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Abstract

:

Hibiscus syriacus, a woody ornamental plant with great economic value, is vulnerable to salinity. Hence, its cultivation in saline areas is severely restricted. Although grafting H. syriacus onto H. hamabo rootstock can greatly improve H. syriacus’s salt resistance, the photosynthetic response of H. syriacus to grafting and salt stress remains largely unknown. To address this question, self-rooted (Hs), self-grafted (Hs/Hs), and H. hamabo-grafted (Hs/Hh) H. syriacus were exposed to 0 or 300 mM NaCl. Salt significantly reduced the net and maximum photosynthetic rates, chlorophyll content, and maximum (Fv/Fm) and actual (ΦPSII) photochemical quantum yield of photosystem II (PSII), as well as the apparent electron transport rate, in Hs and Hs/Hs. However, these reductions were largely alleviated when H. syriacus was grafted onto H. hamabo. In line with the changes in the chlorophyll fluorescence parameters, the expression of genes encoding subunits of PSII and PSI in Hs/Hh was higher than that in Hs and Hs/Hs under saline conditions. Moreover, H. hamabo rootstock grafting upregulated the genes involved in the Calvin–Benson–Bassham cycle in H. syriacus under salt conditions. These results indicate that grafting can ameliorate the inhibition of salinity on the photosynthetic capacity of H. syriacus, mainly resulting from alleviated limitations on photosynthetic pigments, photochemical efficiency, and the Calvin–Benson–Bassham cycle.
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1. Introduction


Salinity is one of the major critical environmental constraints that limits the growth, yield, and quality of trees, crops, and horticultural plants [1,2,3]. Nowadays, over 20% of the arable land throughout the world is salt influenced [4], and improper fertilization and irrigation further exacerbate salinization [5]. It is estimated that approximately half of the cultivated land will be affected by salinity in 2050 [6]. The declining productivity of plants grown in saline environments is usually correlated with a reduction in their photosynthesis. The reduction in gas exchange is mainly due to the following factors: (i) stomatal closure, which restricts the intercellular CO2 concentration (Ci) for carboxylation; (ii) impairment of the photosynthetic apparatus, resulting in the limitation of photosystem II (PSII) efficiency; and (iii) reduction in the activities of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) for the Calvin–Benson–Bassham (CBB) cycle [7]. Photosynthesis is recognized as a good indicator of a plant’s response to salt stress [8]. Thus, exploring the response of photosynthesis to NaCl stress could lay a physiological foundation for promoting plants’ salt tolerance.



Grafting is a well-established agronomic practice to promote the salt tolerance of plants by transferring its branch or bud to the stem or root of a salt-tolerant species [2,9]. Owing to its low cost and ease of operation, grafting is widely applied in vegetable, fruit, and woody crop production to improve their salt resistance [5,10,11]. For instance, grafting the scions of Thompson Seedless, a salt-sensitive variety of grapevine (Vitis vinifera L.), onto the rootstocks of the 110R variety, which has a higher salt-tolerant capacity, can greatly enhance the growth and salt resistance of the scions [10]. Grafting can also alleviate the damage of salt stress to mulberry (Morus alba L.) and avocado (Persea americana Mill.) [12,13]. Grafting the scions of citrus (Citrus aurantium L.) onto salt-tolerant rootstocks reveals higher salinity tolerance than grating onto salt-sensitive rootstocks [14]. Moreover, previous studies have revealed that salt stress significantly decreases the net photosynthetic rate in self-rooted and/or self-grafted salt-sensitive watermelon (Citrullus lanatus Matsum. Et Nakai) and cucumber (Cucumis sativus L.), whereas salt-tolerant rootstock-grafted plants exhibit a much higher net photosynthetic rate under NaCl stress [7]. Currently, little information is available on the mechanisms underlying grafting that improve the photosynthetic capacity of plants under salt stress.



Hibiscus syriacus L., which belongs to the genus Hibiscus, is an important woody ornamental plant. There are more than 350 varieties with distinct flower colors and forms distributed around the world [15]. The flowers of this species have a long blooming period. Aside from its ornamental value, H. syriacus also has certain medicinal properties, including antifungal, antihypertensive, and anti-inflammatory [16]. However, H. syriacus plants grown in saline areas exhibit leaf shrinkage and plant withering, indicating their susceptibility to salt stress. This seriously restricts the cultivation and application of H. syriacus in saline areas. H. hamabo Sieb. et Zucc., also a member of the genus Hibiscus, is a significant semi-mangrove shrub with golden yellow flowers [17]. However, its flowers are sparse and short-lived, which severely limits its ornamental value [18]. This plant is halophytic and can survive in habitats where the NaCl concentration varies from 1.1 to 1.5% [18]. Owing to its superior salt tolerance, H. hamabo has been used as a rootstock to graft H. syriacus. The grafted H. syriacus plants can grow well in coastal and inland saline lands, indicating that grafting has greatly enhanced the salt tolerance of H. syriacus. However, there is currently little information available regarding the photosynthetic response of grafted H. syriacus to soil salinity.



In this study, self-rooted (Hs), self-grafted (Hs/Hs), and H. hamabo-grafted (Hs/Hh) H. syriacus are exposed to either 0 (−Na, serving as the control) or 300 (+Na) mM NaCl, respectively. We hypothesize that grafting H. syriacus scions onto H. hamabo rootstocks would markedly enhance the photosynthetic capacity and induce the transcriptional regulation of key genes that participate in photosynthesis under salt stress. To test this hypothesis, we characterize the changes in the photosynthetic rates, photosynthetic pigment contents, chlorophyll fluorescence, and expression of key genes (genes encoding subunits of PSII and PSI and involved in the CBB cycle) involved in photosynthesis in the leaves of Hs, Hs/Hs, and Hs/Hh in response to salt stress.




2. Materials and Methods


2.1. Plant Cultivation and Salt Treatment


Cuttings (length, 15 cm; diameter, 0.5 cm) of Hibiscus syriacus Linn. and Hibiscus hamabo Sieb.et zucc. were planted in plastic pots (2.6 L) containing soil (categorized as Alfisol based on USDA soil taxonomy; total nitrogen, 842 mg kg−1; available phosphorus, 42 mg kg−1; available potassium, 152 mg kg−1; 1.30% organic matter; pH, 6.9). When the stems of the one-year-old cuttings were 6 mm thick, 48 H. syriacus and 24 H. hamabo plants were selected for grafting. Among them, 24 H. syriacus plants were selected as self-rooted plants (Hs). The remaining H. syriacus and H. hamabo plants were used for grafting using the splice-grafting technique to obtain self-grafted H. syriacus (Hs/Hs) and heterografted H. syriacus (H. syriacus grafted on H. hamabo rootstock, Hs/Hh) plants, respectively. All plants were grown in a greenhouse (natural light and temperature; relative humidity, 75%). Seventy-five days after grafting, the growth of Hs/Hs and Hs/Hh became vigorous, and each of the three types of plants (Hs, Hs/Hs, and Hs/Hh) was equally divided into two groups. The plants in each group were irrigated with either 0 (−Na, serving as control) or 300 (+Na) mM NaCl. The irrigation was performed every other day. To avoid salt shock, NaCl was added to obtain the desired concentration (300 mM, 29.2 dS m−1) in increments of 50 mM at a time.




2.2. Harvesting


After 23 days of salt treatment, distinct morphological differences appeared among the groups. The leaf samples (leaf plastochron index = 5 to 10) were collected and frozen immediately in liquid nitrogen. Frozen samples were ground into fine powder in liquid nitrogen using a ball mill (GT300, Beijing Grinder Instrument Co. Ltd., Beijing, China) and stored at −80 °C for further analysis. For further biochemical analysis, equal amounts of frozen samples acquired from two plants that received the same treatment in each plant type were pooled and thoroughly mixed. As a result, six mixed samples were obtained for each treatment per plant type.




2.3. Determination of Chlorophyll and Carotenoids


The concentrations of photosynthetic pigments were determined using the ethanol extraction procedure, as described elsewhere [19]. Briefly, about 50 mg of the sample was extracted using 10 mL of 95% ethanol. The mixture was left to soak in the dark overnight until the samples turned white. The concentrations of chlorophyll a, chlorophyll b, and carotenoid in the supernatant were determined spectrophotometrically at 665, 649, and 470 nm, respectively.




2.4. Determination of Gas Exchange


Prior to harvesting, two mature leaves (LPI = 7–8) from six plants per group were selected for photosynthetic measurements. The net photosynthetic rate (Pn), intercellular CO2 concentration (Ci), transpiration rate (E), stomatal conductance (Gs), and photosynthetic water-use efficiency (WUE, calculated as Pn/E) were measured using a portable photosynthesizer (CIRAS-3, PP-Systems, Amesbury, MA, USA) according to the manufacturer’s instructions. The photosynthetic active radiation gradient (PAR) was set at 1000 μmol m−2 s−1, and the external CO2 concentration was maintained at 400 ± 10 µmol mol−1. The environmental temperature was maintained at 32 ± 5 °C.



For the diurnal variation of photosynthesis, the gas exchange was measured every 2 h from 8:00 to 18:00. The measured leaves were marked to ensure that the same leaf was measured at different time points.



For the determination of the light-response curves of Pn, the following PAR levels were set: 2000, 1800, 1600, 1400, 1200, 1000, 800, 600, 400, 300, 200, 100, 50, 0 μmol m−2 s−1. The Pn value under each PAR was recorded every 2 min.




2.5. Determination of Chlorophyll Fluorescence Parameters


The chlorophyll fluorescence parameters of the leaves were determined using a portable pulse-modulated fluorometer (FMS-2, Hansatech, King’s Lynn, Norfolk, UK) between 9:00 and 11:00 am according to the manufacturer’s instructions. Briefly, endogenous actinic light was activated to measure the minimum fluorescence (Fs), maximum fluorescence (Fm’), and actual photochemical quantum yield of PSII (ΦPSII) after light adaptation, as suggested by Lu et al. [20]. After dark adaptation for 0.5 h, the initial fluorescence (Fo), maximum fluorescence (Fm), steady-state fluorescence (Fs), and maximum photochemical quantum yield of PSII (Fv/Fm) were determined, as described previously [20]. The non-photochemical quenching coefficient (NPQ), photochemical quenching coefficient (qP), and apparent electron transport rate (ETR) were calculated according to the following formula: NPQ = Fm/Fm’ − 1, qP = ΦPSII/(Fv/Fm), ETR = ΦPSII × PPFD × f × α [21,22].




2.6. Analysis of Transcript Levels


Total RNA was isolated from the fine, powdered fresh samples (ca. 50 mg) using an OminiPlant RNA Kit (CW2598S, CVBIO, Taizhou, China). RNA concentration was determined using a Colibri ultramicro spectrophotometer (LB915, Corrine Technology, Beijing, China). RNA integrity was checked using 1% agarose gel electrophoresis. The RNA (ca. 1 μg) was used to synthesize the first strand of cDNA using a PrimeScript RT reagent kit (RR047A, TaKaRa, Dalian, China). The synthesized cDNA was used for quantitative real-time PCR (qRT-PCR), as described elsewhere [23]. qRT-PCR was conducted using a TB Green Premix Ex Taq II (RR820, TaKaRa) in a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Primers were designed specifically for each gene, and 18S rRNA was selected as the reference gene (Table S1).




2.7. Statistical Analysis


Statistical tests were performed using Statgraphics (STN, St Louis, MO, USA), as described elsewhere [24], with minor modifications. Briefly, prior to statistical analysis, the data were tested for normality. Two-way ANOVAs were used with grafting and NaCl as two factors. Differences in means were considered significant if the p-value was less than 0.05. The light-response curve was fitted using the rectangular hyperbola model, as described elsewhere [25]. Principal component analysis (PCA) was performed using the command prcomp in R (http://www.r-project.org/, accessed on 9 January 2023).





3. Results


3.1. Morphology and Photosynthetic Pigments


After 23 days of 300 mM NaCl treatment, the leaves of Hs and Hs/Hs turned yellow but the leaves of Hs/Hh remained green (Figure 1a). Consistently, the chlorophyll a concentration was decreased by 22% and 31%, and the chlorophyll (a + b) concentration was reduced by 19% and 23% in the leaves of Hs and Hs/Hs, whereas no marked differences were found for these two parameters in Hs/Hh leaves grown under NaCl treatment compared to the control (Figure 1b,d). The carotenoid and chlorophyll a/b concentrations were reduced by 29% and 38% in the leaves of Hs/Hs, but no marked differences were found in Hs/Hh leaves grown under NaCl conditions compared to those grown under control conditions (Figure 1e,f). Except for the carotenoid content in Hs/Hs under control conditions, the concentrations of chlorophyll a, chlorophyll b, chlorophyll (a + b), and carotenoid were all significantly higher in Hs/Hh than in Hs and Hs/Hs, regardless of the NaCl treatment (Figure 1b–e).




3.2. Gas-Exchange Parameters


The Pn, E, and Gs were significantly decreased in the leaves of all the plants exposed to NaCl compared to those grown under control conditions. In addition, the reduced levels of these parameters observed in Hs/Hh were significantly lower than those in Hs and Hs/Hs (Figure 2a–c). The Ci was not markedly altered by salt in the leaves of any of the plants (Figure 2d). The E/Gs was increased by 177%, 147%, and 95%, respectively, in the leaves of Hs, Hs/Hs, and Hs/Hh treated with NaCl compared to those under control conditions (Figure 2e). The WUE was reduced by 39% in the leaves of Hs, but no significant differences were observed in the leaves of Hs/Hs and Hs/Hh treated with NaCl compared to those grown under control conditions (Figure 2f). Except for the Pn in Hs/Hs, no significant differences were found in the Pn, E, Gs, Ci, WUE, and E/Gs in all plants under control conditions (Figure 2a–f). However, the Pn, E, Gs, and WUE in Hs/Hh leaves were all significantly higher, and the E/Gs was lower compared to the levels observed in Hs and Hs/Hs under salt conditions (Figure 2a–f). For instance, the Pn in Hs/Hh (11.90 μmol CO2 m−2 s−1) leaves was, respectively, 243% and 225% higher than that in Hs (3.47 μmol CO2 m−2 s−1) and Hs/Hs (3.67 μmol CO2 m−2 s−1) leaves under salt treatment (Figure 2a).



The diurnal changes in the Pn in all the plants showed single-peak curve change patterns, and no mid-day depression was evident (Figure 3a). The highest daily Pn observed in Hs/Hh (10:00) grown under control and salt conditions occurred later than that in Hs (14:00) grown under control and salt conditions, as well as Hs/Hs grown under salt conditions (Figure 3a). The Pn was decreased in all the plants grown under NaCl conditions compared to those grown under control conditions at each time point (Figure 3a). The Pn in the leaves of Hs/Hh was consistently higher than that of Hs and Hs/Hs grown under salt treatment between 8:00 and 16:00 (Figure 3a).



Figure 3b shows the fitted light-response curves of the Pn in the leaves of the three plants. The Pn–PAR curves of all the plants are parabolic. The patterns of variation in the curves are quite similar for Hs grown under both control and salt conditions and Hs/Hh grown under salt conditions. In other words, as the PAR increased, the Pn exhibited a trend of first increasing and then slowly decreasing. The light-response curves of the Pn in Hs/Hs grown under control and salt conditions and Hs/Hh grown under control conditions exhibited a trend of first increasing and subsequently plateauing. Specifically, when the PAR was less than 200 μmol m−2 s−1, the Pn increased rapidly as the PAR increased. When the PAR ranged from 200 to 800 (for plants under NaCl treatment) or 1000 (for plants under control conditions) μmol m−2 s−1, the rate of increase of the Pn gradually slowed down. When the PAR further increased, the Pn in the Hs grown under control and salt conditions and the Hs/Hh grown under salt conditions gradually decreased, and the curves in the Hs/Hs grown under control and salt conditions and the Hs/Hh grown under control conditions became flat. Except for 0 μmol m−2 s−1, the Pn in the three plants grown under NaCl conditions decreased compared to those grown under control conditions, and the Pn in Hs/Hh was higher than in Hs and Hs/Hs grown under salt treatment.



The maximum net photosynthetic rate (Pnmax) and apparent quantum efficiency (AQY) were significantly reduced in the leaves of all the plants grown under NaCl conditions compared to those grown under control conditions (Table 1). The Pnmax value was markedly higher in Hs/Hh (11.30 μmol CO2 m−2 s−1) than in Hs (5.97 μmol CO2 m−2 s−1) under salt treatment (Table 1). The AQY value in Hs/Hh (0.14 mol mol−1) was 27% and 21% higher than in Hs (0.11 mol mol−1) and Hs/Hs (0.12 mol mol−1) under control conditions (Table 1). The dark respiration rate (Rd) was decreased by 34% in the leaves of Hs grown under NaCl conditions compared to those grown under control conditions (Table 1).




3.3. Chlorophyll Fluorescence Parameters


Although the Fm, Fm’, ΦPSII, qP, and ETR were significantly decreased in the leaves of Hs, Hs/Hs, and Hs/Hh exposed to NaCl compared to those grown under control conditions, the reduced levels of these indexes in Hs/Hh were significantly lower than those in Hs and Hs/Hs (Figure 4a,b,d,f,g). The Fv/Fm was decreased by 26% and 33% in the leaves of Hs and Hs/Hs, respectively, whereas it was not significantly altered in Hs/Hh leaves grown under NaCl conditions compared to those grown under control conditions (Figure 4c). The NPQ was increased by 55% and 276% in the leaves of Hs/Hs and Hs/Hh, and the ETR/Pn was increased by 292%, 185%, and 69%, respectively, in the leaves of Hs, Hs/Hs, and Hs/Hh treated with NaCl compared to those grown under control conditions (Figure 4e,g). The Fm, Fm’, Fv/Fm, ΦPSII, qP, and ETR in Hs/Hh were markedly higher than those in Hs and Hs/Hs under NaCl treatment, but no such differences were found in the leaves grown under control conditions (Figure 4a–d,f,g). The ETR/Pn in Hs/Hh (8.95) leaves was lower than that in Hs (21.92) and Hs/Hh (20.01) leaves under salt treatment, whereas no such difference was observed in the leaves grown under control conditions (Figure 4h). Grafting and salt stress had no effect on the Fo and Fs (Figure S1).




3.4. PCA Analysis of Photosynthetic Parameters


In order to investigate the relationship between varying the Pn and grafting and saline treatments, PCA was performed (Figure 5a, Table S2). PC1 and PC2 accounted for 48% and 22% of the total variation, respectively. PC1 clearly distinguished the effects of salt, and PC2 revealed the effects of grafting when the plants were exposed to NaCl treatments. Moreover, the differences between the control and salt-stress treatments in Hs/Hh were smaller than those in Hs and Hs/Hs, which indicated that Hs/Hh was more tolerant to saline stress than Hs and Hs/Hs. The variables Fo, Fs, qP, Gs, and E/Gs were key contributors to PC1, and the variables Fm, ΦPSII, ETR, chlorophyll a, chlorophyll (a + b), and Fm’ were essential factors for PC2. These results demonstrate that grafting induced a higher Pn capacity under salt conditions, which can be attributed mainly to the chlorophyll concentration, Fm, ΦPSII, and ETR.




3.5. Changes in mRNA Levels of Key Genes Participating in Photosynthesis


The transcript levels of representative genes involved in photosynthesis were assessed in the three plants (Figure 5b). These genes included Photosystem I subunit D-1 (PSAD-1), PSAK, and PSAL, which encode complexes of PSI, and Photosystem II oxygen-evolving complex 1 (PSBO1), Photosystem II subunit P-1 (PSBP-1), PSBP-2, PSBQ, and PSBR, which encode the oxygen-evolving complexes of eukaryotic PSII. The expression of these genes was markedly lower in Hs leaves but was upregulated in Hs/Hh leaves treated with salt compared to those grown under control conditions. The expression of these genes was significantly higher in the leaves of Hs/Hh compared to Hs and Hs/Hh compared to Hs/Hs grown under salt treatment.



Photosystem I light-harvesting complex gene 3 (LHCA3), Photosystem II light-harvesting complex gene B1B2 (LHB1B2), and light-harvesting complex Photosystem II (LHCB4.3) are involved in capturing light energy in PSI and PSII. Except for LHCB4.3 in Hs/Hs, the expression of these three genes was significantly lower in the leaves of Hs and Hs/Hs but was markedly higher in Hs/Hh leaves grown under salt conditions compared to those grown under control conditions. The mRNA levels of LHCA3 and LHB1B2 were upregulated in the leaves of Hs/Hh compared to Hs grown under control conditions. The transcript levels of LHCA3, LHB1B2, and LHCB4.3 were markedly higher in the leaves of Hs/Hh compared to Hs and Hs/Hh compared to Hs/Hs grown under salt conditions.



Ribulose bisphosphate carboxylase small subunit 1A (RBCS1A), rubisco activase-A (RCA-A), RCA-B, ribulose-phosphate 3-epimerase (RPE), and phosphoribulokinase (PRK) participate in the Calvin–Benson–Bassham (CBB) cycle, which is a vital pathway of photosynthesis in plants. The expression of these five genes was markedly lower in Hs leaves grown under salt conditions compared to those grown under control conditions. The mRNA levels of RPE, RCA-A, and RBCS1A were downregulated, but the transcript levels of RCA-B and PRK were significantly higher in Hs/Hh leaves grown under salt conditions compared to those grown under control conditions. The expression of RPE, RCA-A, and RBCS1A was markedly higher in the leaves of Hs/Hh compared to Hs and Hs/Hh compared to Hs/Hs, regardless of the NaCl treatment. The mRNA levels of RCA-B and PRK were higher in the leaves of Hs/Hh compared to Hs and Hs/Hh compared to Hs/Hs grown under salt conditions.





4. Discussion


4.1. Grafting onto H. hamabo Rootstock Ameliorates the Inhibition of Saline on the Photosynthetic Capacity of H. syriacus Leaves


Photosynthesis provides the primary material and energy for plant growth. The photosynthetic capacity of most plants has been reported to be reduced by salt stress [5,20,26], and saline-tolerant plants can better acclimate to NaCl stress with a lesser decrease in the Pn [27]. Consistently, the Pn and Pnmax were markedly decreased in the leaves of Hs, Hs/Hs, and Hs/Hh exposed to salt compared to those grown under control conditions. More importantly, Hs/Hh exhibited a higher Pn and Pnmax than Hs and Hs/Hs under saline conditions, demonstrating that grafting onto H. hamabo rootstock could largely enhance the salt-tolerance of H. syriacus by alleviating the limitations of salt stress on its photosynthetic capacity. This result is consistent with previous studies on grafting in salt-treated watermelon, cucumber, and tomato (Lycopersicon esculentum Mill.) [5,28,29].



In general, salt-induced restrictions on the Pn can result from either stomatal closure or non-stomatal-related limitations [30]. For instance, a marked decrease in the Pn, Gs, and Ci has been observed in NaCl-exposed non-grafted and grafted apple (Malus pumila Mill.), tomato, and cucumber, implying that stomatal limitation is mainly responsible for the salt-induced reduction in the Pn [28,30,31]. In contrast, we found that the Pn and Gs were markedly decreased, whereas the Ci was not altered by salt in Hs, Hs/Hs, and Hs/Hh, indicating that non-stomatal limitation was likely the dominant factor for the reduced Pn under salt stress. Similar results were observed in 200 mM NaCl-treated H. syriacus [20]. Moreover, Hs/Hh exhibited a higher WUE than Hs and Hs/Hs when grown under saline treatment. Since the WUE is calculated as the ratio of Pn to E, the higher WUE in the salt-exposed Hs/Hh may have been caused by the grafting-induced improvement in photosynthetic performance. Having a higher WUE is significant for a plant’s salt tolerance because it helps reduce the absorption of salt and alleviates water deficiency under salt stress [32].




4.2. Grafting Alleviates the Inhibition of Salt Stress on Photosynthetic Capacity through Amelioration of Photosynthetic Pigment Reduction


Chlorophyll is the main photosynthetic pigment in higher plants. The light energy harvested by chlorophyll is converted to stable chemical energy under a series of complex reactions in the chloroplast, and plant photosynthesis will be limited due to the damage and degradation of chlorophyll [20]. A reduced chlorophyll content has been observed in many plants suffering from salt stress [20,33,34]. In this study, the concentrations of chlorophyll a and chlorophyll (a + b) were significantly decreased by salt stress in Hs and Hs/Hs. Since chlorophyll b was not markedly altered by salt stress, the decreased chlorophyll (a + b) content can mainly be attributed to the reduced concentration of chlorophyll a in salt-exposed Hs and Hs/Hs. Notably, chlorophyll a is the primary photosynthetic pigment involved in determining the photosynthetic rate [8]. Thus, the reduction in the Pn was likely mainly due to the decreased concentration of chlorophyll a in salt-treated Hs and Hs/Hs. Moreover, the chlorophyll a and chlorophyll (a + b) concentrations were not altered in Hs/Hh leaves exposed to salt compared to those grown under control conditions. This indicates that grafting effectively ameliorated the salinity-induced reduction in chlorophyll concentrations. Similar findings of grafting alleviating the salt-induced decline in the chlorophyll content have also been reported in watermelon, tomato, and apple [5,7,9,30]. These results suggest that the inhibition of salt stress on photosynthetic capacity through grafting is caused by the alleviation of reductions in the concentrations of chlorophyll a and chlorophyll (a + b).




4.3. Grafting Alleviates the Inhibition of Salt Stress on Photosynthetic Capacity through Amelioration of Limitations on Photochemical Efficiency


The decline in photochemical activity is known to be one of the non-stomatal factors that limits photosynthesis [35]. Therefore, the photochemical efficiency was determined in this study. The Fv/Fm, the maximum quantum use efficiency of PSII, is a classic parameter related to PSII functioning [36]. In the current study, the Fv/Fm was decreased by 26% and 33% in Hs and Hs/Hs under 300 mM NaCl treatment, indicating that photoinhibition occurred, which could be the result of damage to PSII [37]. Nonetheless, the constant Fv/Fm in Hs/Hh demonstrates that the salt-induced photoinhibition of PSII was repaired by the H. hamabo rootstock. Similar results were observed in salt-exposed grafted watermelon, cucumber, and tomato [7,28,38]. In this study, salt stress led to significant reductions in the ΦPSII and ETR in Hs, Hs/Hs, and Hs/Hh, likely owing to the decrease in the open PSII reaction centers (qP). Since the ΦPSII and ETR represent the photochemical conversion efficiency of PSII [38], their reductions indicate that the electron transporting for carbon fixation was limited by salt in the leaves of Hs, Hs/Hs, and Hs/Hh. This would harm the PSII complexes and cause the production of excess reactive oxygen species [7]. However, Hs/Hh exhibited a higher ΦPSII and ETR than Hs and Hs/Hs under saline treatment, suggesting that the H. hamabo rootstock can alleviate the salt-induced inhibition of the photochemical conversion efficiency of PSII in H. syriacus. Moreover, the ΦPSII and ETR were reduced, whereas the Fv/Fm was not altered in Hs/Hh, which was likely a result of the improvement in the NPQ under saline conditions (Figure 4e), implying that more energy was safely dissipated as heat in PSII [28].



In fact, photosynthesis is a very complex process that depends on the synergistic functioning of large multi-subunit pigment–protein complexes of PSII and PSI, which are embedded in specific regions of the thylakoid membrane [39]. The genes responsible for encoding the subunits of PSII and PSI are closely associated with the photochemical efficiency in plants [40,41]. For instance, the suppression of PSBO1 and PSBP2 through RNA interference (RNAi) led to a marked reduction in the Fv/Fm and ΦPSII and an accumulation of PSII core subunits [42,43,44]. Arabidopsis psad1-1 mutant plants exhibited retarded growth and lower PSI activity, Fv/Fm, and ΦPSII, as well as downregulation of most genes participating in the light phase of photosynthesis compared to wild-type (WT) plants [41]. The transcript levels of PSBO1, PSBP-1, PSBP-2, PSBQ, PSBR, PSAD-1, PSAK, and PSAL were significantly reduced by salt in Hs, and the transcript levels of these genes in Hs/Hh were higher than in Hs and Hs/Hs under saline conditions, suggesting that H. hamabo rootstock can alleviate the salt-induced inhibition of mRNA levels of genes encoding the subunits of PSII and PSI in H. syriacus. Thus, these results indicate that the amelioration of the inhibition of salt on photosynthetic capacity through grafting can be attributed to the H. hamabo rootstock-enhanced expression of genes encoding the subunits of PSII and PSI, as well as the stimulation of the photochemical efficiency in H. syriacus under saline conditions.




4.4. Grafting Alleviates the Limitation of Salt Stress on Photosynthetic Capacity through Amelioration of Inhibition on mRNA Levels of Genes Involved in the CBB Cycle


The CBB cycle is responsible for CO2 fixation in photosynthesis [45]. In this cycle, ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) is a primary rate-limiting enzyme that catalyzes the binding of CO2 to ribulose-1,5-bisphosphate (RuBP) to form 3-phosphoglycerate [46,47]. Ribulose-phosphate 3-epimerase (RPE) catalyzes the conversion of xylulose-5-P to form ribulose-5-phosphate (Ru5P) [48], and phosphoribulokinase (PRK) catalyzes the ATP-dependent phosphorylation of Ru5P to form RuBP [45]. The de-activation of the Rubisco and a reduced Pn have often been observed in long-term NaCl stress [29]. The mRNA levels of RBCS1A, which encodes a Rubisco small subunit that constitutes Rubisco [49], as well as RCA-A and RCA-B, which code for Rubisco activase responsible for activating Rubisco [50], and RPE and PRK were downregulated by saline in Hs. The transcript levels of these genes in Hs/Hh were significantly higher than those in Hs and Hs/Hh under salt conditions. Similar results have been found in salt-exposed grafted watermelon [7]. T-DNA insertion mutants of rbcs1a revealed significant reductions in the Rubisco activity and net photosynthetic rates compared to wild-type (WT) Arabidopsis [49]. RCA uses the energy from ATP hydrolysis to restore catalytic competence to Rubisco [47]. A previous study revealed that the reduction in the net CO2 assimilation was related to Rubisco deactivation owing to the inhibition of RCA under moderate heat stress in A. thaliana [51]. Therefore, these results suggest that the amelioration of the inhibition of salt stress on photosynthetic capacity through grafting can be attributed to the higher expression of RBCS1A, RCA, RPE, and PRK under saline conditions.





5. Conclusions


Taken together, our results show that after 23 days of NaCl treatment, the leaves of Hs and Hs/Hs exhibited chlorosis, whereas the leaves Hs/Hh remained green. Saline stress markedly decreased the Pn, Pnmax, E, Gs, WUE, chlorophyll a, chlorophyll (a + b), Fm, Fm’, Fv/Fm, ΦPSII, and ETR in the leaves of Hs and Hs/Hs. In contrast, the reductions in these parameters were greatly alleviated when H. syriacus was grafted onto H. hamabo rootstock. Since the Ci was not markedly altered by 300 mM NaCl in Hs, Hs/Hs, and Hs/Hh, it indicates that these three plants experienced significant non-stomatal limitations to photosynthesis under salt conditions. Consistent with the changes in the Fv/Fm, ΦPSII, and ETR, genes encoding subunits of PSII and PSI were downregulated by salt in Hs, and the transcript levels of these genes were higher in Hs/Hh than in Hs and Hs/Hs under salt conditions. Moreover, H. hamabo rootstock grafting upregulated RBCS1A, RCA, RPE, and PRK, which were involved in the CBB cycle in H. syriacus scions under saline treatment. These results demonstrate that grafting can alleviate the inhibition of salt on the photosynthetic capacity of H. syriacus, which is mainly attributed to ameliorated limitations on photosynthetic pigments, photochemical efficiency, and the CBB cycle.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/f14061226/s1, Figure S1. Fs and Fo of grafted H. syriacus leaves; Table S1. Primers used for RT-qPCR; Table S2. PCA loadings of physiological parameters.





Author Contributions


S.Z., W.Y. and Z.L.: visualization, investigation, data curation, methodology, software, and writing—original draft preparation. P.X., Z.W., J.H., C.G. and J.C.: methodology, visualization, investigation, and data curation. Y.L.: conceptualization, supervision, and writing—reviewing and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This study was jointly supported by the Jiangsu Special Fund on Technology Innovation of Carbon Dioxide Peaking and Carbon Neutrality (BE2022420), the Jiangsu Institute of Botany Talent Fund (JIBTF202208), and the Jiangsu Science and Technology Plan Project (BE2021367).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data supporting the findings of this study are available within this paper and its Supplementary Materials published online.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Behera, T.K.; Krishna, R.; Ansari, W.A.; Aamir, M.; Kumar, P.; Kashyap, S.P.; Pandey, S.; Kole, C. Approaches involved in the vegetable crops salt stress tolerance improvement: Present status and way ahead. Front. Plant Sci. 2022, 12, 3104. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Meng, R.; Liu, Y.; Chen, S.; Jiang, J.; Wang, L.; Zhao, S.; Wang, Z.; Fang, W.; Chen, F. Heterografted chrysanthemums enhance salt stress tolerance by integrating reactive oxygen species, soluble sugar, and proline. Hortic. Res. 2022, 9, uhac073. [Google Scholar] [CrossRef] [PubMed]

	



Luo, J.; Shi, W.; Li, H.; Janz, D.; Luo, Z.-B. The conserved salt-responsive genes in the roots of Populus × canescens and Arabidopsis thaliana. Environ. Exp. Bot. 2016, 129, 48–56. [Google Scholar] [CrossRef]

	



Li, H.; Lin, J.; Yang, Q.-S.; Li, X.-G.; Chang, Y.-H. Comprehensive analysis of differentially expressed genes under salt stress in pear (Pyrus betulaefolia) using RNA-Seq. Plant Growth Regul. 2017, 82, 409–420. [Google Scholar] [CrossRef]

	



Yan, Y.; Wang, S.; Wei, M.; Gong, B.; Shi, Q. Effect of Different Rootstocks on the Salt Stress Tolerance in Watermelon Seedlings. Hortic. Plant J. 2018, 4, 239–249. [Google Scholar] [CrossRef]

	



Rahman, A.; Hossain, M.S.; Mahmud, J.-A.; Nahar, K.; Hasanuzzaman, M.; Fujita, M. Manganese-induced salt stress tolerance in rice seedlings: Regulation of ion homeostasis, antioxidant defense and glyoxalase systems. Physiol. Mol. Biol. Plants 2016, 22, 291–306. [Google Scholar] [CrossRef]

	



Yang, Y.; Yu, L.; Wang, L.; Guo, S. Bottle gourd rootstock-grafting promotes photosynthesis by regulating the stomata and non-stomata performances in leaves of watermelon seedlings under NaCl stress. J. Plant Physiol. 2015, 186–187, 50–58. [Google Scholar] [CrossRef]

	



Barhoumi, Z.; Atia, A.; Hussain, A.A.; Albinhassan, T.H.; Saleh, K.A. Effects of high salinity on photosynthesis characteristics, leaf histological components and chloroplasts ultrastructure of Avicennia marina seedlings. Acta Physiol. Plant. 2022, 44, 85. [Google Scholar] [CrossRef]

	



Feng, X.; Guo, K.; Yang, C.; Li, J.; Chen, H.; Liu, X. Growth and fruit production of tomato grafted onto wolfberry (Lycium chinense) rootstock in saline soil. Sci. Hortic. 2019, 255, 298–305. [Google Scholar] [CrossRef]

	



Patil, S.; Shinde, M.; Prashant, R.; Kadoo, N.; Upadhyay, A.; Gupta, V. Comparative Proteomics Unravels the Differences in Salt Stress Response of Own-Rooted and 110R-Grafted Thompson Seedless Grapevines. J. Proteome Res. 2020, 19, 583–599. [Google Scholar] [CrossRef]

	



Niu, M.; Huang, Y.; Sun, S.; Sun, J.; Cao, H.; Shabala, S.; Bie, Z. Root respiratory burst oxidase homologue-dependent H2O2 production confers salt tolerance on a grafted cucumber by controlling Na+ exclusion and stomatal closure. J. Exp. Bot. 2018, 69, 3465–3476. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.H.; Li, X.; Zhang, S.B.; Yin, Z.P.; Zhu, W.X.; Li, J.B.; Meng, L.; Zhong, H.X.; Xu, N.; Wu, Y.N. Rootstock Alleviates Salt Stress in Grafted Mulberry Seedlings: Physiological and PSII Function Responses. Front. Plant Sci. 2018, 9, 1806. [Google Scholar] [CrossRef]

	



Lazare, S.; Yasuor, H.; Yermiyahu, U.; Kuhalskaya, A.; Brotman, Y.; Ben-Gal, A.; Dag, A. It takes two: Reciprocal scion-rootstock relationships enable salt tolerance in ‘Hass’ avocado. Plant Sci. 2021, 312, 111048. [Google Scholar] [CrossRef] [PubMed]

	



Simpson, C.R.; Nelson, S.D.; Melgar, J.C.; Jifon, J.; Schuster, G.; Volder, A. Effects of salinity on physiological parameters of grafted and ungrafted citrus trees. Sci. Hortic. 2015, 197, 483–489. [Google Scholar] [CrossRef]

	



Magdalita, P.M.; San Pascual, A.O. Hibiscus (Hibiscus rosa-sinensis): Importance and Classification. In Floriculture and Ornamental Plants; Datta, S.K., Gupta, Y.C., Eds.; Springer: Singapore, 2020; pp. 1–44. [Google Scholar] [CrossRef]

	



Punasiya, R.; Devre, K.; Pillai, S. Pharmacognostic and Pharmacological overview on Hibiscus syriacus L. Int. J. Pharm. Life Sci. 2014, 5, 3617–3621. [Google Scholar]

	



Wang, Z.; Xue, J.-Y.; Hu, S.-Y.; Zhang, F.; Yu, R.; Chen, D.; Van de Peer, Y.; Jiang, J.; Song, A.; Ni, L.; et al. The genome of Hibiscus hamabo reveals its adaptation to saline and waterlogged habitat. Hortic. Res. 2022, 9, uhac067. [Google Scholar] [CrossRef] [PubMed]

	



Sakhanokho, H.F.; Islam-Faridi, N.; Babiker, E.M.; Nelson, C.D.; Stringer, S.J.; Adamczyk Jr, J.J. Determination of nuclear DNA content, ploidy, and FISH location of ribosomal DNA in Hibiscus hamabo. Sci. Hortic. 2020, 264, 109167. [Google Scholar] [CrossRef]

	



He, J.; Ma, C.; Ma, Y.; Li, H.; Kang, J.; Liu, T.; Polle, A.; Peng, C.; Luo, Z.-B. Cadmium tolerance in six poplar species. Environ. Sci. Pollut. Res. 2013, 20, 163–174. [Google Scholar] [CrossRef] [PubMed]

	



Lu, W.; Wei, G.; Zhou, B.; Liu, J.; Zhang, S.; Guo, J. A comparative analysis of photosynthetic function and reactive oxygen species metabolism responses in two hibiscus cultivars under saline conditions. Plant Physiol. Biochem. PPB 2022, 184, 87–97. [Google Scholar] [CrossRef]

	



Maxwell, K.; Johnson, G.N. Chlorophyll fluorescence—A practical guide. J. Exp. Bot. 2000, 51, 659–668. [Google Scholar] [CrossRef]

	



Toral-Juárez, M.A.; Avila, R.T.; Cardoso, A.A.; Brito, F.A.L.; Machado, K.L.G.; Almeida, W.L.; Souza, R.P.B.; Martins, S.C.V.; DaMatta, F.M. Drought-tolerant coffee plants display increased tolerance to waterlogging and post-waterlogging reoxygenation. Environ. Exp. Bot. 2021, 182, 104311. [Google Scholar] [CrossRef]

	



Cao, X.; Jia, J.; Zhang, C.; Li, H.; Liu, T.; Jiang, X.; Polle, A.; Peng, C.; Luo, Z.B. Anatomical, physiological and transcriptional responses of two contrasting poplar genotypes to drought and re-watering. Physiol. Plant. 2014, 151, 480. [Google Scholar] [CrossRef]

	



Lu, Y.; Deng, S.; Li, Z.; Wu, J.; Zhu, D.; Shi, W.; Zhou, J.; Fayyaz, P.; Luo, Z.B. Physiological Characteristics and Transcriptomic Dissection in Two Root Segments with Contrasting Net Fluxes of Ammonium and Nitrate of Poplar Under Low Nitrogen Availability. Plant Cell Physiol. 2022, 63, 30–44. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Z.P.; Yu, Q. A coupled model of stomatal conductance and photosynthesis for winter wheat. Photosynthetica 2008, 46, 637–640. [Google Scholar] [CrossRef]

	



Penella, C.; Landi, M.; Guidi, L.; Nebauer, S.G.; Pellegrini, E.; San Bautista, A.; Remorini, D.; Nali, C.; Lopez-Galarza, S.; Calatayud, A. Salt-tolerant rootstock increases yield of pepper under salinity through maintenance of photosynthetic performance and sinks strength. J. Plant Physiol. 2016, 193, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Yan, K.; Wu, C.W.; Zhang, L.H.; Chen, X.B. Contrasting photosynthesis and photoinhibition in tetraploid and its autodiploid honeysuckle (Lonicera japonica Thunb.) under salt stress. Front. Plant Sci. 2015, 6, 227. [Google Scholar] [CrossRef]

	



He, Y.; Zhu, Z.; Yang, J.; Ni, X.; Zhu, B. Grafting increases the salt tolerance of tomato by improvement of photosynthesis and enhancement of antioxidant enzymes activity. Environ. Exp. Bot. 2009, 66, 270–278. [Google Scholar] [CrossRef]

	



Liu, Z.; Bie, Z.; Huang, Y.; Zhen, A.; Niu, M.; Lei, B. Rootstocks improve cucumber photosynthesis through nitrogen metabolism regulation under salt stress. Acta Physiol. Plant. 2013, 35, 2259–2267. [Google Scholar] [CrossRef]

	



Li, C.; Wei, Z.; Liang, D.; Zhou, S.; Li, Y.; Liu, C.; Ma, F. Enhanced salt resistance in apple plants overexpressing a Malus vacuolar Na+/H+ antiporter gene is associated with differences in stomatal behavior and photosynthesis. Plant Physiol. Biochem. PPB 2013, 70, 164–173. [Google Scholar] [CrossRef]

	



Zhen, A.; Bie, Z.; Huang, Y.; Liu, Z.; Lei, B. Effects of salt-tolerant rootstock grafting on ultrastructure, photosynthetic capacity, and H2O2-scavenging system in chloroplasts of cucumber seedlings under NaCl stress. Acta Physiol. Plant. 2011, 33, 2311–2319. [Google Scholar] [CrossRef]

	



Karaba, A.; Dixit, S.; Greco, R.; Aharoni, A.; Trijatmiko, K.R.; Marsch-Martinez, N.; Krishnan, A.; Nataraja, K.N.; Udayakumar, M.; Pereira, A. Improvement of water use efficiency in rice by expression of HARDY, an Arabidopsis drought and salt tolerance gene. Proc. Natl. Acad. Sci. USA 2007, 104, 15270–15275. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Tang, R.J.; Jiang, C.M.; Li, B.; Kang, T.; Liu, H.; Zhao, N.; Ma, X.J.; Yang, L.; Chen, S.L.; et al. Overexpression of the PtSOS2 gene improves tolerance to salt stress in transgenic poplar plants. Plant Biotechnol. J. 2015, 13, 962–973. [Google Scholar] [CrossRef] [PubMed]

	



Dos Santos Araujo, G.; de Oliveira Paula-Marinho, S.; de Paiva Pinheiro, S.K.; de Castro Miguel, E.; de Sousa Lopes, L.; Camelo Marques, E.; de Carvalho, H.H.; Gomes-Filho, E. H2O2 priming promotes salt tolerance in maize by protecting chloroplasts ultrastructure and primary metabolites modulation. Plant Sci. Int. J. Exp. Plant Biol. 2021, 303, 110774. [Google Scholar] [CrossRef]

	



Souza, R.; Machado, E.; Silva, J.; Lagôa, A.; Silveira, J. Photosynthetic gas exchange, chlorophyll fluorescence and some associated metabolic changes in cowpea (Vigna unguiculata) during water stress and recovery. Environ. Exp. Bot. 2004, 51, 45–56. [Google Scholar] [CrossRef]

	



Baker, N.R. Chlorophyll fluorescence: A probe of photosynthesis in vivo. Annu. Rev. Plant Biol. 2008, 59, 89–113. [Google Scholar] [CrossRef]

	



Lucini, L.; Rouphael, Y.; Cardarelli, M.; Canaguier, R.; Kumar, P.; Colla, G. The effect of a plant-derived biostimulant on metabolic profiling and crop performance of lettuce grown under saline conditions. Sci. Hortic. 2015, 182, 124–133. [Google Scholar] [CrossRef]

	



Liu, Z.X.; Bie, Z.L.; Huang, Y.; Zhen, A.; Lei, B.; Zhang, H.Y. Grafting onto Cucurbita moschata rootstock alleviates salt stress in cucumber plants by delaying photoinhibition. Photosynthetica 2012, 50, 152–160. [Google Scholar] [CrossRef]

	



Ilikova, I.; Ilik, P.; Opatikova, M.; Arshad, R.; Nosek, L.; Karlicky, V.; Kucerova, Z.; Roudnicky, P.; Pospisil, P.; Lazar, D.; et al. Towards spruce-type photosystem II: Consequences of the loss of light-harvesting proteins LHCB3 and LHCB6 in Arabidopsis. Plant Physiol. 2021, 187, 2691–2715. [Google Scholar] [CrossRef] [PubMed]

	



Che, Y.; Kusama, S.; Matsui, S.; Suorsa, M.; Nakano, T.; Aro, E.M.; Ifuku, K. Arabidopsis PsbP-Like Protein 1 Facilitates the Assembly of the Photosystem II Supercomplexes and Optimizes Plant Fitness under Fluctuating Light. Plant Cell Physiol. 2020, 61, 1168–1180. [Google Scholar] [CrossRef]

	



Ihnatowicz, A.; Pesaresi, P.; Varotto, C.; Richly, E.; Schneider, A.; Jahns, P.; Salamini, F.; Leister, D. Mutants for photosystem I subunit D of Arabidopsis thaliana: Effects on photosynthesis, photosystem I stability and expression of nuclear genes for chloroplast functions. Plant J. Cell Mol. Biol. 2004, 37, 839–852. [Google Scholar] [CrossRef]

	



Yi, X.; Hargett, S.R.; Frankel, L.K.; Bricker, T.M. The effects of simultaneous RNAi suppression of PsbO and PsbP protein expression in photosystem II of Arabidopsis. Photosynth. Res. 2008, 98, 439–448. [Google Scholar] [CrossRef] [PubMed]

	



Yi, X.; McChargue, M.; Laborde, S.; Frankel, L.K.; Bricker, T.M. The manganese-stabilizing protein is required for photosystem II assembly/stability and photoautotrophy in higher plants. J. Biol. Chem. 2005, 280, 16170–16174. [Google Scholar] [CrossRef] [PubMed]

	



Ifuku, K.; Yamamoto, Y.; Ono, T.-a.; Ishihara, S.; Sato, F. PsbP Protein, But Not PsbQ Protein, Is Essential for the Regulation and Stabilization of Photosystem II in Higher Plants. Plant Physiol. 2005, 139, 1175–1184. [Google Scholar] [CrossRef]

	



Yu, A.; Xie, Y.; Pan, X.; Zhang, H.; Cao, P.; Su, X.; Chang, W.; Li, M. Photosynthetic Phosphoribulokinase Structures: Enzymatic Mechanisms and the Redox Regulation of the Calvin-Benson-Bassham Cycle. Plant Cell 2020, 32, 1556–1573. [Google Scholar] [CrossRef] [PubMed]

	



Andersson, I.; Backlund, A. Structure and function of Rubisco. Plant Physiol. Biochem. 2008, 46, 275–291. [Google Scholar] [CrossRef] [PubMed]

	



Carmo-Silva, A.E.; Salvucci, M.E. The regulatory properties of Rubisco activase differ among species and affect photosynthetic induction during light transitions. Plant Physiol. 2013, 161, 1645–1655. [Google Scholar] [CrossRef]

	



Favery, B.; Lecomte, P.; Gil, N.; Bechtold, N.; Bouchez, D.; Dalmasso, A.; Abad, P. RPE, a plant gene involved in early developmental steps of nematode feeding cells. EMBO J. 1998, 17, 6799–6811. [Google Scholar] [CrossRef]

	



Izumi, M.; Tsunoda, H.; Suzuki, Y.; Makino, A.; Ishida, H. RBCS1A and RBCS3B, two major members within the Arabidopsis RBCS multigene family, function to yield sufficient Rubisco content for leaf photosynthetic capacity. J. Exp. Bot. 2012, 63, 2159–2170. [Google Scholar] [CrossRef]

	



Kim, S.Y.; Stessman, D.J.; Wright, D.A.; Spalding, M.H.; Huber, S.C.; Ort, D.R. Arabidopsis plants expressing only the redox-regulated Rca-α isoform have constrained photosynthesis and plant growth. Plant J. 2020, 103, 2250–2262. [Google Scholar] [CrossRef]

	



Kurek, I.; Chang, T.K.; Bertain, S.M.; Madrigal, A.; Liu, L.; Lassner, M.W.; Zhu, G. Enhanced thermostability of Arabidopsis Rubisco activase improves photosynthesis and growth rates under moderate heat stress. Plant Cell 2007, 19, 3230–3241. [Google Scholar] [CrossRef]








[image: Forests 14 01226 g001 550] 





Figure 1. Morphology (a), and concentrations of chlorophyll a (b), chlorophyll b (c), chlorophyll (a + b) (d), carotenoid (e), and chlorophyll a/b (f) of grafted H. syriacus leaves grown under either 0 (control) or 300 mM NaCl conditions. Hs: self-rooted H. syriacus; Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo as the rootstock. Data indicate means ± SE (n = 6). Different letters on the bars indicate significant differences between the treatments. p-values based on the ANOVA tests for grafting (G), NaCl (Na), and their interaction (G × Na) are indicated: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns: not significant. 
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Figure 2. (a) Net photosynthetic rate (Pn), (b) transpiration rate (E), (c) stomatal conductance (Gs), (d) intercellular CO2 concentration (Ci), (e) E/Gs, and (f) photosynthetic water-use efficiency (WUE) of grafted H. syriacus leaves grown under either 0 (control) or 300 mM NaCl conditions. Hs: self-rooted H. syriacus; Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo as the rootstock. Data indicate means ± SE (n = 6). The information about the treatments and statistical analysis is the same as that mentioned in Figure 1. 
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Figure 3. Diurnal variation of photosynthesis (a) and light-response curves (b) of grafted H. syriacus leaves grown under either 0 (−Na, serving as the control) or 300 mM NaCl (+Na) conditions. Hs: self-rooted H. syriacus; Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo as the rootstock. In (a), bars indicate means ± SE (n = 6); in (b), numbers represent the averages of six biological replicates. 
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Figure 4. Fm (a), Fm’ (b), Fv/Fm (c), ΦPSII (d), NPQ (e), qP (f), ETR (g), and ETR/Pn (h) of grafted H. syriacus leaves grown under either 0 (control) or 300 mM NaCl conditions. Hs: self-rooted H. syriacus; Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo as the rootstock. Data indicate means ± SE (n = 6). The information about the treatments and statistical analysis is the same as that mentioned in Figure 1. 
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Figure 5. Principal component analysis (PCA) plots of photosynthetic parameters (a), cluster analysis of transcriptional fold changes of photosynthetic genes (b) of grafted H. syriacus leaves grown under either 0 (−Na, serving as control) or 300 mM NaCl (+Na) conditions. Hs: self-rooted H. syriacus; Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo as the rootstock. 
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Table 1. Simulated parameters in light-response curves of grafted H. syriacus leaves grown under either 0 (control) or 300 mM NaCl conditions. Hs: self-rooted H. syriacus; Hs/Hs: self-grafted H. syriacus; Hs/Hh: heterografted H. syriacus with H. hamabo as the rootstock. Data indicate means ± SE (n = 6). The different letters beside the values indicate significant differences. The p-values based on the ANOVA tests for grafting (G), NaCl (Na), and their interaction (G × Na) are indicated: * p < 0.05; *** p < 0.001; **** p < 0.0001; ns: not significant. Pnmax: the maximum net photosynthetic rate; LSP: the light saturation point; LCP: the light compensation point; AQY: the apparent quantum efficiency; Rd: the dark respiration rate.
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Grafting

	
NaCl

	
Pnmax (μmol CO2 m−2 s−1)

	
LSP (μmol m−2 s−1)

	
LCP

(μmol m−2 s−1)

	
AQY

(mol mol−1)

	
Rd

(mmol CO2 m−2 s−1)






	
Hs

	
0 mM

	
15.32 ± 1.42 a

	
1057.32 ± 186.86 ab

	
36.09 ± 4.26 a

	
0.11 ± 0.01 b

	
3.39 ± 0.15 a




	
300 mM

	
5.97 ± 0.99 d

	
713.27 ± 63.24 b

	
45.17 ± 9.88 a

	
0.06 ± 0.01 c

	
2.25 ± 0.34 b




	
Hs/Hs

	
0 mM

	
12.99 ± 1.30 ab

	
1274.99 ± 366.86 a

	
35.11 ± 2.46 a

	
0.12 ± 0.00 b

	
3.36 ± 0.09 a




	
300 mM

	
7.47 ± 1.74 cd

	
818.93 ± 29.76 ab

	
47.97 ± 0.20 a

	
0.08 ± 0.00 c

	
2.98 ± 0.05 ab




	
Hs/Hh

	
0 mM

	
15.28 ± 0.44 a

	
1051.27 ± 6.70 ab

	
44.86 ± 4.28 a

	
0.14 ± 0.00 a

	
3.53 ± 0.52 a




	
300 mM

	
11.30 ± 1.26 bc

	
899.88 ± 149.53 ab

	
43.00 ± 6.96 a

	
0.08 ± 0.01 c

	
2.79 ± 0.12 ab




	
p-values

	
G

	
ns

	
ns

	
ns

	
*

	
ns




	
Na

	
****

	
*

	
ns

	
****

	
***




	
G × Na

	
ns

	
ns

	
ns

	
ns

	
ns
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