrifuged at 15,000× g at temperature of 4 °C for 20 min. A crude enzyme extraction was obtained from the supernatant. The activities of three enzymes, superoxide dismutase (SOD; EC 1.15.1.1), peroxidase (POD; EC 1.11.1.7), and catalase (CAT; EC 1.11.1.6), were evaluated using the protocols described by Giannopolitis and Ries (1977) [49], Gasper et al. (1975) [50] and Aebi (1984) [51], respectively.




4.8. RNA Isolation and Real-Time RT-PCR


The activity of peroxidase, superoxide dismutase, and catalase was determined following the procedures described by Li et al. (2016) [11]. Briefly, total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA) as the extraction reagent and treated with DNase I (Promega, Madison, WI, USA) as the DNase treatment protocol (USA). A 20-L volume of total RNA was reverse transcribed into first-strand cDNA with M-MLV reverse transcriptase (Promega). In an optical 96-well plate, real-time PCR was performed utilizing an Applied Biosystems Step One TM Real-Time PCR apparatus. During each reaction, 5 L of diluted cDNA was added to 12.5 L of SYBR GreenER qPCR SuperMix Universal (Invitrogen), 0.5 L of Rox Reference Dye, 1 L of 10 M forward and reverse primers, and 5 L of sterile water. During the heat cycle, 95 °C was maintained for 10 min, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. Table S1 provides a list of the primers used for each gene. In order to ensure internal quality control, Actin (GenBank accession number AB047313) was employed as a control. In order to determine the relative level of expression, the comparative CT method was used.




4.9. Statistical Analysis


A variance analysis was conducted using SAS statistical software. The significance of the differences between treatments was determined using a student’s t-test.





5. Conclusions


In this study, we present experimental evidence demonstrating that IAA and TIBA can modulate the responses of rice seedlings to alkaline stress. More specifically, we demonstrate that rice seedlings treated with IAA are more resilient to alkaline stress. Our results also suggest that rice plants may be better able to tolerate alkaline stress when they have an extensive root system, as well as ROS detoxifying systems, strengthened with IAA. Moreover, these findings provide important mechanistic insights for our understanding of rice plants when they are subjected to alkaline stress conditions.
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Figure 1. IAA concentrations of (A) shoots and (B) roots of Dongdao-4 and Jigeng-88 seedlings grown in control and alkaline stress medium. Two-week-old rice seedlings cultivated in normal culture solution were moved to culture solution that was added with 20 mM NaHCO3 and had a pH of 8.5 for 5 days. Alk = alkaline stress. Bars = 10 cm. Data are means ± SE (n ≥ 5). Means with different letters are significantly different between control and alkaline stress of the same genotype (p < 0.05). Asterisks indicate significant differences within the same treatment (* p < 0.05, *** p < 0.001). 
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Figure 2. Effects of IAA and TIBA on (A) symptoms, (B) plant height, (C) dry shoot biomass of Dongdao-4 and Jigeng-88 seedlings after treatment with alkaline stress. Treatments were as described in Figure 1. Means with different letters are significantly different (p < 0.05) between control and “Alk” and “Alk + IAA” and “Alk + TIBA” of the same genotype. Asterisks indicate significant differences between different genotypes within the same treatment (** p < 0.01, *** p < 0.001). 
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Figure 3. Effects of IAA and TIBA on (A) foliar chlorophyll concentration and (B) photosynthetic rates of Dongdao-4 and Jigeng-88 seedlings after treatment with alkaline stress. Treatments were as described in Figure 1. Means with different letters are significantly different (p < 0.05) between control and “Alk” and “Alk + IAA” and “Alk + TIBA” of the same genotype. Asterisks indicate significant differences between different genotypes within the same treatment (*** p < 0.001). 
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Figure 4. Effects of IAA and TIBA on (A) root symptoms, (B) adventitious root number, (C) root surface area, (D) total root length, (E) dry root biomass of Dongdao-4 and Jigeng-88 seedlings after treatment with alkaline stress. Treatments were as described in Figure 1. Means with different letters are significantly different (p < 0.05) between control and “Alk” and “Alk + IAA” and “Alk + TIBA” of the same genotype. Asterisks indicate significant differences between different genotypes within the same treatment (** p < 0.01, *** p < 0.001). 
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Figure 5. Effects of IAA and TIBA on contents of (A,C) H2O2, (B,D) malondialdehyde (MDA) of Dongdao-4 and Jigeng-88 seedlings after treatment with alkaline stress. Treatments were as described in Figure 1. Means with different letters are significantly different (p < 0.05) between control and “Alk” and “Alk + IAA” and “Alk + TIBA” of the same genotype. Asterisks indicate significant differences between different genotypes within the same treatment (* p < 0.05, ** p < 0.01, *** p < 0.001). 






Figure 5. Effects of IAA and TIBA on contents of (A,C) H2O2, (B,D) malondialdehyde (MDA) of Dongdao-4 and Jigeng-88 seedlings after treatment with alkaline stress. Treatments were as described in Figure 1. Means with different letters are significantly different (p < 0.05) between control and “Alk” and “Alk + IAA” and “Alk + TIBA” of the same genotype. Asterisks indicate significant differences between different genotypes within the same treatment (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 6. Effects of IAA and TIBA on antioxidant enzymes in shoots/roots of Dongdao-4 and Jigeng-88 seedlings after treatment with alkaline stress. (A,D) Catalase (CAT) in leaves/roots. (B,E) Peroxidase (POD) in leaves/roots. (C,F) Superoxide dismutase (SOD) leaves/roots. Treatments were as described in Figure 1. Means with different letters are significantly different (p < 0.05) between control and “Alk” and “Alk + IAA” and “Alk + TIBA” of the same genotype. Asterisks indicate significant differences between different genotypes within the same treatment (* p < 0.05, ** p < 0.01, *** p < 0.001). 






Figure 6. Effects of IAA and TIBA on antioxidant enzymes in shoots/roots of Dongdao-4 and Jigeng-88 seedlings after treatment with alkaline stress. (A,D) Catalase (CAT) in leaves/roots. (B,E) Peroxidase (POD) in leaves/roots. (C,F) Superoxide dismutase (SOD) leaves/roots. Treatments were as described in Figure 1. Means with different letters are significantly different (p < 0.05) between control and “Alk” and “Alk + IAA” and “Alk + TIBA” of the same genotype. Asterisks indicate significant differences between different genotypes within the same treatment (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 7. Effects of alkaline stress on the expression of genes involved in IAA biosynthesis (OsTAA1 and OsYUCCA1), transport (OsPIN1) and catabolism (OsGH3.2 and OsGH3.8) in shoots (A,C,E,G,I) and roots (B,D,F,H,J) of Dongdao-4 and Jigeng-88 seedlings. Treatments were as described in Figure 1. Means with different letters are significantly different (p < 0.05) between control and “Alk” and “Alk + IAA” and “Alk + TIBA” of the same genotype. Asterisks indicate significant differences between different genotypes within the same treatment (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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