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The newly-identified SWEETs are high-capacity, low-affinity sugar transporters with important roles in numerous physiological mechanisms where sugar efflux is critical. SWEETs are desirable targets for manipulation by pathogens and their expression may be transcriptionally reprogrammed during infection. So far, few plant SWEET transporters have been functionally characterized, especially in grapevine. In this study, in the Botrytis-susceptible variety “Trincadeira,” we thoroughly analyzed modifications in the gene expression profile of key SWEET genes in Botrytis cinerea-infected grape berries. VvSWEET7 and VvSWEET15 are likely to play an important role during fruit development and Botrytis infection as they are strongly expressed at the green and mature stage, respectively, and were clearly up-regulated in response to infection. Also, B. cinerea infection down-regulated VvSWEET17a expression at the green stage, VvSWEET10 and VvSWEET17d expression at the veraison stage, and VvSWEET11 expression at the mature stage. VvSWEET7 was functionally characterized by heterologous expression in Saccharomyces cerevisiae as a low-affinity, high-capacity glucose and sucrose transporter with a Km of 15.42 mM for glucose and a Km of 40.08 mM for sucrose. VvSWEET7-GFP and VvSWEET15-GFP fusion proteins were transiently expressed in Nicotiana benthamiana epidermal cells and confocal microscopy allowed to observe that both proteins clearly localize to the plasma membrane. In sum, VvSWEETs transporters are important players in sugar mobilization during grape berry development and their expression is transcriptionally reprogrammed in response to Botrytis infection.




Keywords: sugar transporter, SWEET, biotic stress, grey mold, Botrytis cinerea, plant pathogens, grape berry, grapevine



Introduction

Grapevine (Vitis vinifera L.) is prone to a wide range of pathogens that cause production and quality losses. Plant pathogens are separated in three broad classes according to their modes of nutrition. Biotrophs are pathogens that need a living host to survive, having developed strategies to obtain nutrients from the host without inducing plant defense mechanisms or cell death (Perfect et al., 1999; Glazebrook, 2005). For nutrient uptake and secretion of limited amounts of cell wall-degrading enzymes, they develop specialized structures, including haustoria (Mengiste, 2012). Necrotrophs obtain nutrients from dead cells, which are killed during the infection process. They cause necrosis secreting hydrolytic enzymes that degrade the cell wall (van Kan, 2006), secrete toxins (Govrin et al., 2006; Dalmais et al., 2011), and also hijack the plant enzymatic machinery, promoting programmed cell death (Cantu et al., 2009). The hemibiotrophs pathogens are able to switch lifestyles at specific developmental stages—they display an early biotrophic phase followed by a necrotrophic phase—or at different environmental conditions (Glazebrook, 2005; Kleemann et al., 2012). Botrytis cinerea, the causal agent of the grey mold disease in more than 200 plants (Elad et al., 2004), is one of the most important grapevine pathogens (Haile et al., 2017). It is a necrotrophic fungus with a short biotrophic phase (Veloso and van Kan, 2018). Usually, B. cinerea infection begins by airborne conidia that settle in the host superficial cells (Nair et al., 1995; Elmer and Michailides, 2004). In the vineyard, this pathogen is part of the microflora and infects primarily ripe berries; however, inoculation of Botrytis spores often occurs during the onset of the grape berry (McClellan and Hewitt 1973; Nair et al., 1995; Keller et al., 2003; Pezet et al., 2003). During development, grape berries suffer several modifications that decrease its natural resistance to the pathogen. The cuticle and the cell-wall suffer modifications that lower their mechanical resistance (promoting micro-fractures), the bunches become more compact, (Vail and Marois, 1991; Kretschmer et al., 2007), the sugar levels increase and the concentration of organic acids and several compounds related to biotic resistance decrease (Miedes and Lorences, 2007; Cantu et al., 2008; Cantu et al., 2009; Centeno et al., 2011; Blanco-Ulate et al., 2013; Prusky et al., 2013; Blanco-Ulate et al., 2015). During infection, B. cinerea secretes several compounds and enzymes to macerate and penetrate the host tissue (Dulermo et al., 2009). Additionally, the fungus can manipulate the host biological processes to its own gain, promoting the programmed cell death machinery (Veloso and van Kan, 2018) or hastening the ripening process. In infected immature grape berries, Agudelo-Romero et al. (2015) observed a large transcriptional activation of genes related to the maturation process and an accumulation of several compounds associated with maturation. A similar highjack of plant metabolism by pathogen agents was also observed in other plant species (Baker et al., 2012; Morkunas and Ratajczak, 2014). Different studies reported an increase of invertase activity in different plants in response to powdery mildew or other diseases (Ruiz and Ruffner, 2002; Roitsch et al., 2003; Kocal et al., 2008; Siemens et al., 2011). Also, up-regulation of sugar transporters was observed during pathogen infection in Arabidopsis thaliana and Pinus pinaster cultured cells (Truernit et al., 1996; Azevedo et al., 2006).

Recently identified and somewhat different from the common sugar transporting proteins, SWEETs transporters were characterized as bi-directional, low-affinity sugar carriers, probably operating by an uniport mechanism (Chen et al., 2010). Generally, in angiosperms, the SWEET family is composed of 20 members and have different physiological roles, typically related with sugar efflux mechanisms. In Arabidopsis, SWEET transporters are essential members in nectar secretion (Lin et al., 2014), phloem sugar loading (Chen et al., 2012), seed nutrient filling (Chen et al., 2015a), and pollen feeding and vacuolar fructose storage (Chardon et al., 2013; Klemens et al., 2013; Guo et al., 2014). In maize, ZmSWEET13a, b, and c are key components in apoplasmic phloem loading (Bezrutczyk et al., 2018); in rice, OzSWEET11 and 15 are crucial components in seed filling (Yang et al., 2018). Also, in Arabidopsis, AtSWEET13 and 14 are capable of transporting multiple forms of gibberellins, revealing an exciting plasticity of these transporters (Kanno et al., 2016). In the grapevine, the SWEET family is composed by 17 members, and only VvSWEET4 and VvSWEET10 were functionally characterized (Chong et al., 2014; Zhang et al., 2019).

Similar to their effect in other sugar transporters, pathogens are also able to alter the expression profile of different SWEET genes (reviewed by Chen et al., 2015b and Julius et al., 2017). In rice, some members of this family (OsSWEET11, OsSWEET12, and OsSWEET14) were up-regulated during Xanthomonas oryzae infection (Chu et al., 2006; Yang et al., 2006; Antony et al., 2010; Chen et al., 2010). In cassava (Manihot esculenta), Arabidopsis, citrus (Citrus paradisi and Citrus sinensis), barrel clover (Medicago truncatula), grapevine, and sweet potato (Ipomoea batatas), up-regulation of SWEET genes was also observed during pathogen attack (Chen et al., 2010; Chong et al., 2014; Cohn et al., 2014; Hu et al., 2014; Li et al., 2017). An increased number of sugar transporters can lead to sugar accumulation in the apoplast, which in turn is used as source of carbon and energy by the pathogen (Wright et al., 1995; Clark and Hall, 1998; Lemoine et al., 2013), but pathogens can also affect negatively the expression of SWEET genes. Botrytis cinerea infection in tomato cotyledons promoted a down-regulation of different members of the SWEET family (Asai et al., 2016). This form of regulation can lead to the disruption of sugar signaling pathways related to defense responses to biotic stress (Berger et al., 2007; Sade et al., 2013; Morkunas and Ratajczak, 2014).

Thus, considering the possible role of SWEET transporters either by accentuating or counteracting the infection, we aimed in this study to confirm the hypothesis that the infection by B. cinerea causes a transcriptional reprogramming of the expression of SWEET genes in grape berry tissues. Moreover, considering its naturally significant steady state transcript abundance and up-regulation by B. cinerea infection in berries, we functionally characterized VvSWEET7, unveiling its sub-cellular localization and sugar transport kinetics resorting to two heterologous expression models, tobacco and yeast, respectively.



Materials and Methods


Biological Material

Clusters of Trincadeira grapes were infected by inoculation with a conidial suspension of B. cinerea at EL29 (peppercorn-size, early green stage) in very well-established and standardized conditions according to Agudelo-Romero et al. (2015) and Coelho et al. (2019). Inoculation was performed at the same time in multiple clusters in very similar conditions, particularly in size, appearance, exposure to light, canopy densities, and plant orientation between them and also identical to control clusters. Samples were harvested at three developmental stages: at green (EL32), veraison (EL35), and mature (EL38) (Coombe, 1995). For each treatment (infected and control) and ripening stage, three biological replicates were collected at around 10 a.m., each one constituted by a composite pool of at least 12 berries collected from different clusters from three different plants. Every collected infected berry had the same infection appearance and visual symptoms that were in fact similar between all infected clusters, as the inoculation was performed at the same time in all berry clusters. Thus, both control and infected collected grape berries were well representative of their physiological condition. The collected samples were frozen in liquid nitrogen and stored at -80°C. Prior to RNA extraction, the seeds of each of the three sampled biological replicates were removed and the remaining tissues were ground in liquid nitrogen to a fine powder. For all analyses performed on grape berry tissues in this work, each of the three biological replicates was used for a different RNA extraction and independent qPCR analysis, with each qPCR analysis having three internal technical replicates.

Cell suspension cultures of V. vinifera L. (Cabernet Sauvignon Berry - CSB) were freshly established from somatic callus that had been previously initiated from Cabernet Sauvignon berry pulp at Serge Delrot’s lab (ISVV, Bordeaux) according to Calderón et al., 1994. They were maintained in 250 ml flasks at 25°C in the dark on a rotator shaker at 100 rpm on modified Murashige and Skoog (MS) medium (Murashige and Skoog, 1962; Decendit et al., 1996), supplemented with 2% (w/v) sucrose as carbon and energy source. The suspension-cultured cells were sub-cultured weekly by transferring 10 ml aliquots into 40 ml of fresh medium. B. cinerea growth and mycelia harvest were performed according to Azevedo et al. (2006). The fungus was cultivated in potato dextrose (PD) liquid medium at 25°C with agitation (150 rpm). Mycelia were harvested from 12-d cultures by centrifugation at 5,000×g for 5 min, followed by resuspension in sterile water. The mycelia were autoclaved and then lyophilized for 48 h and ground with a mortar and pestle to a fine powder. For elicitation experiments, grapevine suspension cells were harvested at the mid-exponential growth phase, centrifuged at 5.000 xg for 5 minutes, and resuspended in MS medium at a final density of 0.1 g F.W. mL-1. Botrytis mycelia extract was added to the suspension cell culture at a final concentration of 2 mg mL-1. Then, the control and elicited suspension cultures were incubated in the dark at 25°C on a rotatory shaker at 100 rpm. After 48 hours of incubation, cells were filtered through GF/C filters (Whatman) and samples were washed with deionized water and immediately frozen in liquid nitrogen and ground to a fine powder with a mortar and pestle. For both Botrytis-elicited and control suspension cell cultures, three biological replicates were used.



RNA Extraction

An initial amount of 200 mg of ground control or infected grape berry tissues from each of the three biological replicates sampled was used for total RNA extractions, as well as pulverized Botrytis-elicited and control suspension cell culture samples, following the method described by Reid et al. (2006) combined with in-column purification using the RNeasy Plant Mini Kit (Qiagen). After isolation and verification of RNA purity, treatment with DNase I (Qiagen) was performed and cDNA was synthesized from 1 µg of total RNA using the Xpert cDNA Synthesis Master-mix Kit (GRISP).



Gene Expression Analysis by qPCR

The expression profile of VvSWEET genes in all the studied samples (control and infected grape berries and control and Botrytis-elicited suspension cell cultures) was analyzed by real-time qPCR performed using cDNAs obtained from RNAs extracted from each of the three composite pools of grape berry samples that constitute the three biological replicates of each condition in this study. Real-time qPCR was performed with Xpert Fast SYBR Blue (GRISP) using 1 µL of diluted cDNA (1:10) in a total of 10 µL of reaction mixture per well. For reference genes, VvACT1 (actin) and VvGAPDH (glyceraldehyde-3-phosphate dehydrogenase) were used, as they are considered extremely adequate reference genes for gene expression normalization purposes in qPCR analyses in grapevine (Reid et al., 2006). Specific primers used for each studied gene are listed in the Supplementary Table 1. Melting curve analysis was performed for specific gene amplification confirmation. Stability of the reference genes was confirmed by the automatic M-value analysis performed by the Bio-Rad® CFX Manager 2.0 Software. For each gene, the relative gene expression values were obtained following calculation by the Bio-Rad® CFX Manager 2.0 Software. For each of the three biological replicates, after RNA extractions and cDNA synthesis, an independent qPCR analysis was performed with three internal technical replicates.



VvSWEET7 and VvSWEET15 Molecular Cloning and Construction of Destination Plasmids

The putative sugar transporter genes, VvSWEET7 and VvSWEET15, were cloned by Gateway® technology. Primers pairs, designed with the attB sequences (Supplementary Table 1) for site-specific recombination with the entry plasmid pDONR221, were used for PCR amplification of the target genes. Subsequently, recombination of the attB-containing target genes with the entry plasmid was performed using the BP clonase enzyme. The target genes carried in the entry plasmid were then recombined by the LR clonase enzyme into the pH7WGF2 plasmid (containing the egfp gene) for sub-cellular localization and into the pYES-DEST52 plasmid for heterologous expression in yeast. All constructs were confirmed by sequencing.



Sub-Cellular Co-Localization Studies in Tobacco Leaves

The N-terminally fused constructs pH7WGF2-GFP-VvSWEET7 and pH7WGF2-GFP-VvSWEET15 were introduced in Agrobacterium tumefaciens strain EHA105; transient transformation of tobacco leaves (Nicotiana benthamiana) was performed according to Sparkes et al. (2006). Transformed Agrobacterium cells were inoculated overnight in liquid LB medium with the appropriate antibiotic selection up to the exponential-stationary phase, and then diluted to OD600nm = 0.1 with infiltration buffer (50 mM MES pH 5.6, 2 mM Na3PO4, 0.5% glucose, 100 µM acetosyringone). Cells were then incubated until the culture reached an OD600nm = 0.2. Leaves of three different four-week-old tobacco plants were infiltrated with the Agrobacterium culture and, after 2 days, discs of the infected leaves were observed at the scanning confocal microscope (Leica TCS SP5IIE-Leica Microsystems). Data stacks were analyzed and projected using ImageJ 1.42m software (http://rsb.info.nih.gov/ij/). The plasma membrane marker used was the plasma membrane aquaporin AtPIP2;1 C-terminally fused to the fluorescent protein mCherry (AtPIP2;1-mCherry construct) (Nelson et al., 2007). This plasma membrane marker was co-expressed with either GFP-VvSWEET7 or GFP-VvSWEET15 constructs, allowing the observation of their co-localization at the plasma membrane revealed by the yellow fluorescence signal.



Heterologous Expression of VvSWEET7 and VvSWEET15 in Saccharomyces cerevisiae

The S. cerevisiae mutant strain EBY.VW4000 (Wieczorke et al., 1999) was used in this study to functionally characterize VvSWEET7 and VvSWEET15. This strain does not have the capacity to transport monosaccharides and sucrose due to multiple mutations in sugar-sensing and sugar transporter genes. The yeast was grown on rich medium supplemented with maltose (1% yeast extract, 2% peptone, 2% maltose). After transformation by the lithium acetate method (Gietz and Woods, 2002), with the constructions pYES-DEST52-VvSWEET7 or pYES-DEST52-VvSWEET15, the yeast was grown in basic selective medium [0.17% (w/v) yeast nitrogen base, 0.5% (w/v) ammonium sulfate, 2% (w/v) carbon source] supplemented with maltose 2% (w/v) and without uracil for URA3-based selection. For control, the yeast cells were transformed with the empty vector.



Transport Studies in S. cerevisiae With Radiolabeled Sugars

EBY.VW4000 yeast cells, transformed with pYES-DEST52-VvSWEET7 or pYES-DEST52-VvSWEET15 (empty pYES-DEST52 for control) were grown in basic selective medium supplemented with 2% maltose at 30°C on a rotatory shaker at 220 rpm up to the exponential-stationary phase. To induce the expression of the target genes, the culture was washed twice in ice-cold sterile water and cultivated in fresh basic selective medium supplemented with 2% galactose at least during 4 h. Then, the cells were harvested by centrifugation and washed twice with ice-cold sterile distilled water and suspended in sterile water. To functionally characterize VvSWEET7 and VvSWEET15 and estimate the initial uptake rates of radiolabeled sugars, 30 μl of cell suspension were mixed with 15 μl of 100 mM KH2PO4 buffer at pH 5.0 in 1.5 mL microcentrifuge tubes. After 2 min of pre-incubation at 30°C in a thermoblock, the reaction was initiated by the addition of a volume of up to 15 μl of an aqueous solution of radiolabeled glucose (D-[14C] glucose) or fructose (D-[14C] fructose) with a specific activity of 150 dpm nmol-1. Similarly, to determine sucrose initial transport rates, a volume of up to 15 μl of an aqueous solution of radiolabeled sucrose ([14C]-sucrose) with a specific activity of 500 (for final concentrations between 7.5 and 50 mM) or 250 dpm nmol-1 (for final concentrations between 75 and 125 mM) was used. Potential competitive inhibitors or CCCP (carbonyl cyanide m-chlorophenylhydrazone) were added to the reaction mixture before the addition of the radiolabeled sugar for transport specificity and energetics assessment, respectively. After 3 min, the reaction was stopped by dilution with 1 mL of ice-cold water. Then, cells were washed twice with ice-cold water and 1 mL of scintillation fluid added for complete cell membrane disruption and radioactivity measurements. The radioactivity was then measured in a scintillation counter (Packard Tri-Carb 2200 CA). D-[14C] glucose (287 mCi mmol-1), D-[14C] fructose (316 mCi mmol-1), and [14C] sucrose (592 mCi mmol-1) were obtained from American Radiolabeled Chemicals (St. Louis, MO, USA). For every radiolabeled sugar transport experiment, three independent experimental repetitions, each one consisting of an independent VvSWEET7-overexpressing and respective control yeast growth and subsequent radiolabeled sugar uptake were performed. Also, each experimental repetition was performed with three technical replicates.



Measurement of Proton Pumping Activity of the Yeast Plasma Membrane ATPase

EBY.VW4000 yeast cells, transformed with pYES-DEST52-VvSWEET7 and control ones (harboring the empty vector) were washed with deionized water and suspended in water (20 mg mL-1) at room temperature under stirring for 3 h to induce starvation. For each experimented condition, 15 mg (D.W.) of yeast cell suspensions grown until OD600 = 0.8 was placed in a water-jacketed chamber with a total volume of 5 mL of non-buffered water. The suspension was mixed with a magnetic stirrer, and the temperature-regulated circulating water was at 30°C. Changes in pH were detected with a combination electrode (PHC-4000-8 RadioMeter) attached to a sensitive pH meter (PHM82 Standard pH Meter) and recorder (KIPP & ZONEN) with scale expander, as described by Serrano (1980). A concentration of 45 mM of different sugars (glucose, fructose, galactose, and sucrose) were used to activate the proton pump. Calibration was performed through the addition of 100 nmol HCl to the cell suspension. For proton pumping activity analysis, four experimental repetitions were performed, each one consisting of an independent VvSWEET7-overexpressing and control yeast growth and a subsequent sugar-induced pH variation analysis.



Statistical Analysis

To test if the data were normally distributed, the Shapiro-Wilk normality test was used, while the homogeneity of variances was confirmed using Bartlett’s tests using Prism v. 6 (GraphPad Software, Inc.). Subsequently, the results were statistically verified by analysis of variance tests (one-way ANOVA) or Student’s t-test using Prism v. 6 (GraphPad Software, Inc.). Post-hoc multiple comparisons were performed using the HSD Tukey test. Throughout the results, different letters denote statistical differences between columns and are presented in a progressive order from the highest to the lowest value, and asterisks indicate statistical significance.




Results


Effect of B. cinerea Infection on the Expression Profile of Grapevine VvSWEET Genes

Grape berry clusters showed clear symptoms of infection at the green (EL32), veraison (EL35), and fully mature stages (EL38), which were very similar among infected clusters that were confirmed by amplification by qPCR of specific fungal genomic DNA as previously reported in Figure 2 by Coelho et al. (2019). Also, visual symptoms of infection can be seen in Supplementary Figure 1.

Figure 1 shows that distinctive expression patterns along grape berry development were observed for each VvSWEET gene. While the transcript levels of VvSWEET11 and VvSWEET15 increased along development, the expression of VvSWEET1, VvSWEET2b, VvSWEET4, VvSWEET7, VvSWEET17a, and VvSWEET17d decreased from green to mature stage. The transcript levels of VvSWEET10 peaked at veraison, and VvSWEET2a gene expression was similar during grape berry development. In each stage, the gene expression in whole berries was compared between control non-infected grapes (solid bars in Figure 1) and B. cinerea–infected berries (striped bars in Figure 1). As can be seen, B. cinerea infection up-regulated VvSWEET2a and VvSWEET7 expression at the green stage and VvSWEET15 expression at the mature stage, while down-regulated VvSWEET17a expression at the green stage, VvSWEET10 and VvSWEET17d expression at the veraison stage, and VvSWEET11 expression at the mature stage. Interestingly, down-regulation of VvSWEET genes occurred specifically in the developmental stages where the gene was most expressed in normal conditions. Expression of VvSWEET1, VvSWEET2b, and VvSWEET4 was not modified by the infection. The expression of most VvSWEET genes, including VvSWEET7, in Botrytis-elicited grape berry cell suspensions originating from the pulp of berries from Cabernet Sauvignon berries, was modified in a similar way to the changes observed in infected grape berries from the field experiment when they occurred, with the exception of only VvSWEET1 and VvSWEET17a, whose expression was repressed or unaltered, respectively (Supplementary Figure 2). These results confirm a similar B. cinerea effect also at more controlled conditions. The effect of B. cinerea infection on the expression profile of VvSUC11 (grapevine sucrose transporter 11), VvSUC12 (grapevine sucrose transporter 12), VvSUC27 (grapevine sucrose transporter 27), VvHT3 (grapevine hexose transporter 3), and VvTMT1 (grapevine tonoplast monosaccharide transporter 1)—prominent members of the Major Facilitator Superfamily (MFS), is shown in Figure 2. As previously shown (Afoufa-Bastien et al., 2010), VvSUC11 is mostly expressed in mature berries, while the transcript levels of VvSUC12, VvSUC27, and VvHT3 are more abundant at the green stage. VvTMT1 expression peaked at veraison. From all studied genes, only VvHT3 was responsive to B. cinerea infection, which caused a 3-fold up-regulation at the mature stage.




Figure1 | Expression profile of VvSWEET genes that are expressed in the grape berry, performed by real-time qPCR in infected (striped bars) and control (solid bars) berries, collected at three different developmental stages (green, veraison and mature). Relative expression for each gene was calculated by the Bio-Rad® CFX Manager 2.0 Software and was determined against the sample with the lowest expression level, which was set to 1. For each of the three biological replicates, after RNA extractions and cDNA synthesis, an independent qPCR analysis was performed with three internal technical replicates. Values are the mean ± SD. (one-way ANOVA with Tukey’s post-test; different letters denote statistical differences between columns).






Figure 2 | Expression profile of some VvSUCs and VvHTs genes, highly expressed in the grape berry, performed by real-time PCR in infected (striped bars) and control (solid bars) berries, collected at three different developmental stages (green, veraison, and mature). Relative expression for each gene was calculated by the Bio-Rad® CFX Manager 2.0 Software and was determined against the sample with the lowest expression level, which was set to 1. For each of the three biological replicates, after RNA extractions and cDNA synthesis, an independent qPCR analysis was performed with three internal technical replicates. Values are the mean ± SD. (one-way ANOVA with Tukey’s post-test; different letters denote statistical differences between columns).





In Silico Characterization of VvSWEET7 and VvSWEET15

The sequences of both VvSWEET7 (GSVIVG01019601001) and VvSWEET15 (GSVIVG01000938001) present two PFAM motif PF03083/MtN3_slv and are predicted to have seven transmembrane domains targeted to the plasma membrane. PLACE (Higo et al., 1999) and PlantPAN 3.0 databases (Chow et al., 2019) (Supplementary Tables 2 and 3) revealed that VvSWEET7 promoter sequence (2kbp upstream) has several biotic stress-related cis-acting elements, such as WRKY71OS and GT1GMSCAM4; and also some sugar responsive elements as WBOXHVIS01, MYBGAHV, or SUR2STPAT21, a sucrose responsive element, a motif conserved among genes regulated by sucrose (Supplementary Tables 2 and 3). Also, several abiotic and hormone responsive cis-acting elements were localized. Several responsive elements that were identified in the VvSWEET7 promoter region were also localized in the promoter region of the VvSWEET15 gene, as the biotic stress related WRKY71OS and GT1GMSCAM4, or the abiotic stress related cis-acting element MYCCONSENSUSAT. However, only a few sugar responsive elements were identified in the promoter region of VvSWEET15 gene, as the SBOXATRBCS element. When compared with other VvSWEETs, VvSWEET15 presents fewer sugar responsive elements in its promoter region (Supplementary Table 4).



Sub-Cellular Localization of VvSWEET7 and VvSWEET15

VvSWEET7-GFP and VvSWEET15-GFP fusion proteins were transiently expressed in Nicotiana benthamiana epidermal cells and co-localization studies with the fusion protein AtPIP2.1-RFP, an aquaporin targeted to the plasma membrane, revealed that both VvSWEET7 and VvSWEET15 localize to the plasma membrane (Figure 3).




Figure 3 | Sub-cellular localization of VvSWEET7 (sub-figures A–C) and VvSWEET15 (sub-figures D–F) in tobacco leaves. Plasma membrane aquaporin AtPIP2;1 was used as a plasma membrane marker (positive control) (Nelson et al., 2007). Both GFP-VvSWEET7 and GFP-VvSWEET15 localize to the plasma membrane of leaf epidermis cells, as demonstrated by the yellow fluorescence signal observed by confocal microscopy resulting from co-localization of either GFP-VvSWEET7 or GFT-VvSWEET15 fusion proteins with the plasma membrane marker AtPIP2;1-mCherry. All pictures are representative of 3 different replicates. Bar = 100 µm.





Functional Characterization of VvSWEET7 by Heterologous Expression in Saccharomyces cerevisiae

The hxt-null yeast strain EBY-VW4000 was transformed with pYES-DEST52 containing the cloned VvSWEET7 cDNA under the control of the galactose-inducible GAL1 promoter. The first evidence for the involvement of a sugar transport system was provided from the studies of the P-type ATPase activity after the addition of different sugars to suspensions of VvSWEET7-transformed cells (Figure 4). As can be seen, a clear acidification signal was recorded after addition of glucose, fructose, or sucrose to yeast cells harboring the construct pYES-DEST52-VvSWEET7 that was not observed in suspensions of yeast cells transformed with the empty vector. The acidification signal after the addition of galactose was less evident. These results suggested that VvSWEET7 is capable of transporting both mono- and disaccharides that, once inside the cells, are catabolized into ATP that activates the proton pump.




Figure 4 | Representative experiments of the activation of the plasma membrane H+-ATPase in suspensions of VvSWEET7-expressing EBY.VW4000 yeast cells and controls (empty vector) induced by mono- and disaccharides. For proton pumping activity analysis, four experimental repetitions were performed, each one consisting of an independent VvSWEET7-overexpressing and control yeast growth and subsequent sugar-induced pH variation analysis. All illustrations are representative of 4 different replicates.



The uptake of radiolabeled substrates was also performed and, as shown in Figure 5, both the initial uptake rates of 7.5-50 mM D-[14C]-glucose and 7.5-125 mM [14C]-sucrose followed Michaelis-Menten kinetics, suggesting carrier-mediated transport for both substrates. The kinetic parameters were as follows: Km, 15.42 mM glucose and Vmax, 7.4 nmol glucose mg D.W.-1 min-1 and Km, 40.08 mM sucrose and Vmax 15.12 nmol sucrose mg D.W.-1 min-1 (Figures 5A). Moreover, the addition of 50 μM of the protonophore carbonyl cyanide m-chlorophenyl hydrazine (CCCP) did not inhibit the uptake of 25 mM D-[14C]-glucose at pH 5.0, suggesting the transport mechanism was not dependent on the proton gradient (Figure 5).




Figure 5 | Concentration dependence of the initial uptake rates of D-[14C] glucose (A) and [14C] sucrose (B) in VvSWEET7-expressing EBY.VW4000 cells at pH 5.0. (C) Effect of 50 µM of the protonophore CCCP (carbonyl cyanide m-chlorophenylhydrazone) on VvSWEET7-mediated uptake of 25 mM D-[14C] glucose. (D) Competitive inhibition of VvSWEET7-mediated glucose uptake: substrate specificity of VvSWEET7 – fructose, galactose, sorbitol, mannitol, and sucrose at a concentration of 500 mM was added immediately before the addition of 25 mM of radiolabeled D-[14C] glucose. The duration of all uptake experiments was 3 min. All values are the mean ± SD of three independent experimental repetitions, each one consisting of an independent VvSWEET7-overexpressing and control yeast growth and subsequent radiolabeled sugar uptake with three technical replicates. (one-way ANOVA with Tukey’s post-test; different letters denote statistical differences between columns). ns, non significant.



To assess the substrate specificity of VvSWEET7, the uptake rate of 25 mM of D-[14C]-glucose was determined in the presence of putative competitive inhibitors of glucose transport, such as other monosaccharides, disaccharides, and polyols at a concentration 20-fold higher than that of D-[14C]-glucose (Figure 5). Fructose inhibited radiolabeled glucose uptake by 79%, galactose by 56%, sucrose by 47%, mannitol by 29%, and sorbitol by 38%. These results suggest that VvSWEET7 has a broad transport capacity, including for sugar-alcohols.

Attempts were also made to assess the ability of EBY-VW4000 cells expressing VvSWEET15 to transport sugars (glucose, fructose, and sucrose), but no VvSWEET15-mediated sugar transport was detected in any case (data not shown), suggesting that VvSWEET15 may not have such a function.




Discussion

The proteins encoded by VvSWEET7 and VvSWEET15 are likely to play important roles during fruit development and ripening. Our results, obtained in the variety Trincadeira, typically susceptible to Botrytis infection, are consistent with previous RNAseq results in Corvina cv. berries (Zenoni et al., 2010) regarding the expression profile throughout berry development, showing that VvSWEET7 expression in berries peaks at the green stage and VvSWEET15 at the mature stage. In the present study, we showed that the transcription of these 2 genes in response to Botrytis infection was up-regulated in those stages when the basal gene expression is high. The transcript levels of VvSWEET2a were also substantially increased at the green stage in response to Botrytis infection. In agreement with this observation, the expression of VvSWEET2a and VvSWEET7 in grape leaves increased 72 h after foliar inoculation with Botrytis (Chong et al., 2014). Still, no such response had been previously demonstrated in grape berry infection with Botrytis, and different plant tissues could, in theory, have different SWEET transcriptional responses to Botrytis.

Transcriptional reprograming of the expression of SWEET genes in response to Botrytis infection has also been reported in other plant species. The Arabidopsis AtSWEET4, AtSWEET15 and AtSWEET17 (Chen et al., 2010) and tomato SlSWEET15 (Asai et al., 2016) are up-regulated by the infection. Other fungal pathogens such as Golovinomyces cichoracearum and mycorrhizal fungus as Rhizophagus irregularis (Ferrari et al., 2007; Chen et al., 2010; Manck-Götzenberger and Requena, 2016), as well as bacterial pathogens (Chen et al., 2010), are also known to modulate host SWEET gene expression. Transcriptional activator-like (TAL) effectors of Xanthomonas oryzae pv. oryzae induce rice OsSWEET11, OsSWEET13, and OsSWEET14 expression (Chen et al., 2010; Zhou et al., 2014). Cassava MeSWEET10a and citrus CsSWEET1 are also induced by Xanthomonas (Cohn et al., 2014; Hu et al., 2014). Other bacteria including Pseudomonas syringae induced several AtSWEET genes in infected leaves of Arabidopsis (Chen et al., 2010).

Induction of SWEET transporters by pathogens has been linked with higher susceptibility to pathogen-induced disease, as pathogens can explore these transporters to obtain sugars by SWEET-promoted leakage of sugars into the apoplastic space (Chen et al., 2010; Cohn et al., 2014). However, this correlation has not always been observed. In Arabidopsis roots, AtSWEET2 gene expression was induced more than 10-fold during Pythium infection but atsweet2-knockout mutants were more susceptible to infection (Chen et al., 2015c). Also, gene expression of IbSWEET10 was significantly up-regulated in sweet potato infected with Fusarium oxysporum and overexpression of the gene improved host resistance (Li et al., 2017). It has been proposed that sugar remobilization can trigger signaling cascades that activate defense mechanisms in plants (Gebauer et al., 2017). In this regard, glucose and sucrose-mediated induction of defense-related secondary metabolism has been reported (Xiao et al., 2000; Morkunas et al., 2005; Solfanelli et al., 2006; Dao et al., 2011; Kim and Hwang, 2014; Tonnessen et al., 2014). As the grape berry is more resistant to Botrytis attacks during its green stage (Goetz et al., 1999), it is reasonable to doubt that the overexpression of VvSWEET2a and VvSWEET7 is an exploitation by the fungus to facilitate infection, rather suggesting that their overexpression may be a defense-related mechanism.

More information regarding what stimuli, from sugar availability to pathogen attack or hormonal stimuli, could activate the promoters of grape berry SWEET genes can be thoroughly seen in Supplementary Tables 2–4, where the identification of cis-acting elements was performed initially using PLACE database (Higo et al., 1999) and subsequently confirmed following analysis using PlantPAN3 (Chow et al., 2019).

It has been hypothesized that if SWEETs transporters are exploited by the fungus to promote sugar leakage to the apoplastic space, plants can, as a response, induce secondary-active sugar transporters to retrieve that sugar (Fotopoulos et al., 2003; Lemonnier et al., 2014; Yamada et al., 2016). In Arabidopsis, the induction of hexose/H+ symporters, such as STP1, 4, and 13 may counteract SWEET-mediated secretion induced by bacterial infection (Fotopoulos et al., 2003; Yamada et al., 2016). The sugar transporter AtSTP13 is phosphorylated after the interaction with the flagellin receptor AtFLS2 and its co-receptor receptor kinase 1 AtBAK1, which enhances AtSTP13 monosaccharide uptake activity. Hence, this transporter can compete with bacteria for extracellular sugars (Yamada et al., 2016). In the present study, out of the five secondary active transporters genes highly expressed in the grape berry (Lecourieux et al., 2014), only VvHT3 was up-regulated at the mature stage in response to infection (Figure 2). This putative hexose transporter gene is the most highly expressed member of the VvHT family in the mature berry (Afoufa-Bastien et al., 2010), so it is tempting to speculate that it could indeed be recruited to retrieve sugar accumulated in the apoplast in response to infection, but this hypothesis needs further experimental clarification.

Results showed that some SWEET members were down-regulated in response to Botrytis infection. This was the case of VvSWEET10, VvSWEET11, VvSWEET17a, and VvSWEET17d whose transcript levels clearly decreased in the developmental stages where their expression was higher: VvSWEET17a at the green stage, VvSWEET10 and VvSWEET17d at veraison, and VvSWEET11 at the mature stage. It would be interesting to observe if this phenomenon also occurs in berries from grapevine varieties more resistant to Botrytis, but such results are so far lacking in the literature. Only a recent study reported a decrease in the expression of SWEETs genes upon infection, but in tomato. In Botrytis-infected cotyledons, 21 of the 31 tomato SWEET genes were down-regulated, including the tomato VvSWEET10, VvSWEET11, VvSWEET17a, and VvSWEET17d homologues (Asai et al., 2016). Botrytis is capable to silence Arabidopsis and tomato genes involved in immunity by producing and translocating small RNAs (sRNAs) that hijack the host RNA interference (RNAi) machinery (Weiberg et al., 2013). However, the significance of the down-regulation of SWEET genes during pathogen attack is still puzzling.

Clear-cut co-localization experiments revealed that VvSWEET7 and VvSWEET15 are plasma membrane-bound proteins and were heterologously expressed in an S. cerevisiae mutant to study their function. The yeast expressing VvSWEET7 showed the capacity to transport glucose and, remarkably, sucrose. In the presence of the protonophore, CCCP transport capacity of VvSWEET7 was not inhibited, demonstrating facilitated transport, in line with previous reports (review by Chen et al., 2015b). Fructose, mannitol, and sorbitol also inhibited glucose transport, suggesting that besides mono and disaccharides, VvSWEET7 may possibly mediate the transport of polyols. The affinity of SWEET transports has been reported in the mM range from ~9 (AtSWEET1) to ~70mM (AtSWEET12) (Chen et al., 2010; Chen et al., 2012), in line with the results of the present study. So far, in grapevine, only two SWEETs (VvSWEET4 and VvSWEET10) have been functionally characterized as sugar transporters following complementation studies in yeast; contrarily to the present work, kinetics analysis, kinetic parameter determinations, and substrate specificity studies were not performed (Chong et al., 2014; Zhang et al., 2019).

As previously mentioned, the SWEET family is divided into 4 different clades, but within each clade proteins may have different physiological roles (Eom et al., 2015). Considering the few characterized SWEETs, each clade appears to correlate well with the selectivity of each member towards monosaccharides versus disaccharides (Clade I and II prefer hexoses, clade III sucrose) (Chen et al., 2015b). However, in the present study, VvSWEET7 exhibited the capacity to transport both mono and di-saccharides, as previously reported for AtSWEET16 (Klemens et al., 2013).

The possible polyol transport capacity evidenced by VvSWEET7 is so far unique in the SWEET family. The polyol transporter AtPLT5, localized in the plasma membrane of Arabidopsis, is able to actively transport a broad-spectrum of substrates such as sorbitol, xylitol, erythritol, or glycerol and also different hexoses, such as glucose and pentoses including ribose, tetroses, and a sugar acid (Reinders et al., 2005; Klepek et al., 2005). Similarly, VvPLT1 (VvPMT5) has been characterized as a polyol transporter that is competitively inhibited by monosaccharides (Conde et al., 2015).

The observed broad range of transported substrates and its high expression in the green stage suggest that VvSWEET7 plays an important role in sugar partitioning during fruit development. At the green fruit stage, sucrose is predominantly translocated to the berry mesocarp cells via plasmodesmata (Zhang et al., 2006); however, apoplasmic transport through VvSWEET7 may be also involved. The Arabidopsis VvSWEET7 homologue functions as a glucose transport and is expressed mainly in the flower and seed (Chen et al., 2010); the cucumber CsSWEET7b transports glucose and, to a minor degree, mannose and galactose (Li et al., 2017). Interestingly, the tomato VvSWEET7 homologue (SlSWEET6) is also strongly regulated during the early phases of tomato fruit development (Shammai et al., 2018).

However, only a few sugar responsive elements were identified in the promoter region of the VvSWEET15 gene, as the SBOXATRBCS element. When compared with other VvSWEETs, VvSWEET15 presents fewer sugar responsive elements in its promoter region (Supplementary Table 4).

In our experimental conditions, we were not able to demonstrate that VvSWEET15 mediates sugar transport in grapevine, despite the fact that its Arabidopsis ortholog, AtSWEET15, is well characterized as a sucrose transporter (Chen et al., 2012). In fact, VvSWEET15 promoter region has fewer sugar-responsive cis-acting elements than other VvSWEETs, and together with the absence of sucrose responsive elements, suggests that VvSWEET15 might actually not be a sugar transporter. Contrarily, in Arabidopsis, AtSWEET15 appears to be involved in the remobilization of carbohydrates in senescent leaves as its expression increases by 22-fold during senescence (Quirino et al., 1999). Also, it regulates cell viability under high salinity (Seo et al., 2011) and is also involved, along with AtSWEET11 and AtSWEET12, in the sugar efflux required for seed filling (Chen et al., 2015a). In tomato, the not so well characterized SlSWEET15 showed a similar expression pattern to its grapevine homologue along with fruit development (Shammai et al., 2018), being more expressed in the mature stage.



Conclusion

Sugar metabolism and mobilization are important players that decide the fate of the ongoing battle between plant and pathogen during infection process. However, despite recent advances, the metabolic signatures and their regulatory nodes, which decide the susceptibility or resistance responses, remain poorly understood. In a variety of grapevine susceptible to Botrytis infection, grape berry infection with this pathogen promoted a transcriptional reprograming of the expression of VvSWEET genes in sink organs. VvSWEET7 and VvSWEET15 are likely to play an important role during fruit development and ripening as they are strongly expressed at the green and mature stage, respectively, and were clearly up-regulated in response to infection. VvSWEET7 was heterologously expressed in yeast and revealed a high-capacity, low-affinity glucose transport with a broad affinity to other substrates like disaccharides and polyols. Previous relevant studies have already addressed the role of key SWEET genes highly expressed in roots, stems, leaves, and nectary tissue (Chen et al., 2010; Chen et al., 2012; Chardon et al., 2013; Guo et al., 2014; Lin et al., 2014; Chong et al., 2014; Zhang et al., 2019), in some cases also demonstrating SWEET response to pathogen attack in such plant tissues; VvSWEET4 and VvSWEET10 have already been demonstrated, by yeast complementation, to be hexose transporters in grapevine. Still, the present study is relevant because: i) functional characterization revealed that VvSWEET7 transports both glucose and sucrose and the affinities for each of the substrates were successfully determined, together with substrate specificity assessment; and ii) the transcriptional reprogramming upon Botrytis infection was assessed in the grape berries and notably on a variety susceptible to infection with this pathogen. Considering the advances achieved in this work, together with what was previously known in the literature, the role of SWEETs in plants as friends or foes during pathogenic attack is still a matter of debate.
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