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Abstract

:

Aroma is one of the most important indicators of grape quality. Girdling and foliar fertilization with K (K2O) are common agronomic practices applied to improve berry quality in grape production. However, little is known about its effect on the accumulation and biosynthesis of the entire aromatic profile. Our study was aimed to explore the influences of girdling and foliar fertilization with K (alone or in combination) on the general properties, phenolic composition, volatile free aroma compounds, spatial and temporal expression of terpene-related genes and sensory properties in ‘Hanxiangmi’ table grape. In this study, we found that girdling and foliar fertilization with K (alone or in combination) facilitated fruit enlargement and increased the accumulation of phenolic compounds in skin. The combination treatment of girdling and foliar fertilization with K significantly promoted the concentrations of total soluble solids (TSS) in the pulp and proanthocyanidins in the berry skin, and had a lower titratable acidity (TA) compared to those of the control. In contrast, girdling treatment alone increased the concentrations of titratable acidity. Volatile free aroma composition analysis revealed that the combination treatment increased the volatile compounds and concentrations significantly, most notably in terpenes, such as nerol, citronellol and linalool. Spatial and temporal expression analysis showed that the expression level of VvDXS was significantly correlated with linalool and total terpenes concentrations, as a result of which, we speculated that VvDXS is the candidate gene for the regulation of important grape terpenes. We hope that our results can direct farmers to better apply girdling and foliar fertilization with K in grape production.
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1. Introduction


Grape (Vitis vinifera L.) is a non-climacteric fruit, and based on its distinctive appearance and flavor, it is one of the most popular fruits consumed worldwide [1,2]. Flavor and aroma are important characteristics that directly affect grape quality and consumers’ acceptance [3,4]. More than 800 volatile compounds have been identified in table grapes and wines [5]. Among them, terpenes and esters are known to contribute to floral and fruity flavors [6,7], while alcohols and C6-aldehydes provide herbaceous aroma characters [8].



Grape volatile compounds are secondary metabolites, which are mainly determined by variety and may be influenced by agronomic practices and vineyard management [9]. Agronomic practices can influence the content and profile of secondary metabolites through direct and indirect ways [10]. Agronomic practices such as training systems [11], leaf-removal [12], irrigation [13], and bunch-thinning [14] have a great impact on volatile composition. Girdling is also a commonly used horticultural intervention in grape production. This practice interrupts the phloem transport from the leaf to the root, thus increasing photosynthetic assimilate availability to the canopy, which ultimately increases fruit set, fruit size, yield and quality [15,16,17]. Foliar fertilization is a supplementary fertilization strategy, that is often used after girdling, which can deliver nutrients directly to the target root from aerial plant parts and reduces the trunk and root damage from girdling [18]. K+-based fertilizers are commonly used to improve fruit quality and are widely used in foliar fertilization. Previous studies have found that foliar fertilization with sulfur and nitrogen can increase berry thiols, which then enhance the aroma quality of the wine after fermentation [19]. Many other foliage spray agents also can influence aroma composition, such as methyl jasmonate [20], triazole-based fungicide [21] and Ozone [22].



‘Hanxiangmi’, a progeny obtained from ‘Fredonia’ and ‘Black Monukka’, is regarded highly due to the presence of an excellent rose aroma and is widely cultivated in South China. To obtain high quality grapes with desirable flavors and an attractive appearance, the combination of girdling and foliar fertilization with K is an efficient and common agronomic practice used in table grape cultivation. However, little is known about their effects on grape berry quality, and they may have a tremendous impact on volatile aroma composition. Our studies were mainly aimed to explore and demonstrate the influences of girdling and foliar fertilization with K (alone or in combination) on the accumulation of volatile compounds throughout the entire ripening period of ‘Hanxiangmi’ table grape, as well as the changes in the physicochemical parameters, phenolic compounds and the expression of representative genes of the 2-C-methyl-d-erythritol-4-phosphate pathway (MEP). The objectives of these studies are to provide the basis for an improved strategic use of girdling and foliar fertilization with K in table grape vineyard practices to enhance the sensory properties of the produce.




2. Material and Method


2.1. Plant Materials


The experiments were performed with table grape cultivar ‘Hanxiangmi’ between May 2021 and June 2021 in an irrigated vineyard at Cixi, Zhejiang, China (30°16′6.59″ N, 121°25′2.18″ E). The physical and chemical properties of the soils were as follows: soil type, clayey soil; pH, 6.4; soil depth, 102 cm; total organic matter content, 25 g/kg; basic nitrogen, 202 mg/kg; available phosphorus, 35 mg/kg; available potassium, 114 mg/kg; soil bulk density, 112.3 g/cm; groundwater level, 55–60 cm. Thirty-six uniform vines planted in 2010 were cultivated under the rain-shelter cultivation greenhouse, were randomly selected and grouped into four treatments: control (CK), girdling treatment (G), foliar fertilization treatment with K (F), and the combination treatment of girdling and foliar fertilization with K (GF). At 42 days after anthesis (DAA) (one week before véraison, 27 May), the trunk of each vine in the G and GF groups were girdled by removing a 7 mm ring of back using a girdling knife. The foliar fertilization treatment with K was applied to the grapevine twice in F and GF groups at 42 DAA and 49 DAA (véraison). For each application, 200 mL of 7.35 mM K2O was sprayed over the leaves of each plant. During the experimentation period, other nutrients have not been applied in grape plants, and the meteorological conditions were listed in Table S1. Field management and plantation protected, including irrigation and pest control, followed the normal agricultural practice. Berries were harvested weekly from 49 DAA to 77 DAA. For each biological replicate, 100 berries were randomly collected at each sampling date and half the berries were randomly chosen for physicochemical analysis. The remaining berries were frozen in liquid nitrogen and stored at −80 °C for subsequent analysis of aroma composition and RNA extraction.




2.2. Measurement of General Properties


Total soluble solids (TSS; Brixo) was determined using a portable refractometer (ATAGO, Guangzhou, China). Titratable acidity (TA; mmol/100 g) was determined by acid-base neutralization and titration. The berry fresh weight (FW; g) of 20 berries for each biological replicate were determined using an electronic balance.




2.3. Extraction and Determination of Phenolic Composition and Concentrations


Grape skins were separated from the pulp and thoroughly washed using deionized water. The collected skins were dried at 45 °C to a constant weight, ground to a fine powder, and then sieved (30–50 mesh). The skin powder was stored in a desiccator at 4 °C before extraction.



For the extraction of total phenolics (TP), 0.1 g dried skin powder was immersed in 2.5 mL of 60% (v/v) ethanol and the mixture was sonicated using an intermittent sonication mode (5-s on and 8-s off) in an ultrasonic cell-crushing device (Xinyi, Ningbo, China) at 60 °C for 30 min before centrifugation at 12,000 rpm to collect the supernatant. The TP content of the extracts was measured using the tungsten molybdic acid reagent assay [23]. The absorbance of the reaction mixture was measured at 760 nm in a 96-well microplate reader (Molecular Devices, Shanghai, China). TP was expressed as mg gallic acid equivalent/g dry skin powder.



Proanthocyanidin (PA) was extracted from 0.1 g skin powder in 1 mL 50% (v/v) acetic acid. The mixture was maintained on ice and sonicated intermittently. The proanthocyanidin in the extracts was measured using the modified vanillin-acetic acid assay [24]. A total of 40 µL extract solution was pipetted into each well of a 96-well microplate, and 160 µL of a vanillin working reagent was added. The reaction mixture absorbance was measured at 500 nm. PA was expressed as mg catechin equivalent/g dry skin powder.



The dried skin powder’s polymeric tannin (PT) was tested with a tannin test kit (Solarbio, Beijing, China). 1 mL of extract solution was added to 0.1 g of dried skin powder, and tannins were extracted at 70 °C for 30 min. The activated carbon was used to specifically adsorb tannin. The absorbance of the reaction mixture was measured at a wavelength of 275 nm. PT was expressed as mg tannic acid/g dry skin powder.




2.4. Aroma Compounds Extraction and Analysis by GC-MS


Extraction and analysis of aromatic compounds were performed as described in [25] with slight modifications. A total of 50 g berries were ground in liquid nitrogen, centrifuged and filtered to acquire a clear juice. Grape juice (6 mL) was transferred to a 20 mL glass vial (Agilent Technologies, Santa Clara, USA) with 1.5 g NaCl. 2-octanol added into pulp juice as an internal standard to quantify aroma compound. The sample vial was equilibrated at 50 °C for 10 min. Then, solid phase microextraction fiber (SPME, 50/30 μm DVB/CAR/PDMS, Supelco, Bellefonte, USA) was used to extract volatile aroma compounds at 50 °C for 30 min. The fiber was then immediately inserted into the gas chromatograph (Agilent 8890 GC, Agilent Technologies) injection port for desorption at 260 °C for 3 min in the splitless mode and equipped with a 5977 mass-selective detector (Agilent Technologies). The volatile aroma compounds were separated in a HP-Innowax column (30 mm × 0.25 mm × 0.25 μm; Agilent Technologies). The temperature program was as follows: 40 °C for 5 min, increased to 240 °C at a rate of 5 °C/min and then increased to 260 °C at 20 °C/min before being held for 5 min. The flow rate of helium as a carrier gas was 1 mL/min. The mass spectrometry (MS) transfer line and ionization source temperature were 260 °C and 230 °C, respectively. Electron impact mass spectrometric data from 20–400 m/z were collected at 70 eV ionization voltages.



The volatiles aroma compounds were identified via comparing their mass spectral with those from the NIST14 mass spectral library. The concentrations of volatile aroma compounds were estimated using the following equation:


   C  S C   =    A  S C   /  A  I S   ×  C  I S   ×  V  I S      V S     








where    A  S C     is the peak area of a specific compound;    A  I S     is the peak area of an internal standard;    C  S C     is the concentration of a specific compound;    C  I S     is the concentration of the internal standard;    V S    is the volume of samples;    V  I S     is the volume of an internal standard.




2.5. RNA Extraction and qRT-PCR


The total RNA for each berry sample was extracted using the HipPure Plant RNA Mini Kit (Magen, Guangzhou, China) and first-strand cDNA was synthesized using First-Strand cDNA Synthesis SuperMix (Novoprotein, Suzhou, China). Six genes, including VvDXR (VIT_17s0000g08390) [26], VvDXS (VIT_05s0020g02130) [27], VvHDR (VIT_03s0063g02030) [26], VvCCD (VIT_13s0064g00840) [28], VvGPPS (VIT_15s0024g00850) [26] and VvCSLinNer (VIT_00s0271g00060) [26], were determined using CFX96 (Bio-Rad, Hercules, CA, USA) and SYBR qPCR SuperMix Plus (Novoprotein). The primers were designed using Primer 5 software (Premier Biosoft, Palo Alto, CA, USA), and the sequences of each primer are listed in Table S2. The 2−ΔΔCT method was used to calculate the relative expression levels.




2.6. Sensory Evaluation


Sensory evolution was performed as described in [29]. An untrained panel of 20 people consisting of 8 women and 12 men aged 25–60 years who were engaged in horticulture work for a long time were recruited from Cixi Forestry Technology Extension Centre (Ningbo, China). The sensory parameters, including sweetness, sourness, astringency, flavor and overall acceptance, were evaluated using a seven-point scale [30]. The average scale of each parameter was rounded up and rounded down.




2.7. Statistical Analysis


All tests were performed in triplicates and repeated three times. Statistical analysis was performed by one-way analysis of variance and analyzed further by Duncan’s multiple range test. Pearson’s correlation coefficient analysis was performed using SPSS statistics 25 (IBM, Armonk, NY, USA). The histograms were drawn using GraphPad Prism8 software (Harvey Motulsky, Santiago, CA, USA). The heatmap was drawn using TBtool v1.098696 (CJ-Chen, China). The radar chart was drawn using Origin 2019 (OriginLab, Northampton, MA, USA).





3. Result


3.1. General Properties of Different Treatments


The visual appearances of ‘Hanxiangmi’ grapes acquired in response to the different treatments are shown in Figure 1. We found that the skin color of G (girdling treatment) and GF (the combination girdling and foliar fertilization with K treatments) was significantly deeper compared with the control (Figure 1). The effects of different treatments on total soluble solids (TSS), titratable acidity (TA) and 20 berries weight are shown in Figure 2. We found that GF was able to increase TSS considerably compared with other treatments, especially 77 days after anthesis (at harvest), whereas there was no significant difference among CK, G and F treatments at the harvest stage. Girdling was able to increase TA. However, when grape plants were treated with both girdling and foliar fertilization with K, TA was significantly decreased. Additionally, the weight of 20 berries was affected significantly by G, F and GF in each period.




3.2. Phenolic Compound and Concentration


The effect of girdling and foliar fertilization with K on the composition and concentration of phenolic compounds in ‘Hanxiangmi’ grape skin are shown in Figure 3. We found that GF, G and F treatments were able to improve total phenolic concentration (TP) and polymeric tannin concentration (PT) compared with the control. Additionally, GF significantly increased the accumulation of proanthocyanidins (PA) in berry skins, which was 9.61, 2.97 and 7.10-fold than the control, G and F treatments, respectively.




3.3. Volatile Free Aroma Composition


The effects of girdling and foliar fertilization with K on the profiles of free volatile aroma composition of ‘Hanxiangmi’ grapes are presented in Figure 4 and Table 1. The odor threshold of partial aroma compounds is shown in Table 2. A total of 40 free volatile aroma compounds, including 10 alcohols, 11 terpenes, 10 esters, 3 acids and 6 aldehydes were identified by GC-MS analysis. Regarding C6 aldehydes at harvest, (E)-2-hexenal and hexanal were the most abundant volatile aldehydes and were active odorants in all the sample groups due to their low odor threshold, which were accumulated at higher levels in GF and G relative to the control. Similarly, G, F and GF had positive effects on the contents of alcohols compared to the control, with 1-octen-3-ol, 1-heptanol, 2-ethyl hexanol and octanol. Two C6 alcohols, including hexanol and (Z)-3-hexen-1-ol, constituting the majority of the total alcohol concentration. In aromatic compounds, esters contribute greatly to fruity and sweet characters [31,32]. We found that girdling and foliar fertilization had negative effects on the contents of ethyl butanoate. Ethyl butanoate was one of the most abundant esters in each treatment group. However, it made almost no contribution to the aroma due to its high threshold. Two esters were only detected in the GF group among four treatments, indicating that GF was able to increase the number of ester aromatic compounds. Three acids were detected but made little contribution to aroma owing to their high thresholds. Although octanal, nonanal and benzaldehyde compounds were present only at low levels, these are all aroma active compounds and are expected to contribute significantly to the aroma owing to their low odor thresholds, especially nonanal (1 μg/L in water).



Terpenes, such as nerol, linalool, citronellol and geraniol, are the major aroma compounds responsible for floral flavors [33,34], and these free terpene compounds increase during the development and ripening of the grape [35]. Due to the pleasant Muscat flavor of the ‘Hanxiangmi’ grape, mainly contributed from grape terpene contents, the impacts of girdling and foliar fertilization with K (alone or in combination) were focused on terpenes throughout the ripening period (Table 1). We found that the berries of the control accumulated more linalool than GF, G and F at the beginning of véraison until 56 DAA. However, between 70 DAA and grape harvest, the concentration of linalool in the control group was significantly lower than that in the GF, G and F groups, indicating that girdling and foliar fertilization with K can facilitate linalool accumulation in the later stages of berry maturation. The 4-Terpineol accumulation in the control was much higher than after G, F and GF treatments, indicating that girdling and foliar fertilization with K can inhibit 4-Terpineol synthesis. Nerol was not detected in the four treatment groups at 49 DAA, and nerol accumulation in the GF treatment group was significantly higher compared to the control throughout the ripening period. Similarly, this was also true for the other aroma active compounds, such as geraniol and citronellol. Furthermore, myrcenol, hotrienol, phellandrene and α-thujene in the berries of the GF group accumulated 1.08, 1.36, 1.49 and 2.72-fold compared with those of the control group at harvest, respectively.



By counting the number of volatile compounds of different treatments at harvest (Table 3), we found that GF treatment was able to increase the complexity of volatile composition significantly, most notably in terpene and ester compounds. The opposite phenomenon was observed after G treatment, where the number of acid, ester and alcohol compounds was decreased compared with CK. Additionally, the effect of each treatment was unobvious in the number of aldehyde, acid and alcohol compounds. By comparing the sum of the various types of substances in the four treatment groups (Table 4), we found that the F treatment can promote the accumulation of esters and alcohols, and that the G treatment only increased the accumulation of aldehydes compared to the control, but that the combined GF treatment increased the concentrations of all aroma substance categories. Additionally, the total concentrations of aroma compounds after G, F and GF treatments were all higher relative to the control (Table 4), which were mainly contributed due to the increase in aldehydes. Taken together, the data indicated that the different treatments had significant but differential effects on the aroma characteristics of table grapes at harvest.




3.4. Spatial and Temporal Expression Analysis of Terpene-Related Genes


The spatial and temporal expression analysis of terpene-related genes, including 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR), 1-deoxy-d-xylulose-5-phosphate synthase (DXS), 4-hydroxy-3-methylbut-2-enyl-diphosphate reductase (HDR), geranyl diphosphate synthase (GPPS), (3S)-linalool/(E)-nerolidol synthase (CSLinNer) and carotenoid cleavage dioxygenase (CCD), was determined by qRT-PCR (Figure 5). By comparing DXR and CSLinNer expressions over the ripening period, we found that the expression levels of CSLinNer in four treatments were completely consistent with DXR in every period. For example, DXR expression in the F group was the lowest of the four treatments at 56 DAA, which was also true for CSLinNer. CCD is the key gene of carotenoid cleavage, leading to the production of several aroma-active norisoprenoids [46]. However, we found that there was no obvious expression trend for CCD during the ripening period in any of the four treatment groups.



By Pearson’s correlation analysis, we found that only the expression level of VvDXS was significantly correlated with linalool and terpene concentrations in four treatments throughout the entire ripening period (Table 5), which indicated that VvDXS may play important roles in terpene biosynthesis. Interestingly, the expression levels of DXR, GPPS and CCD in CK were higher than that in G, F and GF treatments at harvest (77 DAA), which indicated that girdling and foliar fertilization with K inhibited the expression of these genes.




3.5. Sensory Properties


The effects of girdling and foliar fertilization with K on the sensory properties are shown in Figure 6. Girdling and foliar fertilization with K gained higher scores for sweetness than the control group. Girdling can improve the sourness of ‘Hanxiangmi’ table grapes, and the trend of sourness scores was similar to that of TA. Additionally, we found that girdling and foliar fertilization with K improved grapes’ astringency. The flavor score was higher in GF, which is consistent with the results of our previous analysis in Section 3.3. The overall acceptance scores were the highest in GF, the lowest in G, CK and F were in between.





4. Discussion


Girdling is a commonly used horticultural procedure in grape production to improve plant flowering and fruit size, advance maturity and reduce the number of harvests. Nonetheless, girding also presents several potential hazards to the vines. Girdling can weaken the ability of root absorption and interception of nutrients and water, and even severely damage plants by restricting root growth and promoting excess flower bud differentiation [47]. Therefore, foliar fertilization with K is often used after girdling to reduce the tissue damage, which is caused by girdling. However, little is known about the influence of foliar fertilization with K on grape aroma composition and other qualities, in combination with girdling or otherwise.



The quality of table grape mainly depends on cluster shape and size, berry size, sugar/acidity ratio, color and aroma [48]. Previous reports have suggested that girdling after full bloom (30–35 days) and fertilization with K can accelerate the accumulation of sugars and anthocyanins [49,50,51]. In our study, the results showed that the skin color of G, F and GF treatments were much deeper than the control group (Figure 1). Additionally, the weight of 20 berries was affected significantly by G, F and GF in each period, indicating that girdling and foliar fertilization with K can facilitate fruit development and enlargement. Among the four treatments, the combination of girdling and foliar fertilization with K had the most notable effects on berry weight, grape skin TSS and TA contents (Figure 2). Proanthocyanidins are a group of biologically active polyphenols, which are the most potent antioxidants and free radical scavengers identified to date [52]. In our study, GF significantly increased the accumulation of proanthocyanidins in berry skin (Figure 3). Tyagi et al. [53] found that total grape proanthocyanidin contents at both 7 and 9 weeks after girdling was almost 1.8-fold higher than ungirdled ‘Sable’ vines. Our results are in agreement with that study, but also indicated that adding foliar fertilization with K following girdling can further increase grape proanthocyanidin content.



In our study, the volatile aroma composition in four treatments throughout fruit development were determined by GC-MS analysis. Our results showed that girdling and foliar fertilization with K led to different effects on volatile aroma composition (Figure 4 and Table 1). A previous study showed that the total level of terpenes was reduced by 1.6-fold after girdling in ‘Sable’ vines [53]. In agreement, our study also indicated a significant decrease in the accumulation of terpenes and other volatile compounds after girdling, except for aldehydes. In the four treatment groups, the effect of combined girdling and foliar K fertilization was most striking, where the accumulation of the majority of volatile compounds was significantly enhanced, including 1-heptanol, (E)-2-hexenal, hexanal, nerol and geraniol, all of which have a low odor threshold. Previous studies have demonstrated that the concentrations of volatile free aroma compounds, especially monoterpenes, increased with positive correlation with soluble solids [54,55]. We suggest that the higher aroma accumulation in the GF group might be the consequence of achieving higher TSS.



There are a large number of terpene compounds produced in plants with extensive variation in their structure and functionalities. All terpene compounds in plants are synthesized from their isoprenoid precursors, which are derived from the common precursor isopentenyl diphosphate (IPP) formed in the plastidial MEP and the cytoplasmic mevalonate (MVA) pathways [56]. IPP and dimethylallyl pyrophosphate (DMAPP) are further catalyzed to form geranyl diphosphate (GPP), famesyl diphosphate (FPP) and geranylgeranyl diphosphate (GGPP). FPP (MVA pathway) is further processed into sesquiterpenes while GPP and GGPP (MEP pathway) are the immediate precursors for mono- and di-terpene synthesis, respectively. It has been reported that terpene accumulation in grapevine and other plants is correlated with MEP pathway gene expression [3], such as DXS, DXR, HDR and GPPS [26,57,58]. In this present study, we found that the expression levels of CSLinNer in four treatments were completely consistent with DXR in every period. We suggest that DXR and CSLinNer expressions are also somehow linked in grape terpene biosynthesis. Additionally, we found that only VvDXS was significantly correlated with linalool and total terpene concentrations, while the expression of other terpene-related genes were apparently uncorrelated with terpene accumulation in general (Figure 5). DXS is the first enzyme involved in the MEP pathway of isopentenyl-5-pyrophosphate (IPP) biosynthesis [59]. Our observation of the correlation between grape linalool content and VvDXS expression is in agreement with Battilana et al. [57] and Emanuelli et al. [60] (Table 5), who demonstrated the colocalization of VvDXS with the major QTL for monoterpene content positioned on chromosome 5, and indicating that VvDXS is a candidate gene for the regulation of these important grape monoterpenes.



Regarding the sensory properties, the phenolic compounds are the major ingredients linked to food astringency, especially for tannins [61]. We found that girdling and foliar fertilization with K improved grapes’ astringency, which was attributed to higher phenolic accumulation in G, F and GF treatments. It was assumed that the low overall acceptance score of G treatment could be attributed mainly to the higher score in astringency. The overall acceptance was affected by a combination of attributes. We concluded that the sensory property of GF is the best, and G is the worst, CK and F ranged between.




5. Conclusions


In this study, we found that girdling and foliar fertilization with K (alone or in combination) all facilitated fruit enlargement and deepened the skin color. The combination treatment of girdling and foliar fertilization with K decreased the titratable acidity, promoted the concentrations of total soluble solids in the pulp and proanthocyanidins in the berry skin, and increased the volatile compounds significantly compared with the control group. Girdling treatment alone increased the concentrations of titratable acidity, and was disadvantageous for volatile compound accumulation, except for aldehyde compounds. Foliar fertilization with K treatment alone had positive effects on the accumulation of esters and alcohols compared with the control. Additionally, spatial and temporal expression analysis showed that the expression of VvDXS was significantly correlated with linalool and total terpene concentrations, indicating that it is the candidate gene for the regulation of grape terpenes. Regarding the sensory properties, the combination treatment is the best, and girdling treatment alone is the worst, with CK and foliar fertilization with K treatment alone ranged between. In summary, our results can provide a new idea for improving sensory properties of table grape and direct farmers to better apply girdling and foliar fertilization with K in grape production.
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Figure 1. Effects of girdling and foliar fertilization with K on the visual appearances of ‘Hanxiangmi’ table grapes at harvest. CK: the control; G: girdling treatment; F: foliar fertilization treatment of K; GF: both of girding and foliar fertilization treatments. 
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Figure 2. Effects of girdling and foliar fertilization with K on total soluble solids, titratable acidity and 20 berries weight of ‘Hanxiangmi’ table grapes. The different lowercase letters above the bars indicate a significant difference (p < 0.05). 
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Figure 3. Effect of girdling and foliar fertilization with K on the concentration of phenolic compounds in ‘Hanxiangmi’ grape skin. The different lowercase letters above the bars indicate a significant difference (p < 0.05). TP, total phenolic concentration (mg/g); PT, polymeric tannin concentration (mg/g); PA, proanthocyanidin concentration (mg/g). 
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Figure 4. Concentrations (μg/L) of volatile compounds determined under girdling and foliar fertilization with K treatments in the pulp juice of ‘Hanxiangmi’ table grape at harvest. 
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Figure 5. Spatial and temporal expression analysis of terpene-related genes throughout the entire ripening period in ‘Hanxiangmi’ table grape. a, b, c, d on the bar chart denotes a significant difference (p < 0.05). 
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Figure 6. Effects of girdling and foliar fertilization with K on the sensory properties of ‘Hanxiangmi’ table grapes. 
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Table 1. Concentrations (μg/L) of terpene compounds determined under girdling and foliar fertilization with K treatments in the pulp juice of ‘Hanxiangmi’ table grape during berry development. N.D: not detected. Different letters within the same row indicate significant differences at p < 0.05.
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Compounds

	
DAA

	
Treatment




	
CK

	
GF

	
G

	
F






	
Nerol

	
49

	
N.D

	
N.D

	
N.D

	
N.D




	
56

	
N.D

	
0.0997 ± 0.0150

	
N.D

	
N.D




	
63

	
N.D

	
0.4667 ± 0.0632 a

	
0.2206 ± 0.0349 b

	
0.1361 ± 0.0145 b




	
70

	
0.2813 ± 0.0079 b

	
0.7899 ± 0.0455 a

	
0.2143 ± 0.0167 c

	
0.2745 ± 0.0147 b




	
77

	
0.5610 ± 0.0292 b

	
1.1219 ± 0.0942 a

	
0.3800 ± 0.0530 c

	
0.3708 ± 0.0560 c




	
Linalool

	
49

	
0.3869 ± 0.0420 a

	
0.2228 ± 0.0162 d

	
0.3005 ± 0.0280 b

	
0.2858 ± 0.0297 b




	
56

	
0.4724 ± 0.0551 a

	
0.3936 ± 0.0288 a

	
0.4582 ± 0.0129 a

	
0.4341 ± 0.0560 a




	
63

	
0.9081 ± 0.0793 a

	
0.7322 ± 0.0318 b

	
0.9479 ± 0.0519 a

	
0.7878 ± 0.0155 b




	
70

	
0.7761 ± 0.1207 b

	
1.1705 ± 0.0115 a

	
0.8042 ± 0.0933 b

	
1.0628 ± 0.0660 a




	
77

	
1.5796 ± 0.1439 a b

	
1.8683 ± 0.1646 a

	
1.2967 ± 0.1013 b

	
1.7188 ± 0.1798 a




	
Myrcenol

	
49

	
0.3359 ± 0.0468 b

	
0.8604 ± 0.1113 a

	
N.D

	
N.D




	
56

	
5.1900 ± 0.2021 b

	
5.5554 ± 0.2781 b

	
5.2314 ± 0.3910 b

	
6.8505 ± 0.2181 a




	
63

	
5.5970 ± 0.1675 d

	
8.2370 ± 0.3866 b

	
6.4270 ± 0.3199 c

	
9.3834 ± 0.5000 a




	
70

	
9.2388 ± 0.3783 c

	
14.4505 ± 0.7998 a

	
7.3326 ± 0.3538 d

	
10.6854 ± 0.6543 b




	
77

	
14.0684 ± 0.4185 a

	
15.2128 ± 0.5467 a

	
12.4245 ± 1.0899 b

	
11.5641 ± 0.8580 b




	
Hotrienol

	
49

	
N.D

	
N.D

	
N.D

	
N.D




	
56

	
N.D

	
N.D

	
N.D

	
N.D




	
63

	
N.D

	
N.D

	
N.D

	
N.D




	
70

	
N.D

	
N.D

	
N.D

	
N.D




	
77

	
0.8900 ± 0.0521 b

	
1.2072 ± 0.0844 a

	
0.4167 ± 0.0053 c

	
0.8986 ± 0.0565 b




	
4-Terpineol

	
49

	
N.D

	
N.D

	
N.D

	
N.D




	
56

	
N.D

	
N.D

	
N.D

	
N.D




	
63

	
N.D

	
N.D

	
N.D

	
N.D




	
70

	
4.0766 ± 0.1007 a

	
3.8199 ± 0.1371 b

	
1.5359 ± 0.0817 c

	
1.5628 ± 0.0481 c




	
77

	
5.2349 ± 0.0887 a

	
5.0718 ± 0.1418 a

	
1.6770 ± 0.1033 b

	
1.7623 ± 0.0588 b




	
Cineole

	
49

	
N.D

	
N.D

	
N.D

	
N.D




	
56

	
N.D

	
N.D

	
N.D

	
N.D




	
63

	
N.D

	
N.D

	
N.D

	
N.D




	
70

	
0.3215 ± 0.0134

	
N.D

	
N.D

	
N.D




	
77

	
0.6350 ± 0.0220 c

	
0.3371 ± 0.0181 d

	
1.6611 ± 0.0766 a

	
1.1865 ± 0.0054 b




	
Geraniol

	
49

	
N.D

	
N.D

	
N.D

	
N.D




	
56

	
N.D

	
N.D

	
N.D

	
N.D




	
63

	
N.D

	
N.D

	
N.D

	
N.D




	
70

	
1.1726 ± 0.0529 b

	
1.3391 ± 0.0250 a

	
0.8352 ± 0.0333 c

	
1.1490 ± 0.0812 b




	
77

	
1.3768 ± 0.0582 b

	
1.5375 ± 0.1008 a

	
0.9769 ± 0.0851 c

	
1.4495 ± 0.0464 a b




	
Citronellol

	
49

	
N.D

	
N.D

	
N.D

	
N.D




	
56

	
N.D

	
N.D

	
N.D

	
N.D




	
63

	
N.D

	
N.D

	
N.D

	
N.D




	
70

	
N.D

	
N.D

	
N.D

	
N.D




	
77

	
1.9764 ± 0.1442 b

	
2.4003 ± 0.0496 a

	
1.4818 ± 0.1188 c

	
1.7002 ± 0.0714 d




	
Phellandrene

	
49

	
0.0486 ± 0.0037 b

	
0.0434 ± 0.0058 b

	
0.0399 ± 0.0039 b

	
0.0672 ± 0.0064 a




	
56

	
0.0983 ± 0.0150 a

	
0.0681 ± 0.0103 b

	
0.0732 ± 0.0041 b

	
0.0822 ± 0.0051 a b




	
63

	
0.1173 ± 0.0138 a

	
0.0627 ± 0.0010 b

	
0.0755 ± 0.0091 b

	
0.1269 ± 0.0184 a




	
70

	
0.1826 ± 0.0086 a

	
0.1104 ± 0.0131 b

	
0.0753 ± 0.0056 c

	
0.1759 ± 0.0038 a




	
77

	
0.1949 ± 0.0109 c

	
0.2912 ± 0.0082 a

	
0.1124 ± 0.0150 d

	
0.2222 ± 0.0073 b




	
α-Thujene

	
49

	
N.D

	
N.D

	
N.D

	
N.D




	
56

	
N.D

	
N.D

	
N.D

	
N.D




	
63

	
N.D

	
N.D

	
N.D

	
N.D




	
70

	
N.D

	
N.D

	
0.1042 ± 0.0091 a

	
0.1160 ± 0.0090 a




	
77

	
0.1042 ± 0.0086 c

	
0.3875 ± 0.0537 a

	
0.1320 ± 0.0092 c

	
0.1888 ± 0.0165 b




	
Geranic acid

	
49

	
N.D

	
N.D

	
N.D

	
N.D




	
56

	
N.D

	
N.D

	
N.D

	
N.D




	
63

	
N.D

	
N.D

	
N.D

	
N.D




	
70

	
N.D

	
N.D

	
N.D

	
N.D




	
77

	
N.D

	
0.2152 ± 0.0055 a

	
0.0297 ± 0.0007 b

	
N.D
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Table 2. Odor threshold (μg/L) and odorant series of partial aroma compounds. Odorant series: 1, herbaceous; 2, floral; 3, fruity; 4, spicy; 5, sweet; 6, fatty; 7, roasty; 8, earthy. a: determined in water solution. b: determined in ethanol-water solution.






Table 2. Odor threshold (μg/L) and odorant series of partial aroma compounds. Odorant series: 1, herbaceous; 2, floral; 3, fruity; 4, spicy; 5, sweet; 6, fatty; 7, roasty; 8, earthy. a: determined in water solution. b: determined in ethanol-water solution.













	Compounds
	Odor Threshold
	Odorant Series
	Compounds
	Odor Threshold
	Odorant Series





	C6 compounds
	
	
	Esters
	
	



	Hexanal
	16b [36]
	1
	Ethyl isobutyrate
	15b [37]
	3



	3-Hexenal
	0.25a [38]
	1
	Ethyl butanoate
	600b [39]
	5



	(E)-2-Hexenal
	17a [36]
	1
	Butyl acetate
	66a [40]
	3



	Hexanol
	1300b [36]
	1, 2
	Ethyl Hexanoate
	100b [39]
	3



	(Z)-3-Hexen-1-ol
	400b [36]
	1, 6
	Hexyl acetate
	670b [41]
	1, 2, 3



	(E)-2-Hexen-1-ol
	400b [36]
	1
	Ethyl heptanoate
	300b [39]
	3



	Alcohols
	
	
	Methyl salicylate
	40a [42]
	1, 4



	1-Octen-3-ol
	1a [43]
	8
	Terpenes
	
	



	2-Heptanol
	70a [42]
	3
	Nerol
	500b [36]
	1, 2



	2-Ethyl hexanol
	270a [44]
	2
	Linalool
	15b [36]
	2, 3, 5



	Octanol
	120b [45]
	2
	Geraniol
	30b [36]
	2



	Nonanol
	1000a [42]
	2
	Citronellol
	100b [39]
	2



	Phenylethyl Alcohol
	1100a [6]
	2
	4-Terpineol
	500b [41]
	1



	Aldehydes
	
	
	Acids
	
	



	Octanal
	50b [39]
	1, 2, 3, 6
	Hexanoic acid
	8500b [39]
	6



	Nonanal
	1a [45]
	1, 3
	Octanoic acid
	10,000b [41]
	5, 6



	Benzaldehyde
	2000b [45]
	2, 3, 5, 7
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Table 3. The effect of the different treatments on the number of volatile aroma compounds in the ‘Hanxiangmi’ table grape at harvest.
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	Treatments
	Aldehydes
	Acids
	Esters
	Alcohols
	Terpenes
	Total





	CK
	6
	3
	8
	10
	8
	35



	GF
	6
	3
	10
	10
	11
	40



	G
	6
	2
	7
	9
	9
	33



	F
	6
	3
	8
	10
	8
	35
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Table 4. Total concentrations (μg/L) of each aroma compound in grapes at harvest from plants subject to the four different treatments.
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	Treatments
	Aldehydes
	Acids
	Esters
	Alcohols
	Terpenes
	Total





	CK
	149.9252
	4.4743
	54.7845
	31.4012
	26.6212
	267.2065



	GF
	209.5317
	4.8707
	56.2325
	42.3891
	29.6508
	342.6749



	G
	176.4324
	2.4130
	46.0202
	26.0214
	20.5888
	271.4758



	F
	143.2634
	4.4158
	59.4534
	49.9531
	21.0618
	278.1475
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Table 5. The Pearson’s correlation coefficients between linalool concentrations and gene expression levels for six genes in ‘Hanxiangmi’ table grape. * and ** indicate significance at p < 0.05 and p < 0.01, respectively.
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Gene

	
Linalool

	
Total Terpenes




	
CK

	
GF

	
G

	
F

	
CK

	
GF

	
G

	
F






	
DXR

	
0.860

	
0.181

	
0.536

	
0.868

	
0.803

	
0.166

	
0.242

	
0.838




	
DXS

	
0.936 *

	
0.997 **

	
0.889 *

	
0.981 **

	
0.939 *

	
0.994 **

	
0.886 *

	
0.991 **




	
HDR

	
0.826

	
0.899 *

	
0.891 *

	
0.805

	
0.911 *

	
0.882 *

	
0.667

	
0.927 *




	
GPPS

	
0.929 *

	
0.609

	
0.869

	
0.854

	
0.979 **

	
0.604

	
0.726

	
0.935 *




	
CS

	
0.735

	
0.512

	
0.585

	
0.781

	
0.828

	
0.548

	
0.405

	
0.813




	
CCD

	
0.421

	
−0.360

	
0.266

	
0.664

	
0.353

	
0.005

	
−0.069

	
0.508
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