Inter-varieties variation of sugar metabolism that inhibit photosynthesis: hexokinase-dependent stomatal and non-stomatal behaviors
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Abstract
The generation of sugar from photosynthesis and its utilization by sugar metabolism jointly determine the leaf sugar status, which conversely represses photosynthesis. The objective of this study was to investigate the effect of leaf sugar metabolism on photosynthesis in two contrasting grape (Vitis vinifera L.) genotypes, Riesling (RI, high level hexose) and Petit Manseng (PM, low level hexose). The total hexose and glucose contents of the RI leaves were significantly higher than those of PM relative to the low level of fructose. The activity of cell wall invertase for sucrose hydrolysis and the abundances of VvCWINV, VvHT4, VvTMT1, VvFK1 and VvFK1 transcripts were higher in RI leaves. The abundance of hexokinase transcript (VvHXK2) for signal sensing was also higher, while VvHXK1 was lower for glucose phosphorylation. The net photosynthetic rate, stomatal conductance, transpiration rate and chlorophyll content of RI leaves were lower than those of PM and negatively correlated with the hexose and glucose contents and the VvHXK2, VvCWINV, VvHT4, and VvTMT1 transcript levels. These results suggest that variation in sugar metabolism by inter-varieties alters the cellular sugar status, which is important for regulating photosynthesis. This study provides insights on improving the photosynthesis of cultivars by metabolic modification for breeding. 
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Introduction
Sugars from photosynthesis provide energy for all plants. Mesophyll cells fix inorganic carbon to first produce sucrose during photosynthesis. The utilization of sucrose depends on its metabolism, which primarily includes the metabolism of sucrose that produces hexoses. These sugars can be readily metabolized. This reaction generates several sugars as primary metabolites to fuel growth and storage and transport facilitated by sugar transporters (Ruan 2014). In addition, the enzymes synthesize critical compounds, such as proteins, cellulose, starch, and others (Dai et al. 2013), and also serve as signals to regulate the expression of transcription factors and other nuclear genes (Rolland, Baena-Gonzalez & Sheen 2006). Thus, the metabolism of sugar plays pivotal roles in development, crop yield, and stress responses ( Bhaskar et al. 2010). The hydrolysis of sucrose into hexose is catalyzed by sucrose synthase (SS) or invertases, and the latter category includes cell wall invertases (CWINVs), neutral invertase (NIs) and vacuolar invertase (VINs/GINs), located in the cell wall, cytosol and vacuole, respectively (Wan, Wu, Yang Zhou & Ruan 2018). Many researchers reported that increasing the activity of CWINV or VINs enhances the concentration of hexose (Yang et al. 2013), which limits the export of sucrose from the source leaf (Eero et al. 2013), although it is critical for sugar accumulation in sink organs (Wang et al. 2019). There is also a negative intercellular metabolism that involves the phosphorylation of these hexoses by hexokinase/fructokinase to trigger glycolysis to produce secondary metabolites and provide energy. The metabolism of sucrose and downstream hexose collectively establishes the gateway to coordinate carbon storage and other uses that even include sugar signaling (Ruan 2014). These delicate metabolic mechanisms maintain the homeostasis of intracellular energy and thus, ensure the orderly biochemical reactions of plants.

Hexoses accumulate in leaves and then simulate a carbon imbalance in which sucrose metabolism exceeds its capacity to be exported from the source leaf, and hexose is phosphorylated, which downregulates photosynthesis (Asao S. & Ryan M.G. 2015). Photosynthesis is determined by both stomatal and non-stomatal factors (NSFs). The regulation of stomata is involved in limiting the importation of CO2 by diffusion through the stomata to the intercellular spaces within leaves (Kelly et al. 2013). NSFs include biochemical reactions and mesophyll conductance, such as the diffusion of CO2 from the sub-stomatal cavities to the carboxylation loci of photosynthesis in chloroplasts (Salmon et al. 2020). The mechanism of regulation of sugar by photosynthesis is well documented at the cellular level, with pathways identified that both increase and decrease photosynthesis through changes in biochemistry and stomatal behavior. The concentrations of sucrose and starch in the leaves increased, while the activities of Rubisco and other Calvin-cycle enzymes, the rates of RuBP regeneration, carboxylation and electron transport all decreased (Goldschmidt & HUBER 1992), and the expression of photosynthetic genes and phloem transport genes (Sheen 1990). The closure of stomata was also induced in response to the enhanced carbohydrate level, possibly to optimize the absorption of carbon and limit water loss of the plant (Kelly et al. 2013; Salmon et al. 2020).  
Among these sugars, glucose is always recognized as a signal molecule that regulates plant growth and development, with HXK-dependent or HXK-independent pathways in plants (Arroyo, Bossi, Finkelstein & Leo´n 2003). Hexokinases are bi-functional enzymes and are also considered to be sugar sensors (Rolland, Moore & Sheen 2002a). It is thought that hexokinases would activate a signaling cascade at the HXK-dependent signaling pathway by interacting with the proteins of transcription factors for transcriptional regulation (Yima et al. 2012). It has been well documented that the glucose-hexokinase system is involved in different biotic and abiotic stress tolerances, such as programmed cell death (Kim et al., 2006), pathogen defense (Sarowar, Lee, Ahn & Pai 2008), salt tolerance (Sun et al. 2018), osmotic stress tolerance (Kim, Smith, Ridenour, Woloshuk & Bluhm 2011) and the accumulation of anthocyanins (Hu et al., 2016). Recently, the increased level of expression of AtHXK1 from Arabidopsis and the content of glucose decreased transpiration (Kelly et al. 2012), repressed the expression of PIP aquaporins (Kelly et al. 2017), and thus, enhanced the leaf water potential. This also suggests that glucose-HXK is associated with the regulation of photosynthesis. 

The regulation of sugar in photosynthesis has been studied mostly in media that contain large amounts of sugar (Roth, Westcott, Iwai & Niyogi 2019). The effect of energy metabolism on plant growth is still unknown, although fruit trees face a complex carbohydrate metabolism and phloem function as they grow taller and produce fruit, with the problem of excess supply or restriction of carbon (Ruan 2014). In this study, we explored both primary and secondary carbohydrate metabolism in two different genotypes of grapes and its effects on photosynthesis in the source leaves with the goal of identifying the significant processes of cellular energy metabolism and its regulation of photosynthesis. This will accelerate the process of breeding to improve photosynthetic efficiency through cellular metabolic engineering.
2. Materials and methods

2.1 Materials and design

This experiment was conducted in a Vitis vinifera L. vineyard that grows the cultivars ‘Riesling’ (RI) and ‘Petit Manseng’ (PM) at the ‘Yaojing’ winery located at 35.7°-36.1°N, 111.1°-111.7°E in Xiangfen County, Shanxi Province, China, during the 2018 and 2019 growing season. The climate is a temperate monsoon. The average temperature of the growing season was 25.9 °C from June to September in 2018 and 2019, and the amount of precipitation was 316.7 mm and 288.4 mm in 2018 and 2019, respectively (Fig. 1). The frost-free period is close to 200 d. Self-rooted vines of ‘Riesling’ and ‘Petit Manseng’ were planted in 2013 with an east-west orientation and spaced 1 m×3 m. The vines were trained to a single cordon trellised to a vertical shoot positioning system with a single bud per spur. The vineyard was managed according to defined standards.

Three rows vines of each variety were marked with three biological replicates in both 2018 and 2019. A randomized block design was used in this study in which each replicate leaf was randomly sampled from five zones based on their developmental stages. Two leaves were selected from nodes 6 to 9 beginning at the shoot base of 15 plants, and a total of 30 leaves were sampled. The first sampling was conducted at 30 day after anthesis (DAA; the berries were pea sized); the second sampling occurred at 70 DAA (the berries were at veraison); the third sampling occurred at 90 DAA (berries were in the ripening stage), and last sampling at fruit harvest of Riesling (at 110 DAA). The leaves were collected at the same time of day (9:00-11:00 a.m.), immediately frozen and stored at -80 °C for analysis.

2.2 Chlorophyll content and photosynthetic parameters

The method described by Golan et al. (2015) was used to analyze the content of chlorophyll with three replicates. The photosynthetic parameters were determined as described by Xu, Chen, Ren, Chen & Liesche (2018) using a Li-6400 photosynthesis measuring system (LI-COR, Inc., Lincoln, NE, USA) with a 6 cm2 leaf chamber. The photosynthetically active radiation was maintained at 1,000 mmol photons m-2 s-1, and the reference CO2 concentration was maintained at approximately 400 mmol CO2 mol-1 air (mg mL-1). Six leaves from nodes 6 to 9 from the shoots of each variety at four different development stages were marked and measured at 9:00 AM to 12:00 PM on a sunny day. The results are expressed as the mean of three measurements.

2.3 Analysis of leaf hexose contents analysis by HPLC

The leaves were ground to a fine powder in liquid nitrogen. A total of 2.0 g of powdered leaves was dissolved in 5 mL of 80 % ethanol, incubated in 80 °C water for 3 minutes, and centrifuged at 10,000 rpm for 10 min at 4 °C (5804 R centrifuge; Eppendorf AG, Hamburg, Germany). After collecting the supernatant in a new centrifuge tube, an additional 5 mL of 80 % ethanol was added to the precipitate, and the steps above were repeated. Finally, the two supernatants were combined, and deionized water was added to bring the volume to 10 mL. All of the samples were filtered through a 0.22-µm luer syringe-filter (Biofount, Beijing, China) before their analysis. The contents of hexose were determined using an Agilent 1260 Infinity HPLC system (Agilent Technologies, Santa Clara, CA, USA) with three biological replicates. Standard curves of glucose and fructose were used to accurately calculate the concentration of sugar. All chemicals and standards were purchased from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in deionized water. 

2.4 Analysis of the enzymes related to sugar metabolism in the leaves

Sugar metabolic enzymes were extracted and measured using the method described  by Keller and Ludlow (1993) with minor modifications. The leaves were ground to a fine powder in liquid nitrogen, and 1 g powder was dissolved three times in 5 mL extraction buffer and ground for an additional 3-5 min on ice. The homogenates were centrifuged for 20 min at 10,000 rpm at 2 °C, and the supernatant was immediately transferred to a new tube and stored at -20 °C until analysis. All procedures were performed at 0-4 °C.

2.5 Total RNA and cDNA preparation and RT-PCR analysis 

The total RNA of leaves was extracted using a General Plant Total RNA Extraction Kit (Bioteke, Beijing, China) and purified with RNase-free DNaseI (Bioteke) to avoid any contaminating DNA. The RNA integrity was determined using a Bioanalyzer 2100 (Agilent Technologies). The concentration of total RNA was measured using a Spectrophotometer (BioDrop μlite, Cambridge, UK) and verified using a 1.0% formaldehyde-agarose gel. First-strand cDNA was synthesized using HiScript II Q RT SuperMix for qPCR (Vazyme, Jiangsu, China) according to the manufacturer’s instructions. The real-time quantitative (Q-PCR) primers were synthesized by the Biotech Co., Ltd (Shanghai, China) and checked by melting curve analysis and electrophoresis to avoid dimer formation and unspecific amplifications before measurement. Information on the primers is listed in Supplemental Table 1. The (Q-PCR) was determined using 2×ChamQTM SYBR qPCR Master Mix (Vazyme Q311-02), and the expression of gene was analyzed using the QuantStudioTM 5 Real-Time PCR instrument (Bio-Rad Laboratories, Berkeley, CA, USA). The levels of gene expression were normalized based on VvActin and calculated using the 2-∆CT method, where ∆CT = CT target-CT VvActin (Xie et al. 2015).

2.6 Statistical analysis

All of data were expressed as the mean ± standard deviation (SD) of three replicates, and an analysis of variance (ANOVA) was conducted to determine the significant differences at P < 0.05. Microsoft Excel 2013 (Redmond, WA, USA) and SPSS .20.0 (IBM, Inc., Armonk, NY, USA) were used for calculations and the statistical analyses. The figures were generated using GraphPad Prism 7.0 (Emerald Biotech Co., Ltd, Hangzhou, China). 

Results

3.1 Inter-varieties variation of the content of hexose in grape leaves 

Sucrose, the end product of photosynthesis in leaves, can be hydrolyzed into hexoses, such as glucose and fructose, and then exported from the leaf to nourish the heterotrophic organs through phloem transport. In this study, strong varietal differences in the contents of glucose and fructose were observed (Fig. 2). Compared with PM, more glucose accumulated in the RI leaves. The content of glucose of the RI leaves was 3.97-, 6.31-, 4.04- and 1.92-fold higher than that of PM at 30, 70, 90 and 110 DAA in 2018, respectively (Fig. 2b). In contrast, the content of fructose of the RI leaves were 20.06%, 15.19%, 8.16% and 17.25% lower than those of PM at 30, 70, 90 and 110 DAA in 2018, respectively (Fig. 2c). Finally, the content of hexose in the RI leaves was 27.01%, 48.40%, 50.89% and 15.86% higher than that of PM at the corresponding stage in 2018 (Fig. 2a), which was consistent with the results of glucose analysis. As predicted, the contents of hexose and glucose of the RI leaves were significantly higher than those of PM (18.64% and 2.0% times on average, respectively), while the fructose content of RI leaves exhibited the opposite trend (-23.72 % on average) in 2019.

3.2 Transcription levels of the genes that encode the enzymes of sucrose metabolism in leaves

Based on the significant difference in sugar profiles shown in 3.1, we investigated the metabolic status of the metabolism of sucrose and hexose in the leaves of these two varieties using a transcriptional analysis. The abundances of VvSS3, VvCWINV and VvSS4 transcripts were higher than those of the other genes of sucrose metabolism (Fig. 3 and Supplemental Tables 2 and 3). VvSS3 was strongly expressed in PM leaves, while the abundances of VvCWINV and VvSS4 transcripts were higher in RI leaves. The cumulative level of VvSS3 transcripts in the PM leaves during development (2018) was close to that of RI, whereas it was 8.98-fold higher on average than that of RI in 2019. The abundances of VvSS3 transcripts were separately 12.84-, 15.50- and 17.67-fold higher than that of the RI leaves at 70, 90 and 110 DAA in 2019 (Supplemental Table 3). In contrast, the abundances of VvSS4 transcripts of the RI leaves were 2.46- and 1.80-fold as high as those of the PM on average in 2018 and 2019, respectively. It was notable that the abundance of VvSS4 transcripts in the RI leaves was 22.30-, 24.49- and 41.70 fold as high as that of PM at 70, 90, and 110 DAA in 2018, while there was a minor reduction of 7.19-fold on average in 2019. VvCWINV was also consistently strongly expressed in RI leaves compared with those of PM, particularly at 110 and 30 DAA in 2018 and 2019, respectively, and its cumulative abundance of transcription in RI leaves was 2.63- and 4.95-fold as high as that of PM in 2018 and 2019 (Fig. 3a and b). VvGIN2 and VvNI were more abundant in RI leaves compared with those in PM, and their cumulative levels of transcription were 13.09- and 1.60-fold as high as that of the latter (2018), while a decrease occurred in 2019. In addition, the relative level of expression of VvSPS changed dynamically among the varieties (Supplemental Tables 2 and 3).

3.3 Enzyme activity related to sucrose metabolism in the leaves

The profiles of enzyme activities related to sucrose metabolism are shown in Fig. 3 and Supplemental Fig. S1. A strong effect of variety can be observed on the activity of enzymes related to sucrose metabolism. Acid invertase (AI) and sucrose synthase (SS) were more active than neutral invertase (NI) and sucrose phosphate synthase (SPS) in the leaves of two varieties examined in this study. It was evident that the AI activity of the RI leaves was 1.67-, 1.52-, 1.69- and 1.96-fold as high as that of PM at 30, 70, 90 and 110 DAA in 2018 (Fig. 3c) and was 1.54-fold on average in 2019 (Fig. 3d). In contrast, the activity of SS was higher in the PM leaves than that in the RI leaves and was 6.13%, 22.89 %, 31.71% and 28.20% higher than that of the latter at 30, 70, 90 and 110 DAA in 2018. An enormous difference was observed in 2019 compared with that in 2018 where the SS activity of PM leaves was 39.09% higher than that of RI on average (Supplemental Fig. S1c and d). The activity of NI was only higher in RI at 30 and 110 DAA in 2018, but minor variation was observed between the varieties in 2019 (Supplemental Fig. S1g and h). However, SPS had low activity in the leaves, and its activity decreased gradually in the leaves of two varieties in 2019 (Supplemental Fig. S1a and b).

3.4 Inter-variety differences in hexose metabolism

In most plant cells, hexoses consist of glucose and fructose that are derived from the hydrolysis of sucrose. The phosphorylation of glucose in the cells is mediated by hexokinase. In this study, VvHXK1 was strongly expressed in PM leaves compared with RI leaves at a low level of transcription. The level of VvHXK1 transcripts in the PM leaves was 2.06-, 4.92-, 2.59- and 2.56-fold as high as that of RI at 30, 70, 90 and 110 DAA in 2018, respectively, which contrasts with the glucose status of leaves (Fig. 2b and Fig. 4a). Despite this decrease, the abundance of VvHXK1 transcripts in the PM leaves was still higher than those of the RI at 30, 70 and 110 DAA by 0.49-, 0.79- and 1.1-fold, respectively (Fig. 4a). In contrast, the RI leaves had more transcripts of hexokinase (VvHXK2) compared with those in the PM leaves, and they were 1.82-, 5.54-, 4.26- and 1.87-fold higher at 30, 70, 90 and 110 DAA than that of the latter, and 1.23-fold on average in 2019, although the transcriptional activity was low (Fig. 4b). 

The fructose in cells requires phosphorylation with the help of fructose kinase before it can be metabolized. In this study, the fructose kinase of RI leaves was maintained in an active state during development relative to that of the PM. The level of VvFK1 transcripts in the RI leaves was 4.94-, 4.78-, 4.92- and even 11.15-fold higher than that of PM at 30, 70, 90, and 110 DAA in 2018, respectively, and 3.66-fold on average in 2019 (Fig. 4c). Similarly, the level of transcription of VvFK2 in the RI leaves was 5.11- and 5.02-fold higher than that of PM at 30 and 110 DAA in 2018, and 1.14-fold higher on average in 2019 with a slight difference among varieties (Fig. 4d). The results of VvFK1 and VvFK2 that contrasted with the fructose content of leaves are shown in Fig. 2c. 

3.5 Response of hexose transport to sugar metabolism
The sugar status of cells is closely related to their intercellular compartments. In this study, we investigated the transcript levels of hexose transporters to explore the effects of sugar metabolism on the transport of sugars. The patterns of transcription of the VvHTs differed in the two varieties and were highly expressed in RI leaves in 2018 with the exception of VvHT1 relative to PM (Supplemental Table 2). The abundance of transcription by VvHT2 in RI leaves was 29.67- and 62-fold as high as that of PM at 90 and 110 DAA, respectively, and VvHT3 was 2.77- and 7.95-fold at the corresponding stages. The transcript levels of VvHT4 in the RI leaves were 14.15-fold as high as that of the PM at 110 DAA (Fig. 5a), while VvHT5 was 1.44-fold on average (Supplemental Table 2). The level of transcription of VvHT2 and VvHT5 decreased in 2019 compared with 2018 (Supplemental Table 3), while that of VvHT4 in RI leaves was elevated and was 25.71-, 6.74- and 2.39-fold as high as that of PM at 70, 90 and 110 DAA (Fig. 5b). VvHT1, VvHT2, and VvHT3 were strongly expressed in RI leaves at 90 DAA (2019) (Supplemental Table 3), where their transcriptional levels were 1.46- 7.54- and 4.28-fold as high as that of PM, respectively. Consistent with VvHT4, VvTMT1 that was located in the vacuolar membrane had a higher level of the transcriptional activity in leaves compared with VvTMT2. The transcriptional abundance of VvTMT1 in RI leaves was higher than that in the PM leaves by 7.1-, 5.08-, 2.43- and 12.04-fold during development in 2018 (Fig. 5c), and similarly, this difference was 1.64-, 14.47-, 3.41- and 2.24-fold at 30, 70, 90 and 110 DAA in 2019 (Fig. 5d).

3.6 Downregulated photosynthesis in the leaves of the genotype with a low level of glucose 

Photosynthetic pigments can affect the photosynthetic rate by influencing the capture of light. In this study, the leaves of PM had more extensive photosynthetic pigments in both chlorophyll a and chlorophyll b than those of the RI leaves (Table 1). In 2018, the content of chlorophyll a of the PM leaves was significantly higher by 20.74%, 27.36% and 16.95% than that of RI during development at 30, 70 and 90 DAA, and 14.41% and 16.92% higher at 70 and 90 DAA in 2019, respectively. The content of chlorophyll b of the PM leaves was consistently 0.46- and 0.74-fold higher than that of RI at 70 and 90 DAA in 2018. The results of the chlorophyll a+b measurements were similar to those of chlorophyll b, while the ratio of chlorophyll a to b changed among the genotypes.

The results of this study indicated that PM photosynthesized more strongly than RI. The net photosynthetic rate of the PM leaves was 37.41%, 69.64%, 1.16-fold and 55.34% at 30, 70, 90 and 110 DAA higher than that of RI in 2018 (Fig. 6a) and was 33.57% higher than that of RI on average in 2019 (Fig. 6b). The images of leaves are shown in Fig. 6c. Photosynthesis depends on stomatal exchange and intercellular carbon dioxide concentration (Ci) and affects leaf water loss by transpiration. Consistent with the results of net photosynthetic rate, the stomatal conductance (gs) decreased during growth. However, the PM leaves had rates of stomatal conductance that were significantly higher than those of RI and were 0.45-, 0.72-, 1.13- and 0.33-fold larger than those of RI at 30, 70, 90 and 110 DAA in 2018, respectively (Fig. 7a). The transpiration rate of RI leaves was 0.31- and 0.47-fold higher than that of PM at 70 and 110 DAA in 2018 (Fig. 7b). Compared with 2018, the increase in Pn, gs and Tr in the RI leaves occurred at later stages in 2019. The intercellular CO2 concentration (Ci) decreased sharply after 90 DAA in 2018, consistent with a reduced stomatal conductance and net photosynthetic rate during that period (Fig. 7c) with narrow differences between the two varieties.

Based on the phenotypic data described above, correlation analyses were used to evaluate the phenotypic differences between the two genotypes and correlation between glucose metabolism and photosynthetic parameters of leaves. The results suggested that the contents of hexose and glucose were negatively correlated in VvHXK1, and fructose was negatively correlated in VvFK1 and VvFK2, while the photosynthetic parameters were negatively correlated with the contents of hexose and glucose and the transcripts of VvCWINV, VvHXK2, VvHT4 and VvTMT1 (Fig. 8). Considering the relationship between glucose, hexokinase and photosynthesis, a linear regression equation was used to validate these correlations. As expected, a strongly negative linear relationship between the content of glucose and the photosynthetic indices were observed as shown in Fig. 9. The content of glucose was negatively correlated with those of Pn, gs, Tr and the content of chlorophyll content with R2 > 0.9, with the exception of the Tr in RI leaves that was 0.8987. The results with VvHXK2 were similar to those of the content of glucose and more reliable in the PM leaf (Fig. 9e - h).

Discussion

The results of this study indicated that the end products directly inhibited photosynthesis by hexokinase signaling pathways in grape genotypes. Consistent with the research on soybean, cotton and cucumber characterized by Goldschmidt &Huber (1992), this inhibition appears to be attributed to the difference in soluble sugar metabolism in the cytoplasm among genotypes owing to inter-varietal variation. RI leaves with a high content of hexose (glucose) had higher activities of enzymes that metabolize sucrose and lower activities of enzymes that metabolize glucose compared with those of PM that lack hexoses.

4.1 Genotypic variation in sugar metabolism leads to the accumulation of hexose in grape leaves

The end product of photosynthesis in many plant species is sucrose. Before it can provide energy for plants, sucrose must be hydrolyzed into hexoses that include glucose and fructose (Koch 2004). The metabolism of sucrose depends on the activity of invertase (INV) or sucrose synthase. These hexoses can be phosphorylated via hexokinase for glycolysis, which is hexose metabolism (Young et al. 2013). Therefore, the level of hexose of the cells reflects the status of sucrose and hexose metabolism. 

Cell wall invertase (CWINV) is an extracellular enzyme that catalyzes the hydrolysis of sucrose into glucose and fructose and also restricts the export of carbon from the source leaves, because hexose cannot be transported (Kocal, Sonnewald and Sonnewald 2008). The antisense mutation CWINV in tomato increased the ratio of hexose to sucrose in the leaves of plants silenced compared with WT and even released the inhibition of photosynthesis and the expression of photosynthetic genes during infection with the bacterial pathogen Xanthomonas campestris pv. Vesicatoria (Kocal et al. 2008). This effect of CWINV on the enhancement of content of glucose and the inhibition of photosynthesis upon leaves was also observed in transgenic tobacco that expressed yeast invertase (Herbers et al., 2000). Therefore, CWINV regulates the source leaf metabolism and enhances the levels of cellular hexose. The cytosolic hexoses that are produced by the hydrolysis of sucrose hydrolysis are ultimately phosphorylated, and this can be mediated by a hexokinase or fructose kinase that is localized in the cytoplasm. The plant hexokinase is a specific enzyme that phosphorylates glucose (Aguilera-Alvarado & Sanchez-Nieto 2017), and the targeting of utilization of cytosolic hexoses has been reported in Oryza sativa L., Physcomitrella patens (moss) and grape (Cho et al. 2006; Olsson, Thelander & Ronne 2003; Yu, Li, Yang & Wang 2013). This enzyme is critical for removing excess sucrose to maintain sugar homeostasis, and its activity is inversely related to the glucose level of cells (Koch 2004; Zhang, Zhen, Tan, Li & Wang 2014), which was supported in this study, while VvFK1 and VvFK2 were involved with the phosphorylation of fructose. Based on this, our studies demonstrated that the higher sucrose metabolism (CWINV) and lower glucose metabolism (VvHXK1) caused higher levels of glucose to accumulate in RI leaves compared with those of PM, thus, resulting in a high level of hexose.

4.2 The expression of sugar transporters is modified in response to sugar accumulation in inter-varieties 

Consistent with the results of level of glucose, the hexose transporters VvHT4 and VvTMT1 were strongly expressed in RI leaves relative to those of PM in this study. In source tissues, both plastid membranes and tonoplast-targeted transporters are required to export assimilates and store soluble carbohydrates in the vacuole to supply cytosol (Wingenter et al. 2010). Monosaccharide transporters that are targeted to the plasma membranes of mesophyll cells with photosynthetic capacity have been proven to retrieve glucose from the apoplast and release it intercellularly through the plasma membrane (Buttner & Sauer 2000). Such transportation is associated with cell wall formation and radial growth (Decourteix et al. 2008). A polygene analysis by Afoufa-Bastien et al. (2010) suggested that VvHT4 with a high affinity for glucose and a Km of 137 μM was strongly expressed in the mature leaves of grape. An amino acid sequence analysis showed that VvHT4 is homologous to the Arabidopsis gene AtSTP3 that serves as a transporter by localizing to the plasma membrane and can transport glucose (Buttner & Sauer 2000). In the source leaf, the plasma-membrane-localized MST(-like) transporters AtSTP1, AtSTP13, and AtSTP14 are required for the recovery of hexoses generated from both the cell wall remodeling process and passive sugars that leak out of the cell, with the exception of exporting fixed carbon (Nørholm, Nour-Eldin, Brodersen, Mundy & Halkier 2006). Similarly, VvHT4 is also reported to retrieve leaked carbohydrates in the plasma membranes and transport them from the apoplast to cell (Hayes, Christopher & Dry 2007). Thus, this enzyme facilitates hexose reflux. 

Tonoplast hexose transporters are reported to draw hexose from the apoplasm in source or sink tissues into the vacuole (Zeng, Wang, Vainstein, Chen & Ma 2017). These sugars are stored in vacuoles as osmolytes
 to recycle the carbon. Vacuoles provide a balancing mechanism in plants in which vacuoles accumulate large quantities of reducing sugars (90% of the free hexoses), and they maintain the concentrations of sugars at a low level within the plant cytosol. Therefore, the vacuole is critical for maintaining sugar homeostasis. VvTMT1 was previously defined as a sink-specific transporter for glucose (Zeng et al. 2011) and has a greater abundance of transcription in RI leaves that produce more glucose than those in PM according to this study. This result was consistent with the upregulation of expression of MdTMT2/3 in response to drought stress in apple leaves, which accumulated glucose, and transport tests of AtTMT1 and MdTMT1 (Li et al. 2016; Schulz et al. 2011; Yang et al. 2019). Thus, the expression of VvTMT1 was induced in this study, indicating that more hexoses produced from sucrose were transported into the vacuoles to reduce the concentration of sugar in the cytoplasm. Additionally, VvHTs, VvTMT, and VvCWINV were coordinately induced to accumulate glucose in the RI leaves of this study. This could be interpreted to serve as a signaling transduction mechanism using developmental and exogenous cues, as in Arabidopsis (Zimmermann, Hirsch-Hoffmann, Hennig & Gruissem 2004), Chenopodium rubrum (Fotopoulos et al. 2003) and grape (Hayes et al. 2007). 

4.3 Photosynthetic end product feedback inhibits photosynthesis: hexokinase-dependent signaling pathways

Feedback regulation is characterized by the regulation of photosynthesis based on the carbohydrate storage sink size, and respiration removes excess sugars as the storage sink grows larger (Asao & Ryan 2015). Hexokinase serves as a hexose sensor accepting signal in plants, with the exception of its catalytic activity (Jang, Leon, Zhou & Sheen 1997). Hexokinase has been widely studied in Arabidopsis (Dai et al. 1999), rice (Guglielminetti et al. 2000), potato (Veramendi, Roessncr, Renz & Willmitzer 1999), spinach (Wiese et al. 1999) and tomato (Nir et al. 2002) using biochemical or genetic methods. Most of these HXKs have been proven to have multiple isoforms and exhibit specific spatiotemporal expression patterns and function (Cho, Yoo & Sheen 2006). Recently, two hexokinases (HXK, EC 2.7.1.1) : VvHXK1 and VvHXK2 were identified from grape berries and consistently had a high substrate affinity for glucose (Yu et al. 2013). A polygenic analysis showed that the amino acid sequences of VvHXK1 and VvHXK2 are 56% and 72% homologous to that of AtHKL3, which is defined as a HXK-like protein with regulatory functions (Cakir 2014). However, HXK1 is located in the cytosol and is involved in cytosolic metabolism, while HXK2 is subcellularly targeted for localization in the nucleus (Zhang et al. 2014). It has been reported that hexokinases targeted to the nucleus are involved in the regulation of sugar signals in plants and Saccharomyces cerevisiae (Cho et al. 2006; Moreno, Ahuatzi, Riera, Palomino & Herrero 2005). Recently, OsHXK5 and OsHXK6 harboring functional NLs motifs were translocated to the nucleus and enhanced the glucose-dependent repression of photosynthetic genes in maize (Cho et al. 2009). HXKs have been the subject of much research owing to their important roles in the sugar signal sensing pathways of plants, and their role in the glucose-induced downregulation of photosynthesis, including stomatal and non-stomatal regulatory pathways (Aguilera-Alvarado & Sanchez-Nieto 2017; McCormick, Cramer & Watt 2008).

Hexokinase is involved in non-stomatal inhibition of photosynthesis in response to the accumulation of carbohydrates

The concentration of sugars in leaves has previously been associated with the non-stomatal inhibition of photosynthesis in some trees (Franck et al. 2006; Ramalho et al. 2014). A reduction in the content of chlorophyll, levels of Calvin-Benson cycle enzymes, mesophyll conductance or starch accumulation has been observed in leaves when the concentration of glucose increases (Jang et al. 1997). Hexokinase is necessary for the regulatory processes that monitor the glucose levels of mesophyll cells (Xiao, Sheen & Jang 2000). Roth et al. (2019) supplied glucose to the WT and an HXK1 mutant of Chromochloris zofingiensisin in vitro and showed that photosynthesis was inhibited in the WT relative to hxk1 mutants in the presence of glucose. The inhibition of photosynthesis was accompanied by a decrease in the contents of chlorophylls a and b and chlorophyll fluorescence intensity, whereas no difference was observed in the hxk1 mutants with and without glucose. Whole-genome sequencing and transcriptional analyses of the WT and HXK1 mutant revealed that photosynthesis-related nuclear genes, including PSAH1, PSBO1, LHC16, and RBCS1, were strongly downregulated in WT, compared with the hxk1 mutants, which were insensitive to glucose. These results were supported by the decrease in the protein levels in WT with glucose, including PSI, PSII, ATP synthase and Rubisco, while de-repression was observed when glucose was removed in one day. The fundamental role of HXK is to participate in the inhibition of photosynthesis using non-stomatal behavior in response to glucose by directly or indirectly regulating the content of photosynthetic pigments and the levels of transcription of photosynthetic genes.

In this study, we used a method of genotype comparison to identify the difference in photosynthesis between two genotypes in response to concentrations of glucose that result from sugar metabolism. Compared with PM, RI decreased the amount of photosynthesis and the content of chlorophyll as the glucose level increased, which was also negatively correlated with the abundance of VvHXK2 transcripts. These results are supported by the studies of Shihira-Ishikawa & Hase (1964) in which the chlorophyll content declined in cells of green algae cultured under high ratios of carbon (glucose) to nitrogen concentration, while this hypochromic effect of glucose diminished as the sugar concentrations declined or a source of nitrogen was added at higher concentrations. They also reported that the decrease in content of chlorophyll induced by glucose is associated with the degradation of chloroplast structures, including thylakoid lamellae. The chloroplast develops from proplastids or etioplasts and is controlled by nuclear genes that have been reported to activate or inactivate the expression of photosynthetic genes and regulate chloroplast development by influencing the expression of genes of plastid-encoded housekeeping genes (Chan, Phua, Crisp, Mcquinn & Pogson 2016; Chi, Sun & Zhang 2013; Vercruyssen et al. 2015; Wang, Hendron & Kelly 2017). Sheen (1990) and Moore, Cheng, Sims & Seemann (1999) first demonstrated the inhibition of sugar signaling on photosynthesis. It is mediated by hexokinase through interactions with the regulators of photosynthetic genes, such as CCA1, ABI4 and ATAF1 (Sheen 2014). The identification of proteins interacting with hexokinase and the regulatory mechanism of hexokinase-dependent sugar signaling pathway on non-stomatal photosynthesis show great promise for future research, such as (1) the regulation of leaf photosynthesis at the transcriptional/posttranslational level; (2) an improvement in the efficiency of plant light utilization; (3) the enhancement of tolerance of plants to various biological and abiotic stresses.
Hexokinase is involved in the stomatal inhibition of photosynthesis in response to the accumulation of carbohydrate 
A large amount of literature has shown that the accumulation of photosynthetic end products can downregulate photosynthesis, possibly by regulating stomatal behavior to reduce the absorption of CO2, and two hypotheses were described (Kelly et al. 2013). The first one is the hexokinase-independent of extracellular osmotic feedback-inhibition hypothesis. Soluble sugars are the common osmolytes of plants, and the concentration of sugar reflects the changes in leaf osmolality ( Paljakka et al. 2017). It has been hypothesized that the accumulation of sugar in the apoplast of the guard cells leads to an increase guard-cell osmolarity, which results in extracellular osmotic feedback-inhibition on stomata (Kang, Outlaw, Jr Andersen & Fiore 2007). Thus, this results in the coordination of rates of photosynthesis and transpiration. However, this contribution has generally been considered to be minor (Lawson 2009). 

Secondly, there is the hexokinase-dependent of intracellular feedback-inhibition hypothesis. Most studies of HXK in plants have involved AtHXK1 of Arabidopsis, which mediates sugar sensing that regulates stomatal behavior and affects whole-plant transpiration, in addition to the catalytic phosphorylation of hexose (Moore et al. 2003; Rolland et al. 2006). Kelly et al. (2013) overexpressed AtHXK1 in tomato and decreased the stomatal opening and transpiration rate of tomato line leaves. When the end product of photosynthesis accumulates in the apoplast of leaf tissue, the sucrose may be carried toward the open stomata by the transpiration stream, thus, increasing the concentration of sugar in the vicinity of the guard cells (Kang et al. 2007). This apoplastic sucrose is taken up into the guard cell by sugar transporters of the cellular membrane (Ritte, Rosenfeld, Rohrig & Raschke 1999). Finally, it is the hexoses (Glc) that result from sucrose hydrolysis, apoplastically or within the guard cells, that stimulate stomatal closure via HXK (Kelly et al. 2013). Arabidopsis lines that overexpressed the trehalase protein AtTRE1 that cleaves the Glc-Glc disaccharide trehalose into glucose monomers induced the closure of stomata (Van Houtte et al. 2013), which also provided additional evidence for the hypothesis described above. This stomatal behavior that is mediated by the end product of photosynthesis is a simple feedback-inhibition mechanism. Plant photosynthesis produces sugar at the expense of losing CO2. At a high rate of photosynthesis, carbon dioxide declines and stimulates the opening of stomata, whereas the surplus sucrose that is in excess during phloem transport was hydrolyzed. The hexose produced by this hydrolysis results in the potential ability of hexose (glucose) to serve as a signal to trigger stomatal closure and balance the uptake of CO2 and the rate of photosynthesis (Kelly et al. 2013).

Our results from this study are consistent with the second hypothesis. VvHXK2 was involved in the sugar-induced inhibition of photosynthesis on stomatal behavior. High level of hexose (glucose) in the RI leaves compared with those of PM could be sensed by intracellular HXK2, which induced the closure of stomata with a decrease in the gas exchange (gs) and a reduction in the leaf transpiration rate (Tr) to photosynthesis. Although Arabidopsis HXK1 has been extensively studied as a sugar signal receptor, Vega, Riera, Fernandez-Cid, Herrero & Moreno (2016) highlighted the possibility that HXK2 serves as an intracellular glucose sensor that adjusts its synthesis to respond to cytoplasmic glucose levels. The monitoring of glucose levels by HXK2 and the regulation of glucose homeostasis is associated with the repressor complex (snf1-Mig1) (Moreno et al. 2005). HXK2 interacts with the snf1 protein kinase that phosphorylates or dephosphorylates Mig1 with an AMP signal to initiate the inhibition or expression of nuclear genes in the glucose signaling pathway of yeast. At high levels of glucose, HXK2 phosphorylates the glucose, activates glycolysis and maintains the dephosphorylation of Snf1-Mig1. Mig1 then represses gene expression by entering the nucleus. In contrast, the ADP/AMP in cells activates the Snf1 protein kinase to phosphorylate Mig1, and thus, mediates the de-repression of its target genes (Bendrioua et al. 2014). Although yeast cells are evolutionarily distant from plants and have different metabolic reactions, these data still provide insight for uncovering the signal regulatory mechanism of HXK in plants. The high transcriptional abundances of VvCWINV and VvHT4 and the hexose transporter VvTMT1 in RI leaves indicated that sucrose was previously hydrolyzed into hexose on the plasma membrane before it entered the cells ( (Stadler et al. 2003). 

Additionally, our study provided evidence that hexokinase functions as a sugar signal sensor, and this activity is likely to be independent of its catalytic activity of hexose phosphorylation in grape. A single-copy KnHXK1 gene expressed in Arabidopsis sensed sugar signals and lacked catalytic activity. This finding also supports our results. It has been proven that the dual function of HXK can be uncoupled when it serves to catalyze phosphorylation and sense glucose in Arabidopsis by catalytically inactivating HXK1 alleles (Moore et al. 2003). Plants lack glucokinase. However, multiple copies of HXK are utilized for different functions. This is consistent with the tendency of higher plants to naturally evolve beneficial changes to adapt to a changing environment. In this study, VvHXK1 and VvHXK2 exhibited reverse patterns of gene expression and correlation with the sugar level and photosynthesis of leaves between two grape genotypes, which supports their function in glucose phosphorylation and the downregulation of photosynthesis that is induced by sugars, respectively.
Conclusions

This study aimed to investigate the photosynthetic behavior of leaves in response to intracellular sugar metabolism that determines the concentration of sugars in two grape genotypes. Compared with PM, the higher level of sucrose hydrolysis mediated by CWINV and the low level of glucose metabolism by VvHXK1 resulted in the accumulation of glucose in RI leaves, which induced the downregulation of net photosynthesis rate by the hexokinase signaling pathways (VvHXK2) with a decrease in the content of chlorophyll, gas exchange and transpiration rate. The results suggest that the reverse activities of sucrose and hexose metabolism between these two genotypes jointly alter the status of sugars, which modifies photosynthesis in both stomatal and non-stomatal behaviors. Although the underlying mechanism is uncertain, this study highlights the fact that genetic differences in sugar metabolism are critical for the regulation of photosynthesis. Moreover, the glucose-hexokinase system coordinately regulates photosynthesis with both stomatal and nonstomatal behaviors, which is significant for plant adaptation to the intracellular environment that avoids excessive water lose and inhibits sugar production to maintain sugar homogeneity (Kelly et al. 2017). All these results provide insight for future green projects that will enable the cultivation of crops with strong photosynthesis by modifying the energy metabolism of cells. 
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