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Abstract

:

Monogalactosyldiacylglycerol (MGDG) is the most abundant lipid on earth and constitutes about 50% of the polar lipids in the thylakoid membrane of higher plants. MGDG synthase (MGD) is the key enzyme responsible for MGDG synthesis in plants. However, so far, the function of the MGD gene in plant stress responses is still unknown, especially in crop plants. In this study, the performances of wild-type rice (Oryza sativa L. Nipponbare), OsMGD overexpression, and RNA interference lines were analyzed under salt stress to clarify the role of OsMGD in rice under salt stress. The results showed that, after 6 days of NaCl treatment, OsMGD-overexpressing rice seedlings had higher biomass than the wild-type rice, with significantly lower Na+ content and Na+ to K+ ratio in the shoots. Meanwhile, overexpression lines showed a significant increase in the contents of chlorophyll a and carotenoid and photosynthetic capabilities, including the net photosynthetic rate, maximal quantum yield (Fv/Fm), effective PSII quantum yield (ΦPSII), electron transport rate (ETR), and coefficient of photochemical quenching (qP), compared with the wild-type line. Also, OsMGD overexpression lines contained higher MGDG and 18:3 unsaturated fatty acid levels under salt stress. These results indicate that OsMGD participates in the regulation of improving salt tolerance through protecting photosynthetic capabilities and ion balance in rice.
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1. Introduction


Salt stress inhibits crop growth and restrains agricultural production worldwide [1]. Salt stress causes plant growth inhibition mainly through affecting plant metabolism by osmotic stress, ion toxicity, and oxidative stress [2]. During the first phase of salt stress, soil salinity reduces soil and leaf water potential and affects plant water balance [3]; then, plants absorb salt from the soil through ion transporters, produce ion toxicity, and disrupt mineral absorption and ion homeostasis [4]. At the same time, salt stress also increases the production of plant reactive oxygen species (ROS), leads to membrane lipid oxidative damage, and affects membrane function and fluidity [3,5]. Plant photosynthesis is highly sensitive to salt stress. The photosystems of plants can be seriously damaged with the extension of salt stress duration and the increase of stress intensity, resulting in plant dehydration and death [6].



The thylakoid membrane, also known as the photosynthetic membrane, is the main place where photosynthesis occurs. Unlike other biomembranes, the thylakoid membrane is mainly composed of glycolipids [7]. Among them, monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) are the main lipids of the thylakoid membrane, accounting for about 52% and 26% of the chloroplast lipids, respectively [8]. Under the catalysis of MGDG synthase (MGD), the galactose molecule in uridine diphosphate galactose (UDP-galactose) is transferred to the sn-3 (carbon number position 3) position of the DAG molecule to synthesize MGDG. MGDG further generates DGDG under the catalysis of DGDG synthase (DGD) [7,9,10]. Therefore, MGD is a key enzyme for galactolipid synthesis. The inhibition of MGDG biosynthesis restrains plant growth seriously. It was shown that the Arabidopsis mgd1 mutant, which lacks the galactolipids MGDG and DGDG, could only germinate as small albinos in the presence of sucrose, and its photosynthetic membranes were severely disrupted, leading to the complete impairment of photosynthetic ability [11]. The strong suppression of Arabidopsis MGD1 also caused a substantial decrease in the galactolipid content in cotyledons, which led to severe defects in the formation of thylakoid membranes and photosynthetic electron transport [12]. Moreover, knockout rice mutants of MGD2 showed that the MGDG and DGDG contents were reduced with the decrease in chlorophyll a content and, as a result, affected photosynthesis [13]. On the contrary, overexpression of OsMGD maintained higher chlorophyll levels in tobacco (Nicotiana tabacum), which has higher MGDG and DGDG contents and DGDG to MGDG ratios than wild-type rice under both control and salt stress conditions [14]. In addition, Zhang et al. [15] found that both the content of MGDG and the ratio of MGDG to DGDG in OsMGD-overexpressing lines were unchanged when plants were exposed to Al treatment, which contributed to maintaining the membrane stability and permeability under Al stress.



Under salt stress, plants respond to salinity by changing their membrane lipid compositions. Exposure of Catharanthus roseus suspension cells to increasing salinity significantly enhanced the total lipid content, which was mainly due to the increased levels of phosphatidylcholine (PC) and phosphatidylethanolamine (PE), whereas the MGDG and DGDG were reduced [16]. However, Sui et al. [17] found that the proportions of MGDG, DGDG, sulfoquinovosyldiacylglycerol (SQDG), and PC decreased, while the proportions of phosphatidylglycerol (PG) and unsaturated fatty acid content increased, which contributed to enhanced tolerance of the photosystem II to salt stress in Suaeda salsa L. In maize (Zea mays), it was shown that the membranes of bundle sheath cell (BSC) chloroplasts were more resistant to salinity stress than those of mesophyll cell (MC) chloroplasts, due to the low MGDG content in BSC chloroplasts [18]. Fatma et al. [19] found that the MGDG to DGDG ratio maintained no change, and the increase of unsaturation levels in MGDG, DGDG, and PG may decrease the ultrastructural damage caused by salinity and may contribute to protecting the chloroplast membrane integrity of Sulla coronaria under salt stress. In peanuts (Arachis hypogaea L.), the linolenic acid (18:3) and linoleic acid (18:2) of MGDG, DGDG, SQDG, and PG and the ratio of DGDG to MGDG increased under a 150 mM NaCl condition, which verified that increased unsaturated fatty acid content in membrane lipids could improve salt tolerance [20]. Moreover, Liu et al. [21] found that, after salt exposure, the concentrations of MGDG, DGDG, and phospholipid lipids + sulfoquinovosyldiacylglycerol (PL + SQDG) decreased significantly; however, gibberellic acid treatment prior to salt exposure led to the maintenance of these lipids at high levels and also preserved a high DGDG to MGDG ratio, which contributed to reduced salt sensitivity in rice (Oryza sativa L.) Taken together, these studies suggest that plants could respond to salt stress by changing their lipid and fatty acid compositions, and such alteration in lipid and fatty acid contents could contribute to salt tolerance.



However, whether the regulation of lipid biosynthesis could improve salt stress tolerance in crop plants is still largely unknown. Rice (Oryza sativa L.) is the most important human food crop in the world and sustains about two-thirds of the global population [22]. It is also a premiere model crop species in plant biology. In order to test the hypothesis that the regulation of lipid biosynthesis could lead to improved salt tolerance in crops, we used wild-type rice (Oryza sativa L. Nipponbare), OsMGD overexpression, and RNA interference (RNAi) lines as materials. The plant growth, ion content, photosynthetic responses, and lipid composition were investigated in both wild-type and transgenic rice plants under salt stress, and the function of OsMGD in salt stress response was discussed. Our study provides a useful approach to facilitating the molecular breeding of salt-tolerant crop cultivars.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


Wild-type rice (Oryza sativa L. Nipponbare), its overexpression lines (OE18, OE22, OE28), and RNA interference lines (RNAi7, RNAi8, RNAi13) were used in this study. The OsMGD gene (Os02g0802700, https://www.ncbi.nlm.nih.gov/protein/937906375/, accessed on 4 January 2022) was either overexpressed or interfered. It is known that, in rice, three OsMGD genes have been identified [13]. Before this study, we tested the roles of all three OsMGD genes under salt stress, and the Os02g0802700 gene showed better performance than the others. Also, the transcript levels of OsMGD were tested before the experiment, and they were approximately 6–10-fold higher in the overexpression lines and about 0.2–0.4-fold higher in the RNAi lines compared to wild-type rice.



Rice seeds were sterilized with 70% (w/v) ethanol for 20 s and soaked in 2.5% (w/v) sodium hypochlorite for 25 min with shaking. After that, seeds were washed with sterile water 3 times and germinated on an MS medium (Murashige and Skoog) [23] at 25 °C. Six days after germination, the seedlings were transferred to a half-strength Yoshida solution at pH 5.5 [24]. All experiments were carried out in an environmentally controlled growth chamber with 500 μmol m−2 s−1 photosynthetically active radiation, 25 °C for day and night temperature, and a 14 h:10 h of light:dark photoperiod. The culture solution was changed every 3 days. After 25 days of hydroponic culture, 0 or 100 mM NaCl was added. After 6 days of NaCl treatments, leaves were collected, frozen in liquid nitrogen, and stored at −80 °C for further analysis.




2.2. Biomass and Ion Content Measurement


After 6 days of salt treatment, seedlings of rice were washed 3 times with deionized water, and the excess moisture was removed with filter paper. The fresh weight (FW) of the shoots and roots was measured, and then the samples were put into an oven set at 80 °C and dried to constant weight. The dry weight (DW) of the shoots and roots was then recorded.



Dried materials were milled to a powder for ion analysis. An amount of 0.1 g plant powder was digested in a mixture of perchloric acid and nitric acid (v:v = 1:4) in a glass tube at 185 °C on a hot stove for 1.5 h. The Na+ and K+ contents were determined by an atomic absorption spectrometer (PE 900T, PerkinElmer Inc., Beijing, China) [25].




2.3. Chlorophyll Content Estimation


The fully expanded upper fresh leaves (0.1 g) were used for measuring the chlorophyll concentration. The leaves were cut into small pieces and extracted with 10 mL of 80% acetone at room temperature until the leaves were completely bleached. The supernatant was gathered for absorbance measurement at 646, 663, and 470 nm by a UV-2550 spectrophotometer (Shimadzu, Kyoto, Japan). The chlorophyll a, chlorophyll b, and carotenoid contents were calculated according to the equation described by Lichtenthaler [26], and the total chlorophyll content was then calculated.




2.4. Photosynthesis Measurement


The net photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci) of the fully expanded upper leaf were measured using a portable photosynthesis system (Li-6400; LI-COR Biosciences, Lincoln, NE, USA). The photon flux density was 500 μmol m−2 s−1, the external CO2 concentration was 370 μmol CO2 mol−1, the flow rate was 500 μmol s−1, and the leaf temperature was 25 °C.




2.5. Chlorophyll Fluorescence Analysis


For fluorescence analysis, seedlings were dark-incubated for 30 min before measurement. Maximum quantum yield (Fv/Fm), effective PSII quantum yield (ΦPSII), PSII electron transport rate (ETRII), photochemical quenching (qP), and non-photochemical quenching (NPQ) were measured in a batch of leaves at room temperature under a saturating pulse with a Dual-PAM-100 measuring system (Heinz Walz, Effeltrich, Germany).




2.6. Determination of Electrolyte Leakage and Malondialdehyde


The method of Lutts et al. [27] was followed to determine electrolyte leakage (EL). The 0.1 g leaves were cut into 1 cm segments. The samples were each placed in a stoppered vial with 10 mL distilled water and incubated at 25 °C on a shaker (100 rpm) for 24 h. After incubation, the electrical conductivity (EC1) was measured with a B-173 conductivity meter (Horiba, Ltd., Kyoto, Japan). We then placed the same samples in boiling water for 30 min, and a reading of the EC (EC2) was obtained. The EL was measured as EC1/EC2 × 100%.



The content of malondialdehyde (MDA) was measured as described by Zhao et al. [28]. About 0.1 g of plant leaves was homogenized in 0.8 mL of 10% trichloroacetic acid (TCA). The homogenate was centrifuged at 12,000 g for 10 min. Then, 0.5 mL of the supernatant was added with 0.5 mL of thiobarbituric acid (TBA) made in 10% TCA. It was boiled for 30 min and then quickly cooled on ice. After centrifugation of the mixture at 12,000 g for 5 min, the absorbance of the supernatant was read at 532,600 and 450 nm. The content of MDA was determined on a fresh-weight basis as follows: μmol MDA g−1 FW = 6.452 (A532 − A600) − 0.560A450. Finally, data were recorded as μmol per gram fresh weight.




2.7. Lipid Analysis


Lipids were extracted and measured according to the methods of Bligh and Dyer [29] and Wewer et al. [30]. The leaves were cut into small pieces, extracted with 3 mL of a methanol/chloroform/formic acid mixture (2:1:0.1, v/v/v), and vigorously shaken. Then, 1.5 mL of 1 M KCl mixed with 0.2 M H3PO4 was added and vortexed briefly. After centrifugation at 1500 g for 3 min, the lower chloroform layer was transferred to a new vial and evaporated with a stream of nitrogen, and 100 μL of chloroform was added.



Lipids were separated on G60 silica gel plates (Merck, Darmstadt, Germany) by the thin layer chromatography (TLC) methods described by Wang and Benning [31] and Zhang et al. [15]. The silica gel plates were activated with 0.15 mol·L−1 (NH4)2SO4 and then dried at 120 °C for 2.5 h before use. After separation with an acetone/toluene/water mixture (91:30:7, v/v/v) for 1 h, the lipid bands identified by primuline (0.01% w/v in 80% acetone) were scraped off with a small blade, placed into tubes, and methylated with 1 M HCl in methanol. Then, the lipids were quantified by gas chromatography (GC-2010; Shimadzu, Japan) with a flame ionization detector. Pentadecanoic acid (15:0) was used as an internal standard.




2.8. Statistical Analyses


Statistical analyses for all the experiments were carried out according to one-way ANOVA using SPSS 26 (SPSS Inc., Chicago, IL, USA). Differences between the means of the wild-type and transgenic lines were compared by an LSD test at p < 0.05 and p < 0.01.





3. Results


3.1. Effects of Salt Stress on the Growth of OsMGD Transgenic Rice Seedlings


Under normal conditions, there was no significant difference in the growth of both overexpression and RNAi rice plants (Figure 1). After 6 days of NaCl treatment, the growth of all seedlings was inhibited, but the RNAi lines showed significantly more reduction in biomass accumulation compared with the wild-type and overexpression lines (Figure 1a). Under salt stress, the shoot fresh weights of OE18, OE22, and OE28 increased by 16.8%, 18.4%, and 27.2%, respectively, compared with wild-type shoots (Figure 1b). The root fresh weights in the overexpression lines also increased by 12.1%, 26.8%, and 19.8% in OE18, OE22, and OE28 lines, respectively (Figure 1c). Similarly, the shoot dry weights were significantly higher in the overexpression lines than in the wild-type shoots, which showed 12.5% and 14.9% increases in the OE22 and OE28 lines, respectively (Figure 1d). Meanwhile, the root dry weights of the overexpression lines also showed increase, while in the RNAi lines, they showed a significant decrease, which reduced by 15.1% in RNAi7 and 16.6% in the RNAi8 line compared with the wild type (Figure 1e). These results showed that regulation in the expression of the OsMGD gene could affect rice plant growth in response to salt stress.




3.2. Effects of Salt Stress on Ion Content in OsMGD Transgenic Rice Seedlings


To test whether the different responses of the overexpression and RNAi lines under salt stress were due to different abilities in ion accumulation, the Na+ and K+ ion contents in both shoots and roots were determined in all lines. Under salt stress, the content of Na+ in rice seedlings increased significantly compared with the control treatment, while the content of K+ decreased significantly (Figure 2). However, the Na+ content in the shoots of the overexpression lines was significantly lower than in the wild-type and RNAi lines under salt stress. The Na+ content in the shoots of OE18, OE22, and OE28 decreased by 24.2%, 24.1%, and 27.1%, respectively, compared with wild-type rice, while in the RNAi7, RNAi8, and RNAi13 lines, it increased by 19.1%, 21.7%, and 25.2%, respectively (Figure 2a). The content of K+ showed no significant differences in the shoots between the wild-type line and overexpression or RNAi lines under NaCl treatment, but the overexpression lines still maintained relatively higher K+ contents (Figure 2c). In roots, there were no significant differences in Na+ contents among all lines, except a significant decrease in the OE28 line (Figure 2b). By contrast, the K+ contents were significantly higher in the OE22 and OE28 lines than in the wild-type line (Figure 2d). Moreover, we also calculated the Na+ to K+ ratios in the shoots and roots; the results showed that overexpression lines exhibited reduced Na+ to K+ ratios both in shoots and roots compared with the wild-type line (Figure 2e,f), which indicated that the ion balance may be well-maintained in the overexpression seedlings under salt stress.




3.3. Effects of Salt Stress on Photosynthetic Pigment Content in OsMGD Transgenic Rice Seedlings


The chlorophyll a and carotenoid contents decreased greatly under salt treatment in the wild-type line and RNAi lines, but it only showed a slight reduction in the overexpression lines (Figure 3a, c and e). Under salt stress, the overexpression lines had significantly higher chlorophyll a and carotenoid contents than in the wild-type line, while the RNAi lines showed a reduction in pigment contents, especially in RNAi7. In contrast, there was no significant change in chlorophyll b content both under salt stress and among the wild-type and transgenic lines (Figure 3b). The ratio of chlorophyll a to b was significantly higher in the overexpression lines than in the wild-type and RNAi lines under salt treatment (Figure 3d).




3.4. Effects of Salt Stress on Photosynthetic Characteristics of OsMGD Transgenic Rice Seedlings


Under normal growth conditions, there were no differences in the photosynthetic parameters among wild-type, overexpression, and RNAi rice plants. Under salt stress, all seedlings showed a great decrease in the net photosynthetic rate, stomatal conductance, and transpiration rate (Figure 4). However, the overexpression lines still maintained a higher net photosynthetic rate, stomatal conductance, and transpiration rate, especially in the OE18 and OE22 lines compared with the wild-type line. In contrast, the net photosynthetic rates in the RNAi7 and RNAi8 lines were significantly inhibited and were much lower than the wild-type rate. Moreover, the intercellular CO2 concentration decreased in OE28, but it was maintained at a relatively high level in the RNAi lines (Figure 4d).




3.5. Effects of Salt Stress on Chlorophyll Fluorescence of OsMGD Transgenic Rice Seedlings


In order to further investigate the photosynthetic responses of wild-type and transgenic plants under salt stress, the chlorophyll fluorescence was measured. There was no significant difference in chlorophyll fluorescence responses among wild-type and transgenic rice seedlings without salt treatment. When the plants were exposed to salt stress, the maximum quantum yield (Fv/Fm), effective quantum yield of PSII (ΦPSII), electron transport rate of PSII (ETRII), photochemical quenching (qP), and non-photochemical quenching (NPQ) were all decreased in wild-type plants, but the overexpression lines were maintained at higher levels in the fluorescence parameters than in the wild-type plants (Figure 5), indicating less damage of photosynthetic abilities in the overexpression lines caused by salt treatment. For example, ΦPSII decreased by 17.3% in wild-type plants under salt stress compared with plants under control conditions, but the OE18, OE22, and OE28 overexpression lines only showed 4.9%, 3.7%, and 3.6% reductions, respectively. Also, salt stress had fewer inhibitory effects on NPQ in the overexpression lines but greater inhibition in the RNAi7 and RNAi13 lines, which decreased by 11.4% and 14.2%, respectively, compared with the wild-type line (Figure 5e). Moreover, 1-qP, an estimate of the proportion of closed PSII reaction centers that reflects the redox state of the QA electron acceptor of PSII, was also calculated in this study [32,33,34]. Under salt stress, the redox state of QA in the wild-type, overexpression, and RNAi lines increased by 23.1%, 3.4%, and 32.7%, respectively, indicating that a great proportion of PSII reaction centers were closed in response to salt stress in the rice seedlings (Figure 5f). However, the overexpression lines showed significant decreases of 1-qP compared with the wild-type and RNAi lines under salt stress, which suggests that a more-oxidized plastoquinone pool was maintained in the overexpression lines. These results suggest that the regulation of OsMGD expression significantly affected the photosynthetic activities of PSII under salt stress.




3.6. Effects of Salt Stress on EL and MDA of OsMGD Transgenic Rice Seedlings


The membrane injury and the oxidation of membrane lipids were evaluated by measuring electrolyte leakage (EL) and malondialdehyde (MDA) levels (Figure 6). There was no significant difference in the EL and MDA values between wild-type and transgenic rice seedlings under normal conditions. When plants were exposed to salt stress, the EL and MDA levels sharply increased. The RNAi7, RNAi8, and RNAi13 lines showed a marked increase in EL by 10.2%, 34.5%, and 29.8% compared with the wild-type line, respectively, indicating severe membrane damage in those lines. In contrast, the OE18, OE22, and OE28 overexpression lines maintained low EL (18.4%, 16.2%, and 21.1%, respectively) after 6 d of NaCl treatment (Figure 6a). MDA content was also markedly higher in the RNAi lines than in the wild-type line, while overexpression lines maintained lower levels of MDA under salt treatment (Figure 6b), indicating less damage in lipid peroxidation in the overexpression lines compared with the wild-type RNAi lines. These results suggest that overexpression plants had an enhanced tolerance for membrane damage under salt stress.




3.7. Effects of Salt Stress on Lipid and Fatty Acid Contents in Leaves of OsMGD Transgenic Rice Seedlings


Under normal conditions, there was no significant difference in the total lipids between the wild-type and transgenic rice lines, except a slight increase in MGDG content in the overexpression lines (Figure 7). Under salt stress, the overexpression lines showed significant increases in the contents of MGDG, DGDG, and PG in the rice leaves. The contents of MGDG in OE18 and OE22 increased by 32.5% and 27.1%, respectively, compared with the wild-type line; DGDG contents increased by 68.8% and 65.3% in OE18 and OE22, respectively; and PG contents increased by 32.5% in OE18 and 33.1% in OE28 compared to the wild-type line. According to the analysis of fatty acid content, linolenic acid (18:3) was the main fatty acid species in the rice leaves (Table 1). Under salt stress, the contents of oleic acid (18:1), linoleic acid (18:2), and linolenic acid (18:3) decreased, but the contents of 18:3 in the leaves of overexpression lines OE18, OE22, and OE28 increased by 8.0%, 12.9%, and 8.6%, respectively, compared with the wild-type line. On the contrary, under salt stress, the contents of palmitic acid (16:0), hexadecenoic acid (16:1), and hexadecanodienoic acid (16:2) increased, and the contents of 16:0 in the wild-type, overexpression, and RNAi lines increased by about 23.5%, 5.7%, and 37.5%, respectively, compared with the control. A high proportion of saturated fatty acids usually leads to a reduction of membrane fluidity ease [35]. These results suggest that the regulation of OsMGD overexpression could participate in regulating membrane fluidity through the alteration of membrane fatty acid composition under salt stress conditions.





4. Discussion


Rice is particularly sensitive to salt stress during the seedling stage, which leads to dry and wilted leaves due to water shortage [36,37]. In our study observing the growth responses of rice seedlings, we found that, under NaCl treatment, all seedlings, including wild-type, OsMGD overexpression, and RNAi lines, showed dry wilting, but the wilting degree in the overexpression lines was far lower than in the wild-type line, and the wilting degree of the RNAi lines was much higher than in the wild-type line (Figure 1a). In addition, the growth inhibition caused by salt stress was less severe in the overexpression lines but more obvious in the RNAi lines compared with the wild-type line (Figure 1b–e). These results indicated that the regulation of OsMGD expression could affect plant growth under salt stress, and the overexpression of OsMGD could lead to alleviation of the inhibitory effects of salt stress on the growth of rice seedlings.



Salt stress can lead to excessive Na+ accumulation in plants and inhibit the absorption of K+ ions, resulting in an increase in the proportion of Na+ to K+, destroying the ion balance and affecting normal metabolic responses [38]. Studies have shown that reducing the content of Na+ in shoots and maintaining the content of K+ in the whole plant can improve the salt tolerance of rice [39]. In our experiment, the Na+ content increased significantly under salt stress, but it was maintained at a significantly lower level in shoots of the OsMGD overexpression lines than in wild-type shoots (Figure 2a), indicating an increased salt tolerance in the overexpression plants. It was reported that overexpression of the Na+ transporter CmHKT1;1 led to significantly lower accumulated concentrations of Na+ in shoots and showed a better K+ to Na+ balance, which led to higher Fv/Fm, higher biomass, and enhanced plant growth in response to salt treatment [40]. Similar results were found in transgenic tobacco plants (Nicotiana tabacum) when the exogenous expression of the OsMGD gene led to a reduction in Na+ accumulation in shoots of tobacco in response to salt stress [14]. Meanwhile, there was no significant difference in K+ content in the shoots of the overexpression lines under salt stress (Figure 2c), resulting in a great reduction of the Na+ to K+ ratio (Figure 2e). Moreover, although the Na+ contents showed no significant difference in the roots of overexpression lines, the content of K+ in the roots was higher, and the Na+ to K+ ratio was significantly lower in the roots of overexpression lines than in the wild-type line (Figure 2f). In addition, the RNAi lines exhibited relatively higher Na+ to K+ ratios in both shoots and roots compared with wild-type plants, but they were not significant differences. These results suggest that the overexpression rice seedlings may improve their salt stress tolerance through reducing Na+ absorption and maintaining ion balance. It is widely known that salt stress causes damage in plant membrane integrity, which usually results in lipid peroxidation or an increase in ion leakage [41,42,43]. Therefore, it is important for plants to maintain membrane integrity under salt stress. In our study, the MDA content in the overexpression lines dramatically decreased under salinity, which might have facilitated a better maintenance in membrane integrity and reduced EL levels in the lines (Figure 6) torestrain the uptake of unwelcome Na+, especially the transportation of Na+ from root to shoot, thus, leading to less accumulation of Na+ in the shoot. However, this still needs to be further verified, at least, by investigating the activities of Na+ and K+ transporters in the future.



Salt stress leads to the decline of plant photosynthetic capacity [44,45]. Chlorophyll is an important component in light-harvesting complexes (LHCII) that participates in the collection of light energy and electron transfer [46]. Chlorophyll a plays an essential role in light capture, electron transfer, and energy conversion, while chlorophyll b is mainly active in light harvesting in the photosynthetic system [47,48]. Under salt stress, the contents of both chlorophyll a and b decreased obviously in many plants [49,50,51]. We found that no differences occurred in chlorophyll b levels between the wild-type and transgenic lines, but the chlorophyll a levels were well-maintained in the overexpression lines under salt treatment, which were significantly higher than the wild-type line, as well as the ratios of chlorophyll a to b (Figure 3). Meanwhile, the overexpression lines also maintained a higher photosynthetic rate under the same condition (Figure 4). These results suggest that the overexpression rice seedlings may improve their photosynthetic capability through improving light energy capture and conversion mediated by chlorophyll a [52,53]. In addition, the overexpression lines also maintained high levels of carotenoid compared with the wild-type line (Figure 3e). It is known that carotenoid plays an important role in scavenging free radicals, such as superoxide anion, produced in photosynthesis, in addition to its ability to absorb and transfer electrons [54]. Thus, the higher carotenoid content in the overexpression lines may play an important role in both reducing the oxidative damage to plant membranes by scavenging ROS and maintaining photosynthesis under salt stress.



For further understanding of photosynthesis process responses in the wild-type and transgenic plants, we also analyzed the chlorophyll fluorescence changes. Chlorophyll fluorescence mainly comes from PSII, which reflects the electron transfer of PSII and the redox state of other photosynthetic elements [55]. Under NaCl stress, the maximum quantum yield (Fv/Fm) and electron transfer rate of PSII in rice seedlings decreased significantly [56]. In this study, under salt stress, the overexpression lines had significantly higher Fv/Fm, reflecting the higher levels of potential maximum photosynthetic activity of plants and higher activity of the PSII complex (Figure 5a). Furthermore, the significantly high ΦPSII and ETRII levels in the overexpression lines and low levels in the RNAi lines compared to the wild-type line suggested that overexpression of OsMGD leads to less inhibition of electron transfer from the PSII donor side to the PSII reaction center, which decreases the loss of energy absorbance and maintains high PSII photochemical efficiency (Figure 5b,c). The change of qP, which was related to the PSII reaction center, had similar trends to that of ΦPSII and ETRII (Figure 5d), further confirming that more energy was used for photochemical reactions in overexpression seedlings under salt treatment compared with wild-type plants. Moreover, non-photochemical quenching (NPQ), which reflects the process of excess light energy dissipation into heat [57] and is related to plant light protection, was significantly higher in the overexpression lines but lower in the RNAi lines than in the wild-type line, indicating high photoprotection abilities in the overexpression lines under salt stress treatment. It was reported that salt-tolerant rice varieties had a higher NPQ under salt stress [58]. Thus, high NPQ may confer a salt tolerance ability in overexpression plants. In addition, the degree of PSII photoinhibition is closely related to the redox state of the primary electron receptor (QA) under certain stress conditions, and the relative redox state of QA can be estimated as 1-qP [32,34]. In our study, the overexpression lines showed lower 1-qP than the wild-type line under salt stress (Figure 5e,f), indicating a more-oxidized QA pool. In other words, the overexpression lines had a higher portion of PSII reaction centers in open state that could accept and transfer more electrons, which led to a reduction of photodamage in PSII. Taken together, the above results show that overexpression of OsMGD could reduce salt stress-induced injury to the PSII reaction center, increase photoprotection ability, and be conducive to maintaining the photosynthesis of rice seedlings under salt stress.



Salt stress can destroy photosynthesis, change the normal homeostasis of cells, lead to the production of ROS, and cause membrane lipid peroxidation [59]. Meanwhile, biofilms in plant tissues undergo membrane lipid remodeling under salt stress [60]. Our previous studies have found that overexpression of OsMGD in tobacco (Nicotiana tabacum) increased the ratio of DGDG to MGDG under salt stress, maintained the stability of chloroplast structure and function, and improved the salt tolerance of tobacco [14]. In this experiment, the content of MGDG in overexpression rice seedlings was significantly higher than in wild-type plants under salt stress, as well as the DGDG content (Figure 7). The maintenance of membrane lipid contents could facilitate the improvement of salt stress tolerance in the overexpression lines. As a defense system, unsaturated fatty acids (UFAs) can resist various biotic and abiotic stresses and have attracted extensive attention, now [35]. The change of unsaturated fatty acids is related to plant salt tolerance. Studies showed that the decrease of storage lipid content and the down-regulation of oleic acid (18:1) and linoleic acid (18:2) levels under salt stress were related to the large accumulation of Na+ in the achenes of salt-sensitive sunflowers (Helianthus annuus L.) [61]. In our study, the fatty acid contents of 18:1, 18:2, and 18:3 in rice leaves decreased (Table 1), but the decrease was less in the overexpression lines, which may be related to the significant decrease of Na+ content in the shoots of overexpression lines under salt stress. It was reported that salt stress resulted in the decrease of 18:3 content in peanut (Arachis hypogaea L.) leaves, which affected the stability and fluidity of the biofilm [62]. We found that the 18:3 fatty acid contents in OE22 and OE28 were significantly higher than in the wild-type line under salt stress (Table 1). Consistently, EL and MDA contents were also reduced in the overexpression lines (Figure 6), indicating less damage in the membranes of these lines. The above results suggest that overexpression of the OsMGD gene may be conducive to maintaining membrane fluidity, improving the membrane stability, and, finally, lead to the maintenance of photosynthetic capabilities.




5. Conclusions


Under salt stress, OsMGD overexpression maintained the content of membrane lipids and maintained membrane stability by affecting fatty acid constitution and facilitating the maintenance in plants of a low Na+ content and Na+–K+ balance. Concomitantly, the net photosynthetic rate, photosynthetic pigment content, and PSII activities were significantly improved, which led to an enhanced salt tolerance in rice seedlings.
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Figure 1. Effects of NaCl treatment on growth of the wild-type line (WT), overexpression lines (OE18, OE22, and OE28), and RNAi lines (RNAi7, RNAi8, and RNAi13). Rice seedlings grown for 25 days were treated with 0 or 100 mM NaCl for 6 days. (a) Photos were taken on the sixth day after NaCl treatment; (b) shoot fresh weight, (c) root fresh weight, (d) shoot dry weight, and (e) root dry weight were measured after NaCl treatment. The experiment was repeated three times, and each treatment included four replications. Data are means ± SE (n = 5). An asterisk indicates a significant difference (LSD test, * p < 0.05 and ** p < 0.01) between wild-type, overexpression, and RNAi lines. 
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Figure 2. Effects of NaCl treatment on the ion content of wild-type (WT), overexpression (OE18, OE22, and OE28), and RNAi lines (RNAi7, RNAi8, and RNAi13). (a) Shoot Na+ content, (b) root Na+ content, (c) shoot K+ content, (d) root K+ content, (e) shoot Na+ to K+ ratio, and (f) root Na+ to K+ ratio were sampled from control or 6 d salt-treated rice seedlings. The experiment was repeated three times, and each treatment included four replications. Data are means ± SE (n = 4). An asterisk indicates a significant difference (LSD test, * p < 0.05 and ** p < 0.01) between wild-type, overexpression and RNAi lines. 
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Figure 3. Effects of NaCl treatment on the photosynthetic pigment content of wild-type (WT), overexpression (OE18, OE22, and OE28), and RNAi lines (RNAi7, RNAi8, and RNAi13). (a) Chlorophyll a content, (b) chlorophyll b content, (c) total chlorophyll content, (d) chlorophyll a and b, and (e) carotenoid content were determined after 6 d of NaCl treatment. The experiment was repeated three times, and each treatment included four replications. Data are means ± SE (n = 4). An asterisk indicates a significant difference (LSD test, * p < 0.05 and ** p < 0.01) between wild-type, overexpression, and RNAi lines. 
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Figure 4. Effects of NaCl treatment on the photosynthetic characteristics of wild-type (WT), overexpression (OE18, OE22, and OE28), and RNAi lines (RNAi7, RNAi8, and RNAi13). (a) Net photosynthetic rate (Pn), (b) stomatal conductance (Gs), (c) intercellular CO2 concentration (Ci), and (d) transpiration rate (Tr) were measured after 6 d of NaCl treatment. The experiment was repeated three times, and each treatment included four replications. Data are means ± SE (n = 4). An asterisk indicates a significant difference (LSD test, * p < 0.05 and ** p < 0.01) between wild-type, overexpression, and RNAi lines. 
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Figure 5. Effects of NaCl treatment on chlorophyll fluorescence parameters of wild-type (WT), overexpression (OE18, OE22, and OE28), and RNAi lines (RNAi7, RNAi8, and RNAi13). (a) Maximum quantum yield (Fv/Fm), (b) effective quantum yield of PSII (ΦPSII), (c) electron transport rate of PSII (ETRII), (d) photochemical quenching (qP), (e) non-photochemical quenching (NPQ), and (f) redox state of the QA electron acceptor of PSII (1-qP) in dark-adapted seedlings for 30 min after 6 d of salt treatment. The experiment was repeated three times, and each treatment included four replications. Data are means ± SE (n = 4). An asterisk indicates a significant difference (LSD test, * p < 0.05 and ** p < 0.01) between wild-type, overexpression, and RNAi lines. 
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Figure 6. Effects of NaCl treatment on relative electrolyte leakage and malondialdehyde levels of wild-type (WT), overexpression (OE18, OE22, and OE28), and RNAi lines (RNAi7, RNAi8, and RNAi13). (a) Electrolyte leakage and (b) malondialdehyde (MDA) levels were determined after 6 d of NaCl treatment. The experiment was repeated three times, and each treatment included four replications. Data are means ± SE (n = 3). An asterisk indicates a significant difference (LSD test, * p < 0.05 and ** p < 0.01) between wild-type, overexpression, and RNAi lines. 
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Figure 7. Effects of NaCl treatment on the composition of lipid classes in wild-type (WT), overexpression (OE18, OE22, and OE28), and RNAi lines (RNAi7, RNAi8, and RNAi13). (a) Composition of lipid classes of rice seedlings in control and (b) composition of lipid classes of rice seedlings after 6 d of salt treatment. MGDG: monogalactosyldiacylglycerols; DGDG: digalactosyldiacylglycerols; SQDG: sulphoquinovosyldiacylglycerols; PG: phosphatidylglycerols; PE: phosphatidylethanolamine; PI: phosphatidylinositol; and PC: phosphatidylcholines. Data are means ± SE (n = 3). An asterisk indicates a significant difference (LSD test, * p < 0.05 and ** p < 0.01) between wild-type, overexpression, and RNAi lines. 
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Table 1. Constituent fatty acids of total lipids in the leaves of rice seedlings of wild type (WT), overexpression (OE18, OE22, and OE28), and RNAi lines (RNAi7, RNAi8, and RNAi13).
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	Seedling Lines
	NaCl

mM
	C16:0

mol%
	C16:1

mol%
	C16:2

mol%
	C16:3

mol%
	C18:0

mol%
	C18:1

mol%
	C18:2

mol%
	C18:3

mol%
	DBI





	WT
	0
	17.4 ± 0.09
	3.2 ± 0.04
	0.5 ± 0.01
	0.6 ± 0.04
	1.1 ± 0.07
	1.2 ± 0.05
	9.5 ± 0.43
	67.2 ± 0.17
	2.26 ± 0.01



	
	100
	21.4 ± 1.04
	3.3 ± 0.06
	0.7 ± 0.02
	0.6 ± 0.02
	1.6 ± 0.23
	0.9 ± 0.07
	7.5 ± 0.45
	60.8 ± 0.42
	2.06 ± 0.01



	OE18
	0
	17.7 ± 0.77
	3.1 ± 0.11
	0.5 ± 0.04
	0.4 ± 0.03 *
	1.3 ± 0.04
	1.2 ± 0.06
	9.0 ± 0.10
	66.7 ± 0.85
	2.25 ± 0.01



	
	100
	18.6 ± 1.67
	3.3 ± 0.10
	0.7 ± 0.03
	0.3 ± 0.09 **
	1.6 ± 0.37
	0.9 ± 0.11
	8.3 ± 0.16
	65.6 ± 2.47 *
	2.22 ± 0.01 *



	OE22
	0
	17.9 ± 0.22
	3.1 ± 0.09
	0.5 ± 0.02
	0.5 ± 0.05
	1.3 ± 0.21
	1.2 ± 0.06
	9.3 ± 0.26
	66.2 ± 0.61
	2.24 ± 0.01



	
	100
	16.9 ± 1.50 **
	3.3 ± 0.12
	0.6 ± 0.02 *
	0.5 ± 0.02
	1.2 ± 0.06
	0.8 ± 0.04
	8.5 ± 0.15 *
	68.7 ± 1.31 **
	2.29 ± 0.04 **



	OE28
	0
	17.8 ± 0.29
	3.0 ± 0.00
	0.5 ± 0.02
	0.4 ± 0.02 *
	1.2 ± 0.05
	1.0 ± 0.03 *
	9.3 ± 0.13
	67.3 ± 0.07
	2.27 ± 0.03



	
	100
	19.0 ± 0.19
	3.3 ± 0.04
	0.6 ± 0.03
	0.5 ± 0.02
	1.2 ± 0.04
	0.8 ± 0.02
	8.6 ± 0.21 *
	66.0 ± 0.25 **
	2.07 ± 0.09



	RNAi7
	0
	17.9 ± 0.08
	3.2 ± 0.01
	0.4 ± 0.01
	0.4 ± 0.01 *
	1.1 ± 0.01
	1.1 ± 0.02
	9.3 ± 0.05
	66.6 ± 0.13
	2.25 ± 0.00



	
	100
	24.8 ± 0.69 *
	3.8 ± 0.04 **
	1.0 ± 0.01 **
	0.5 ± 0.01
	1.6 ± 0.07
	0.8 ± 0.00
	9.6 ± 0.36 **
	59.0 ± 0.66
	2.00 ± 0.03



	RNAi8
	0
	21.7 ± 0.05 **
	2.9 ± 0.04 *
	0.5 ± 0.01
	0.4 ± 0.02 **
	2.3 ± 0.52 **
	1.2 ± 0.05
	8.7 ± 0.45
	61.5 ± 0.47 **
	2.08 ± 0.01 **



	
	100
	20.4 ± 0.22
	3.5 ± 0.01
	0.7 ± 0.01
	0.5 ± 0.01
	1.4 ± 0.00
	0.7 ± 0.03 *
	9.7 ± 0.19 **
	63.1 ± 0.35
	2.16 ± 0.01



	RNAi13
	0
	17.2 ± 1.49
	3.0 ± 0.10
	0.6 ± 0.05
	0.3 ± 0.09 **
	1.4 ± 0.04
	1.3 ± 0.07
	10.3 ± 0.02
	65.9 ± 1.51
	2.25 ± 0.04



	
	100
	23.5 ± 0.63
	3.9 ± 0.05 **
	0.8 ± 0.03 **
	0.5 ± 0.02
	1.5 ± 0.05
	0.6 ± 0.02 **
	7.8 ± 0.16
	61.0 ± 0.96
	2.07 ± 0.02







Data are means ± SE (n = 3). An asterisk indicates a significant difference (LSD test, * p < 0.05 and ** p < 0.01) between wild-type, overexpression, and RNAi lines. Double bond index (DBI) = [(16:1 mol%) × 1 + (16:2 mol%) × 2 + (16:3 mol%) × 3 + (18:1 mol%) × 1 + (18:2 mol%) × 2 + (18:3 mol%) × 3] / 100.
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