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Abstract: In the present study, an indoor potting experiment was conducted to study the effects of enhanced UV-B radiation and Magnaporthe oryzae on the growth, stomatal structure, photosynthesis, and endogenous hormone contents of a traditional rice cultivar Baijiaolaojing in the Yuanyang terraces of Yunnan Province. In addition, the relationships between these parameters and disease indices were analyzed. We aimed to clarify the response of the photosynthetic physiology of rice under the combined stress of UV-B radiation and M. oryzae. Compared with the M. oryzae infection treatment, all the treatments, including M. oryzae infection before (MBR), simultaneously with (MSR), and after (MAR) UV-B radiation significantly increased the rice height and biomass by 4%–11% and 30%–111%, respectively, and the stomatal structure and carotenoids content of leaves, while decreasing the contents of chlorophyll a and b, by 21%–41% and 63%–73%, respectively. Both the MSR and MBR treatments significantly increased the photosynthetic rate and transpiration rate of rice leaves. The MAR treatment weakened chlorophyll fluorescence parameters, including the actual photosystem II (PS II) photochemical efficiency, electron transport rate, photochemical quenching, and nonphotochemical quenching by 40%, 39%, 43%, and 24%, respectively. Moreover, the treatments of MAR, MSR, and MBR decreased the phytohormones content and the M. oryzae disease index by 27%–62% in rice leaves. Thus, the enhanced UV-B radiation contributed to suppressing the M. oryzae infection and alleviating its damage to the photosynthesis of rice leaves. This study is valuable for the control of rice blast fungus and offers important insights into plant pathology.

Keywords: Rice; UV-B radiation; rice blast disease; hormones; plant responses





1  Introduction

Rice constitutes one of the most crucial food crops on a global scale, and the development and output of rice are impacted by multiple biotic and abiotic stresses, including ultraviolet B (UV-B) radiation and infection by Magnaporthe oryzae (M. oryzae). UV-B radiation directly damages biomolecules, such as DNA and proteins, and negatively affects the evolution and growth of plants [1]. Rice blast is caused by a pathogenic fungus and leads to symptoms such as leaf yellowing and a reduction in spike grain yield, thus affecting the yield and quality of rice [2,3]. In recent years, many studies have shown that the combined stress of UV-B radiation and M. oryzae has a complex influence on the development and growth of rice [4].

UV-B radiation has a wide range of biological effects on pathogenic bacteria [5], and UV-B radiation affects the production, survival, propagation, and invasive power of the conidia of pathogens. UV-B radiation can inhibit the germination of pathogen spores, change the size of pathogen colonies, and limit the propagation of spores, thus reducing the occurrence of disease [6]. For M. oryzae, increased UV-B radiation reduces the reproductive ability of the pathogen, slows the growth rate of mycelium, inhibits spore germination, leads to a decrease in spore production, intensifies the color of the pathogen colonies, and significantly reduces the invasive power of M. oryzae [7]. UV-B radiation can harm the DNA structure of pathogens in a straightforward manner, leading to damage to and mutation of genetic material [8], thus affecting the biological characteristics and pathogenicity of pathogens [9]. In addition, UV-B radiation can interfere with the cell wall synthesis and membrane lipid composition of pathogens, leading to cell membrane disruption and leakage, which in turn affects the physiological functions of pathogens [10].

Rice plants exhibit unique physiological responses to increased UV-B radiation and pathogenic bacterial stresses. Among them, methyl jasmonate (ME-JA) is a key factor in the acquisition of resistance in the plant system, and as an endogenous growth regulator in plants, it can stimulate the defense response or directly stimulate the manifestation of defense-related genes in the plant, produce a series of secondary metabolites with defense effects, and increase resistance to adversity [11,12]. Multiple hormone-mediated defense mechanisms play important roles in external stress, and these complex physiological processes may be interrelated and independent [13], constituting a complex hormonal regulatory network in rice itself.

Photosynthesis is one of the basic processes of plant growth, development, and production; it is an important way for plants to synthesize organic substances, and it is also one of the most important indices for determining the biological effects of UV-B [14]. The impact of enhanced UV-B radiation on photosynthetic physiology is characterized by damage to photosystem II (PSII), which causes a reduction electron transfer efficiency and photoinhibition, resulting in a decrease in chloroplast oxygen-excreting activity [15], blockage of photosynthetic pigment synthesis, and disruption of the chloroplast system [16]. Changes in photosynthetic parameters such as the net photosynthetic rate and stomatal conductance also occur [17]. The impaired activity of the key enzymes involved in photosynthesis in plants is another consequence [18]. Triggering the production of oxygen radicals in plants [19] leads to the oxidation of intracellular proteins and damage to the structure and function of photosynthesis-related proteins. And affect the normal growth and development of plants [20–23], resulting in plant stunting and reduced biomass. M. oryzae leads to disease symptoms such as spots and sores on rice leaves [24]. After infestation by M. oryzae, the leaf tissue structure is damaged by the destruction of leaf epidermal cells and chloroplasts. The spores and mycelia that form on the leaf surface severely block the stomata, impeding gas exchange and transpiration. This in turn affects leaf photosynthesis. Moreover, the toxins produced by M. oryzae during infestation cause damage to leaf vesicle membranes and disruption of reaction centers [25]. They also have toxic effects on chloroplasts and other photosynthetic organs, further inhibiting the photosynthetic activity of plants [4].

Research has shown that the physiological photosynthetic characteristics of rice exhibit a positive response to increased UV-B radiation or rice blast fungus stress. However, studies on the response of rice physiological photosynthetic characteristics to the combined stress of enhanced UV-B radiation and M. oryzae are limited to field experiments. Field conditions have many sources of external interference. Compared with field experiments, pot experiments can more easily control external interferences. To further clarify the effects of photosynthetic physiological properties of rice on UV-B radiation and rice blast fungus systems. Therefore, in the present study, we conducted pot experiments with traditional rice-Baijiaolaojing-old japonica from Yuanyang terraced fields and used a UV-B lamp radiation enhancement (5.0 kJ·m−2) treatments at different stages of rice leaf infestation by the rice blast fungus (before infestation, during infestation, and after succumbing to the disease) to select rice plants with the same growth and the same part of the plant to study the reactions of the physiological photosynthetic characteristics of rice to UV-B enhancement and the stress caused by M. oryzae. We propose the following hypotheses: 1. Increased UV-B radiation or M. oryzae infection alone had significant negative effects on growth, development and physiological photosynthetic characteristics in rice. 2. Increased UV-B radiation can inhibit M. oryzae infection to some extent. 3. The time of application of UV-B radiation can reduce the damage caused by M. oryzae infection to a certain extent, and the effect is most significant when UV-B radiation is applied before M. oryzae infection.

2  Materials and Methods

2.1 Background

The rice variety employed in this experiment was the traditional rice variety of the Yuanyang terrace “Baijiaolaojing”, and plastic pots with an inner diameter of 33 cm were used for planting. A UV-B radiation meter was manufactured by Beijing Normal University Optoelectronic Instrument Factory, Beijing, China, and a 40 W UV-B lamp (wavelength 280–320 nm) was made by Shanghai Gucun Instrument Factory, Shanghai, China. Additionally, the rice blast strain (PEX22A-PCB1004) used for the test was supplied by the Yunnan Provincial Key Laboratory of Plant Pathology, Kunming, China and has stable pathogenicity. The soil utilized in the experiment was obtained from the experimental farm of Yunnan Agricultural University, Kunming, China, and the environmental background values of this soil are shown in Table 1.
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2.2 Test Design

The test rice seeds were sterilized by being soaked in a carbendazim solution that was diluted by a factor of 1000 for 20 min. The samples were subsequently placed in trays, overlaid with two layers of sterile water-moistened gauze, and maintained in an incubator at 28°C for 46 days. Once the seeds became dewy and white, they were directly sown in 20 pots, each containing 20 kilograms of soil. When the seedlings reached the three-leaf stage, 18 pots with uniform growth were selected for UV-B radiation and inoculation with M. oryzae.

When the seedlings turned green, the rice plants were exposed to increased UV-B radiation under natural light. This was achieved by employing 40 W UV-B lamps (with wavelengths spanning 280–320 nm) on each plot, facilitated by a freely pull-up lamp holder. This arrangement ensured that one row of rice was directly beneath the lamps. The irradiation intensity, particularly at the upper part of the plants, was regulated by adjusting the height of the lamps and assessed by a UV-B radiation tester (Beijing 720). The radiation intensity was set at natural light and augmented by 5.0 kJ·m−2. Throughout the UV-B radiation intensity treatments, with plants growth, the height of the lamps was constantly modulated to ensure that the plants received an equal intensity of UV-B radiation. And in the control group, no UV fluorescent lights were placed on top of the plants. For each treatment, three replicates were irradiated the UV lamp for the same amount of time each day, depending on weather conditions, except during rainy and cloudy day, until the determination of the rice morphological indices, including plant height, biomass, and disease indices.

The experimental design was divided into six different treatments: (1) illumination by natural light (CK), (2) enhanced UV-B radiation (R), (3) inoculation of M. oryzae (M), (4) three days before M. oryzae inoculation, enhanced UV-B radiation was supplied, and the indicators were measured at seven days (MBR), (5) concurrently treated with enhanced UV-B radiation and M. oryzae, and the indicators were measured at seven days (MSR), and (6) enhanced UV-B radiation was used three days after M. oryzae inoculation, and the indicators were measured on the seventh day (MAR).

2.3 Inoculation of M. oryzae

The test strain was purified and grown on yeast media at 26°C for 7 days. A perforator was used to cut mycelial pieces with a diameter of 2 mm, which were then transferred to potato dextrose medium (PDA) and incubated for 8 to 10 days at 26°C under light (10 h·d−1). Microscopy was used to observe the spore production of M. oryzae. The content of the spore suspension was controlled at approximately 3 × 105 mL−1 through a hemocyte counting plate as a seedling spray inoculum. A total of 250 mL of inoculum solution of the same concentration of M. oryzae was added, and each rice leaf was allowed to adhere uniformly to the inoculum solution via a high-pressure water gun during spraying and infestation.

2.4 Indicator Measurement

2.4.1 Plant Height and Biomass

Plant height: The distance from the tip of the tallest leaf to the surface of the soil was measured for 5 randomly selected plants in each pot.

Biomass: When harvest was complete, the entire pot of rice was extracted. The pot was delicately rinsed with tap water and subsequently allowed to dry naturally in a ventilated area without direct sunlight. The rice plants were inserted into kraft paper bags and dried at 80°C until a steady weight was obtained. While drying, the weight was measured every 24 h until a steady weight was achieved, and the mass of the dried plants was promptly weighed.

2.4.2 Photosynthetic Pigment Content and Photosynthetic Physiological Measurements in Rice Leaves

The photosynthetic pigments were extracted via the acetone method, and the absorbance values at 440, 630, 644, 662, 664, and 750 nm were determined via a UV spectrophotometer with 90% acetone solution as a reference. The photosynthetic pigment content was computed in accordance with the abovementioned formula.

The photosynthetic properties of the rice leaves were measured via the LCPRO portable intercellular CO2 concentration (Ci), stomatal conductance (Gs), photosynthesis rate (Tr), and photosynthetic rate (Pn).

The fluorescence characteristics were determined using the modulated chlorophyll fluorometer MINI-PAM-II. The measured indicators included the actual PSII photochemical efficiency, maximum quantum yield, potential photosynthetic activity, electron transport rate, photochemical quenching, and nonphotochemical quenching. After the leaves were incubated in the dark for 30 min, the light intensity was measured as 191 µmol·m−2·s−1.

2.4.3 Disease Indices

With reference to the Standard Evaluation System for Rice, disease severity was assessed via a 9-level grading system. The disease index (DI) was calculated as follows: DI = [(number of leaves in each disease grade × numeric value representing the grade)/total number of leaves] × numeric value representing the severity of the disease grade × 100%.

Level 0: No disease spots.

Level 1: Only small brown disease spots.

At Level 2, the diameter of the brown spot ranged from 0.5–1 mm.

At Level 3, small, round or slightly elongated oval brown ring necrotic spots with a diameter of 1–2 mm were observed.

Level 4: Typical blast spots on rice that are oval in shape and measuring 1–2 cm in length.

Level 5: Typical rice blast spots with less than 10% of the affected area.

Level 6: Typical rice blast spot with 10%–25% of the affected area.

Level 7: Typical rice blast spot with 26%–50% of the affected area.

Level 8: Typical rice blast spot with 51%–75% of the affected area.

Level 9: All dead leaves.

2.4.4 Determination of Hormone Contents in Rice Leaves

Fresh rice leaves were weighed, ground in 80% methanol under low-temperature conditions, and centrifuged to collect the supernatant. The residue was supplemented with 80% methanol and concentrated to the aqueous phase at 40°C, with the pH adjusted to 2.5–3. The organic phases were combined and concentrated to dryness by adding 1–2 drops of ammonia and then further concentrated to dryness at 40°C through a rotary evaporator. A total of 0.5 mL of 0.1 mol·mL−1 glacial acetic acid was dissolved and filtered, and the filtered liquid was measured by a Shimadzu superior-efficiency liquid chromatograph featuring a diode array detector. The chromatographic conditions were as follows: C18 reversed-phase column, 38°C; detection wavelength, 254 nm; and injection volume, 10 μL. Phytohormones were qualitatively determined via comparison with standard samples of gibberellins (GA), auxin (IAA), abscisic acid (ABA), and methyl jasmonate (ME-JA) and quantified via the peak area external standard method.

2.5 Data Processing and Statistical Analysis

Using the SPSS 22.0 statistical software package (SPSS Inc., Chicago, IL, USA), the data from the different treatments were analyzed via least significant difference (Duncan) tests.

3  Results

3.1 Effects of UV-B Radiation and M. oryzae Stress on the Growth of Rice Plants

As shown in Fig. 1, both the R and M treatments significantly reduced the rice plant height by 10% and 23%, respectively. However, the effects of UV-B radiation treatment on rice plant height vary depending on the timing of pathogen invasion. The MSR and MBR significantly influenced the rice plant height, with decreases of 14%, 16%, and 19%, respectively. Compared with the M treatment, the MAR, MSR, and MBR treatments significantly influenced the rice plant height, with increases of 12%, 9%, and 5%, respectively. Compared with the R treatment, the MAR, MSR, and MBR treatments significantly influenced the rice plant height, with decreases of 4%, 7%, and 10%, respectively.
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Figure 1: Effect of M. oryzae and UV-B radiation at different times on plant height (A) and biomass (B). CK treatment, be illuminated by natural light; R treatment, enhanced UV-B radiation treatment; M treatment, the inoculating of M. oryzae; MAR treatment, Inoculated M. oryzae treatment three days after UV radiation.; MSR treatment, Enhanced UV-B radiation was provided concurrently with M. oryzae inoculating; MBR treatment, UV radiation three days before inoculating M. oryzae. Each value symbolizes the mean ± error (SE), n = 3. Different lowercase letters imply significant differences between treatments (p < 0.05)

The R treatment did not significantly affect the rice biomass, whereas the M treatment significantly affected the rice biomass, resulting in a significant influence of 53%. Treating rice with enhanced UV-B radiation at different stages of pathogen invasion had varying effects on rice biomass: MAR did not significantly reduce the rice biomass. However, both the MSR and the MBR decreased the rice biomass by 17% and 37%, respectively. Moreover, compared with the M treatment, the MAR, MSR, and MBR treatments significantly influenced the rice biomass, with decreases of 114%, 78%, and 34%, respectively.

3.2 Effects of UV-B Radiation and M. oryzae Stress on the Stomatal Structure of Rice Leaves

As shown in Table 2, in comparison with the CK treatment, both the R treatment and the fungus treatment significantly reduced the stomatal area of the rice leaves by 56% and 83%, respectively. Compared with the M treatment, the MAR, MSR, and MBR treatments significantly influenced the stomatal area of the rice leaves, with increases of 122%, 297%, and 156%, respectively. Compared with the R treatment, the MSR treatment had a significant influence on the stomatal area of the rice leaves, with an increase of 57%.
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Compared with the CK treatment, the M treatment significantly influenced the stomatal density of the rice leaves, with a decrease of 64%. The R treatment did not significantly affect the stomatal density of the rice leaves. Compared with the M treatment, the MAR, MSR, and MBR treatments significantly influenced the stomatal density of the rice leaves, with increases of 205%, 162%, and 108%, respectively. Compared with the R treatment, the MBR treatment significantly influenced the stomatal density of the rice leaves, with a decrease of 30%.

Compared with the CK treatment, the R treatment resulted in a significant influence on the number of stomatal mastoids, with decreases of 38%. Compared with the M treatment, both the MAR and MSR significantly influenced the number of stomatal mastoids, with an increase of 25%. Compared with the R treatment, the MBR treatment had a significant influence on the number of stomatal mastoids, with a decrease of 27%.

3.3 Effects of UV-B Radiation and M. oryzae Stress on the Photosynthetic Pigments of Rice Leaves

As shown in Table 3, compared with the CK treatment, the M treatment significantly influenced the chlorophyll a and b contents of the rice leaves, with increases of 33% and 214%, respectively. M treatment also resulted in a significant 35% influence on carotenoids in rice leaves. The R treatment significantly influenced the chlorophyll b content of the rice leaves, with an increase of 12%, and significantly influenced the chlorophyll a and carotenoid contents of the rice leaves, with increases of 7% and 9%, respectively. Compared with the M treatment, the MAR treatment had a significant influence on the chlorophyll a and carotenoid contents of the rice leaves, with increases of 6% and 12%, respectively. MSR had a significant influence on chlorophyll a and b in rice leaves, with decreases of 22% and 16%, respectively, as well as a significant influence on carotenoids in rice leaves, with increases of 8%. MBR had a significant influence on the chlorophyll a and b and carotenoid contents of rice leaves, with increases of 6%, 17% and 14%, respectively.
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3.4 Effects of UV-B Radiation and M. oryzae Stress on Photosynthetic Indicators in Rice Leaves

As shown in Table 4, the results were compared with those of the CK treatment. The R treatment resulted in a significant influence on the Pn of 170%, and the M treatment resulted in a significant influence on the Pn of 78%. Compared with the effects of the M treatment, the effects of the UV-B radiation treatment on the Pn during different periods of M. oryzae infestation were different. Compared with the M treatment, the MAR, MSR and MBR treatments significantly influenced the Pn, with increases of 65%, 155% and 672%, respectively.
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Compared with the CK treatment, The R treatment resulted in a significant influence on Gs, with an increase of 28%. Treatment resulted in a significant influence on the Gs of 57%. Compared with that in the M treatment group, the amount of Gs in the MAR treatment group decreased significantly at different periods of M. oryzae infestation and resulted in the most significant influence on the Pn, with a decrease of 68%.

Compared with the CK treatment, UV-B and M treatments had a significant influence on Ci, with increases of 8% and 48%, respectively. Compared with the M treatment, the MAR and MSR treatments had significant influences on Ci, with decreases of 6% and 5%, respectively.

In comparison with the CK treatment, UV-B and M treatments resulted in a significant influence on the Tr, with decreases of 10% and 63%, respectively. Compared with the M treatment, the MBR and MSR significantly influenced the Tr, with increases of 28% and 31%, respectively.

3.5 Effects of UV-B Radiation and M. oryzae Stress on Chlorophyll Fluorescence Parameters in Rice

As shown in Fig. 2, in comparison with the CK treatment, the M treatment significantly influenced the actual PSII photochemical efficiency (ΦPSII), whereas the R treatment had no significant effect on ΦPSII. Compared with the M treatment. MBR, MSR and MAR significantly influenced ΦPSII, with decreases of 28%, 20% and 40%, respectively.
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Figure 2: Effect of UV-B radiation and M. oryzae stress on chlorophyll fluorescence parameters in rice. The actual PSII photochemical efficiency (A), Maximum quantum yield (B), Potential photosynthetic activity (C), Electron transport rate (D), Photochemical quenching (E), Nonphotochemical quenching (F). CK treatment, be illuminated by natural light; R treatment, enhanced UV-B radiation treatment; M treatment, the inoculating of M. oryzae; MAR treatment, Inoculated M. oryzae treatment three days after UV radiation.; MSR treatment, Enhanced UV-B radiation was provided concurrently with M. oryzae inoculating; MBR treatment, UV radiation three days before inoculating M. oryzae. Each value symbolizes the mean ± error (SE), n = 3. Different lowercase letters imply significant differences between treatments (p < 0.05)

The maximum quantum yield (Fv/Fm) was significantly increased by UV-B radiation at different periods of M. oryzae infection, and compared with M. oryzae inoculation alone, the combined effect of M. oryzae and UV-B radiation resulted in a significant increase in the Fv/Fm. The R treatment significantly increased the maximum light energy conversion efficiency of the rice leaves. The trend in the potential photosynthetic activity (Fv/Fo) ratio was similar to that in the Fv/Fo ratio. The Fv/Fo ratio was significantly increased by UV-B radiation during different periods of M. oryzae wilt infestation.

In contrast to the CK treatment, the R treatments resulted in a significant influence on the electron transport rate (ETR), with decreases of 3%, and the M treatments resulted in a significant influence on the ETR, with increases of 24%. Compared with the M treatment, the MBR, MSR, and MAR treatments had significant influences on the ETR, with decreases of 25%, 19%, and 39%, respectively.

Compared with the CK treatment, the R treatment resulted in a significant influence on photochemical quenching (qP), with a decrease of 7%, and the M treatment resulted in a significant influence on qP, with an increase of 25%. Compared with the M treatment, the MBR and MAR significantly influenced the qP, with decreases of 43% and 29%, respectively.

Compared with the CK treatment, the R treatment had a significant effect on nonphotochemical quenching (NPQ), with a decrease of 5%, and the M treatment had a significant influence on NPQ, with an increase of 18%; however, compared with the M treatment, the MBR and MAR treatments had a significant influence on NPQ, with decreases of 16% and 24%, respectively.

3.6 Effects of UV-B Radiation and M. oryzae on Rice Leaf Phytohormones at Different Time Points

Fig. 3 shows the results of comparison with those of the CK treatment. The R treatment had a significant influence on ABA, GA, and ME-JA, with increases of 37%, 26%, and 31%, respectively, whereas the M treatment had a significant influence on ABA, GA, IAA, and ME-JA, with increases of 80%, 62%, 64%, and 105%, respectively. Compared with the M treatment, the MAR treatment had a significant influence on ABA, GA, IAA, and ME-JA, with decreases of 42%, 27%, 40%, and 41%, respectively. MSR significantly influenced ABA, GA, IAA and ME-JA, with decreases of 40%, 38%, 46%, and 62%, respectively; MBR significantly influenced ABA, GA, IAA, and ME-JA, with decreases of 29%, 26%, 19%, and 47%, respectively.
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Figure 3: Effect of UV-B radiation and M. oryzae at different time points on ABA (A), GA (B), IAA (C), and ME-JA (D). CK treatment, be illuminated by natural light; R treatment, enhanced UV-B radiation treatment; M treatment, the inoculating of M. oryzae; MAR treatment, Inoculated M. oryzae treatment three days after UV radiation.; MSR treatment, Enhanced UV-B radiation was provided concurrently with M. oryzae inoculating; MBR treatment, UV radiation three days before inoculating M. oryzae. Each value symbolizes the mean ± error (SE), n = 3. Different lowercase letters imply significant differences between treatments (p < 0.05)

3.7 Effects of UV-B Radiation for Different Periods on the Disease Index of M. oryzae

As shown in Fig. 4, increased UV-B radiation significantly suppressed the occurrence of M. oryzae disease. Specifically, the inhibition of rice blast disease development on rice leaves was most pronounced when the rice plants were subjected to UV-B radiation before inoculation with M. oryzae. MBR, MSR, and MAR had inhibitory effects on rice blast disease of 27%, 40%, and 62%, respectively.
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Figure 4: Effect of UV-B radiation on the disease index of rice blast. CK treatment, be illuminated by natural light; R treatment, enhanced UV-B radiation treatment; M treatment, the inoculating of M. oryzae; MAR treatment, Inoculated M. oryzae treatment three days after UV radiation.; MSR treatment, Enhanced UV-B radiation was provided concurrently with M. oryzae inoculating; MBR treatment, UV radiation three days before inoculating M. oryzae. Each value symbolizes the mean ± error (SE), n = 3. Different lowercase letters imply significant differences between treatments (p < 0.05)

3.8 Correlation Analysis

As shown in Fig. 5, plant height was significantly positively correlated with leaf surface area, stomatal conductance, and transpiration rate but negatively correlated with the disease severity index. Biomass was significantly positively correlated with the leaf surface area, photosynthetic rate, and transpiration rate but negatively correlated with the disease severity index and chlorophyll a and b contents. These findings suggest that inoculation with M. oryzae and increased UV-B radiation may influence rice plant height and biomass by affecting the leaf surface area, photosynthetic rate, chlorophyll content, stomatal conductance, and transpiration rate.
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Figure 5: Correlation analysis of UV-B radiation and inoculated M. oryzae on rice leaf parameter. *In (double side) significant correlation (p < 0.05); **In (double side) means highly significant related (p < 0.01)

4  Discussion

4.1 Response of Rice Growth to Combined Stressors of Increased UV-B Radiation and M. oryzae

UV-B radiation and M. oryzae, as environmental and biological stressors, respectively, have an impact on rice growth and development [26]. Under R treatment, the morphological changes in the mycelium of M. oryzae result in a decrease in spore production, leading to a reduction in the rice disease index and alleviating the pathogenicity of M. oryzae [4]. UV-B radiation can cause damage to the cellular structure of M. oryzae. High-energy photons can disrupt the integrity of the fungal cell wall and membrane, leading to leakage of the cellular contents and ultimately inhibiting the growth and reproduction of the pathogen [27]. The results showed that UV-B radiation significantly reduced plant height and biomass due to the morphological adjustment of plants to form a compact structure to adapt to excessive UV-B radiation, which resulted in shorter rice plant phenotypes [28], a reduced leaf area, and reduced number of tillers, thereby increasing resistance to UV-B and leading to a reduction in rice biomass. In our research, we found that both UV-B radiation and inoculation with M. oryzae reduced rice plant height and biomass, and the degree of decline in rice biomass and plant height varied with radiation enhancement treatments at different stages of M. oryzae infestation of rice leaves (before infestation, during infestation, and after succumbing to disease), with the lowest decline occurring in the radiation enhancement treatments before infestation and the greatest decline occurring in the radiation enhancement treatments after susceptibility to disease. This occurred because, under UV-B radiation, the activity of the phenylalanine ammonia-lyase enzyme in rice increased, the flavonoid content increased, and stress tolerance increased; however, the phenylalanine ammonia lyase enzyme activity in rice decreased in response to inoculation with M. oryzae, and the flavonoid content decreased, decreasing stress tolerance [29–31]. The disease index was highly significantly and negatively correlated with plant biomass and the photosynthetic rate, likely because plants with higher disease indices lost more photosynthetic capacity, leading to lower rice biomass.

4.2 Response of the Photosynthetic Characteristics of Rice to Combined Stressors of Increased UV-B Radiation and M. oryzae

Leaves are plant organs that are sensitive to environmental stresses and respond to various environmental changes through changes in their morphology and structure [32]. Leaf photosynthetic characteristics directly or indirectly affect plant growth and development [33]. Increased UV-B radiation causes a decrease in rice leaf size, an increase in thickness, and an increase in the number of leaf surface epidermises [34]. Chlorophyll is the basis of plant photosynthesis, determines the strength of photosynthesis, and is closely related to plant growth and physiology [35]. The significant increase in the rice photosynthetic rate caused by UV-B radiation in this study occurred because the increase in UV-B radiation in this study was weakly stressful and stimulated the functioning of the photosynthetic structures, thus causing an increase in the photosynthetic rate of rice [36]. In this study, inoculation with M. oryzae led to an increase in rice chlorophyll content, which was highly significantly negatively correlated with rice plant height and biomass; this occurred because external stress leads to a short-term increase in chlorophyll synthesis in rice [37], which enhances photosynthesis and provides more energy and metabolites for the plant’s defense response. All treatments decreased the leaf transpiration rate, and the degree of decrease varied with UV-B radiation at different stages of disease susceptibility because M. oryzae obstructed the closure of rice stomata, and UV-B radiation changed the mycelial morphology of M. oryzae, which opened leaf stomata and led to an increase in the leaf transpiration rate. External stress can damage the photosynthetic system in chloroplasts, especially photosystem II, which affects the photosynthetic electron transport chain and reduces the production of ATP and NADPH [38], thereby affecting the photosynthetic characteristics of plant leaves.

4.3 Response of Leaf Endogenous Phytohormones in Rice to Combined Stressors of Increased UV-B Radiation and M. oryzae

Phytohormones are key signaling compounds that regulate processes such as plant growth, opening and closing of stomata, and chlorophyll synthesis and significantly affect leaf photosynthesis [39]. ABA and ME-JA interact with IAA and GA to regulate plant defense responses to pathogens and abiotic stresses [40]. The increase in hormone content in rice under all the treatments in this study was attributed to damage to the chloroplast membrane system due to external stress and the accumulation of ABA in the plant [41]. The synthesis of antioxidant substances and heat-excited proteins is induced to reduce the damage of reactive oxygen species to the plant body [42]. Pathogen infestation induces the upregulation of the expression of ME-JA biosynthetic genes [43]. ME-JA has important regulatory functions in plants. It promotes the synthesis of plant defense compounds, initiates the expression of genes involved in pathogenesis related to systemic acquired resistance and local resistance, and participates in systemic defense responses against pathogenic bacteria [44]. The synthesis of antimicrobial peptides and other disease-fighting substances, as well as the regulation of programmed death of plant cells against pathogenic bacterial infections, is recommended [45]. This regulatory mechanism allows plants to respond effectively to pathogen infection and enhances their resistance. IAA induces the rapid expression of genes implicated in the plant response to adverse stress in response to adverse conditions [46]. Multiple phytohormones act synergistically in a complex network structure to guide normal plant growth and increase plant resistance to stresses [47]. In this study, we found that MBR, MSR, and MAR resulted in increased phytohormone contents, with the smallest change occurring in the MAR treatment. This may be because UV-B radiation promotes the synthesis of polyphenolic compounds in plants, thereby increasing their stress tolerance [48]. Additionally, UV-B radiation significantly reduces the expression of pathogenic genes of M. oryzae [9], decreasing its pathogenicity and alleviating the toxicity of M. oryzae to rice, thus reducing the synthesis of phytohormones. Compared with the M treatments, the MBR, MSR, and MAR treatments resulted in lower levels of photosynthetic pigments and growth hormones, resulting in greater plant height and biomass. This may be related to the survival strategies of plants in the face of external stresses [49], where plants need to mobilize many resources to cope with adversity. Plants may allocate more resources to antiretroviral responses, resulting in higher levels of hormones in the plant, while allocating fewer resources to growth [50,51].

5  Conclusion

The increase in UV-B and M. oryzae infection impaired rice growth and physiological photosynthetic characteristics and reduced rice plant height and biomass. The increase in UV-B radiation contributed to the suppression of M. oryzae infection and alleviated its damage to the photosynthesis of rice leaves and was most effective when it was administered before infection. In conclusion, this study provides new insights into the response of plant photosynthetic physiology to biotic and abiotic stresses and offers new ideas for research in plant pathology, agriculture and other related fields.
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Table 1: Basic properties of experimental soil

pH Available K Organic matter Total P Total K  Total N  Alkali-hydrolyzed Available P
content content (g-kg_l) content content content N content content

(mgkg ) gke) (gkg) (gkg!) (mgkg") (mgkg )

6.79 316.61 29.0 9.97 26.33 1.66 123.50 97.52
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OEBPS/Images/table-3.png
Table 3: Effect of UV-B radiation and M. oryzae stress on photosynthetic pigments in rice leaves

Treatment Chlorophyll a content Chlorophyll b content Carotenoids content Total chlorophyll

(mg-g ) (mg-g ) (mg-g ) content (mg-g )
CK 410+0.14 ¢ 0.92 £0.01 d 0.86 £ 0.01 ¢ 5.02+0.14 d
M 545+0.13 a 289 +0.15a 0.55+£0.02 ¢ 834 +0.27 a
MAR  432£0.16b 0.94 +0.05 d 0.96 +0.01 a 526+ 021 ¢
MSR  320+0.06e 0.77 £0.08 e 0.93 £0.01 b 3.97+0.13 f
MBR  432+0.14b 1.08 £ 0.11 b 0.98+0.01 a 532+0.25b
R 3.81 £0.07 d 1.02 £ 0.09 ¢ 0.78 + 0.01 d 484 +0.16 ¢

Note: CK treatment, be illuminated by natural light; R treatment, enhanced UV-B radiation treatment; M treatment, the inoculating of
M. oryzae; MAR treatment, Inoculated M. oryzae treatment three days after UV radiation.; MSR treatment, Enhanced UV-B radiation
was provided concurrently with M. oryzae inoculating; MBR treatment, UV radiation three days before inoculating M. oryzae. Each
value symbolizes the mean + error (SE), n = 3. Different lowercase letters imply significant differences between treatments (p < 0.05).
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Table 4: Effect of UV-B radiation and M. oryzae stress on photosynthesis indicators in rice leaves

Treatment Photosynthetic rate Stomatal Intercellular CO, Transpiration Rate
(umol'm %) conductance concentration (mmol'm s ")
(mol'm *s™ ) (umol-mol ")
CK 2.70 £ 0.98 ¢ 0.53+0.13b 415.78 £ 13.62 ¢ 4.66 +£0.38 a
M 0.60 £0.21 e 0.25+0.05¢ 450.36 £60.38 b 1.72+£0.22d
MBR 0.99 +£0.15¢ 0.22 £0.08 d 391.80 £29.73 ¢ 1.69 £ 0.46 d
MSR 1.53+£049d 0.17+0.05¢ 396.30 £ 56.98 ¢ 2.26+0.85c¢
MAR 4.63+1.07b 0.21 £0.09d 458.87 £39.32b 220+£0.76 ¢
R 7.28 +0.82 a 0.68 £ 0.06 a 613.80 £ 97.76 a 418+0.17b

Note: CK treatment, be illuminated by natural light; R treatment, enhanced UV-B radiation treatment; M treatment, the inoculating of
M. oryzae; MAR treatment, Inoculated M. oryzae treatment three days after UV radiation.; MSR treatment, Enhanced UV-B radiation
was provided concurrently with M. oryzae inoculating; MBR treatment, UV radiation three days before inoculating M. oryzae. Each
value symbolizes the mean + error (SE), n = 3. Different lowercase letters imply significant differences between treatments (p < 0.05).
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Table 2: Effects of UV-B radiation and M. oryzae stress on the stomatal structure of rice leaves

Treatment  Stomatal area (um 2)  Stomatal density (10,000 um ?)  Number of stomatal mastoid

CK 2103+ 10.1a 103+12a 40+£00¢c
M 36.2+24d 37+£12¢ 40+03¢c
MAR 80.5+282¢c 11.3+£12a 50£050b
MSR 143.8+ 13.1b 97+12a 50£05b
MBR 925+5.1¢ 7.7+0.6b 40+03¢
R 924+37c 11.0+10a 55+05a

Note: CK treatment, be illuminated by natural light; R treatment, enhanced UV-B radiation treatment; M treatment, the inoculating of
M. oryzae; MAR treatment, Inoculated M. oryzae treatment three days after UV radiation.; MSR treatment, Enhanced UV-B radiation
was provided concurrently with M. oryzae inoculating; MBR treatment, UV radiation three days before inoculating M. oryzae. Each
value symbolizes the mean + error (SE), n = 3. Different lowercase letters imply significant differences between treatments (p < 0.05).
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