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Abstract: Potassium (K+) is an essential macronutrient for plants to maintain normal growth and development. Shaker-like K+ channels and HAK/KUP/KT transporters are critical components in the K+ acquisition and translocation. In this study, we identified 9 Shaker-like K+ channel (VvK) and 18 HAK/KUP/KT transporter (VvKUP) genes in grape, which were renamed according to their distributions in the genome and relative linear orders among the distinct chromosomes. Similar structure organizations were found within each group according to the exon/intron structure and protein motif analysis. Chromosomal distribution analysis showed that 9 VvK genes and 18 VvKUP genes were unevenly distributed on 7 or 10 putative grape chromosomes. Three pairs of tandem duplicated genes and one pair of segmental duplicated genes were observed in the expansion of the grape VvKUP genes. Gene expression omnibus (GEO) data analysis showed that VvK and VvKUP genes were expressed differentially in distinct tissues. Various cis-acting regulatory elements pertinent to phytohormone responses and abiotic stresses, including K+ deficiency response and drought stress, were detected in the promoter region of VvK and VvKUP genes. This study provides valuable information for further functional studies of VvK and VvKUP genes, and lays a foundation to explore K+ uptake and utilization in fruit trees.
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1  Introduction

Potassium (K+) is an essential macronutrient for plants to maintain crucial roles in a number of biochemical and physiological processes [1–3]. Plants take up K+ from the soil solution via roots surface, which are further transported to the shoot, distributed within cells into different compartments and recycled from source to sink organs by various K+ transport systems, including Shaker-like K+ channels, HAK/KUP/KT transporters, tandem-pore K+ (TPK) channels, HKT transporters, and cation-proton antiporters (CPAs) [3–5].

Shaker-like K+ channels were the first plant K+ channels identified at the molecular level [6]. In Arabidopsis, there are 9 Shaker-like K+ channels, including the inward rectifying K+ channels KAT1, KAT2, AKT1, AKT5 and SPIK, the weak rectifying K+ channel AKT2, the outward-rectifying K+ channels SKOR and GORK, and the regulatory subunit KC1. Recent years, Shaker K+ channel genes have also been identified in tomato [7,8], barley [9], maize [10], rice [11], carrot [12], grape [13,14], ammopoptanthus [15], strawberry [16], pear [17], and osier willow [18]. In addition, HAK/KUP/KT transporters are present in bacteria, fungi, and plants, but not in animals [1,19,20]. The plant HAK/KUP/KT transporter genes were first identified in Arabidopsis [21,22] and barley [23]. Notably, plant genome contains large number of HAK/KUP/KT transporter genes, and there are 13 in Arabidopsis, 15 in strawberry [24], 16 in peach [25,26], 21 in tomato, 27 in rice, 31 in poplar, 57 in Panicum virgatum [27]. These HAK/KUP/KT transporter genes exhibited diverse roles in K+ uptake and translocation, salt tolerance and osmotic potential regulation, root morphology and shoot phenotype regulation [28–30].

Grape (Vitis vinifera L.) is one of the most important fruit crops in the world [31]. In particular, K+ is the most abundant cation within the grape berry, which plays an important role in all grape developmental stages [13,32–35]. Moreover, high K+ in grape berry leads to an excessive neutralization of organic acids, resulting in grape berry with low acidity at harvest, and yielding wines with poor properties [36]. Given the importance of K+ to grape and wine quality, the mechanisms driving the accumulation of this cation though the vine into the berry is worthy of exploration.

In this study, 9 Shaker-like K+ channel (VvK) and 18 HAK/KUP/KT transporters (VvKUP) genes were isolated and characterized in grape, and the detailed gene location, phylogenetic relationships, gene structures and tissue expression profiles were further investigated. This study provides a foundation for further functional study of Shaker-like K+ channels and HAK/KUP/KT transporters in grape.

2  Materials and Methods

2.1 Identification and Classification of Putative Grape VvK and VvKUP Genes

Grape genome datasets were downloaded from the Ensembl Plants (http://plants.ensembl.org/index.html). The protein sequences of 9 Shaker K+ channel genes and 13 HAK/KUP/KT transporter genes of Arabidopsis were obtained from the Arabidopsis Information Resource (TAIR) (http://www.arabidopsis.org). BLASTP searches against the grape genome database (http://www.genoscope.cns.fr externe/GenomeBrowser/Vitis/) were performed with the full-length sequences of Arabidopsis Shaker K+ channel and HAK/KUP/KT family genes as queries, respectively. To confirm the existence of the Shaker K+ channel protein domains (PF00520.31, PF00027.29 and PF11834.8) [17] or K+ transporter (PF02705) domains, the candidate proteins were analyzed using Pfam (http://pfam.xfam.org) and Simple Modular Architecture Research Tool (http://smart.embl-heidelberg.de/). To distinguish the candidate grape VvK and VvKUP genes, we named them in accordance with the order of the corresponding chromosomal locations identified from the grape genome database (Table 1). The molecular weights, isoelectric points (pI) and grand average of hydropathicity (GRAVY) of VvK and VvKUP proteins were calculated by the ExPasy website (https://web.expasy.org/protparam/). The subcellualr locations of VvK and VvKUP proteins were predicted by WoLF PSORT (http://www.genscript.com/psort/wolf_psort.html).
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2.2 Chromosomal Localization, Phylogenetic Tree and Duplication Events of VvK and VvKUP Genes

The physical chromosomal locations of VvK and VvKUP genes were obtained from the grape genome annotation information. The chromosomal representation of VvK and VvKUP genes were plotted using TBtools software. The phylogenetic tree was generated using MEGA7.0 with the neighbor-joining method, and the bootstrap analysis was set to 1000 replicates. Gene duplication was verified based on two rules: (1) the length of the shorter aligned sequence covered >75% of the longer sequence; and (2) the similarity of the two aligned sequences was >75%. Two genes separated by fewer genes in 100-kb chromosome fragment were considered as tandem duplicated genes [37,38]. The segmental duplicated genes were identified by searching the segmental genome duplications of grape were identified using MCScanX software.

The nonsynonymous substitution ratios (Ka), synonymous substitution ratios (Ks) and Ka/Ks ratios of 6 pairs VvKUP genes were calculated by KaKs_Calculator 2.0 software based on the NG method. The divergence time (T) was calculated as T = Ks/(2 × 6.1 × 10−9) × 10−6 Mya [39]. Values greater than 1 indicates positive selection, values equal to 1 indicate neutral evolution, and values less than 1 indicates purifying selection [40].

2.3 Analysis of VvK and VvKUP Gene Structures and Conserved Motifs

The exon-intron structure of VvK and VvKUP genes was determined by comparing predicted coding sequences with their corresponding full-length sequence using the online program Gene Structure Display Server (GSDS: http://gsds.cbi.pku.edu.cn). According to the amino acid sequence, the motifs of VvK and VvKUP proteins were analyzed by using MEME program (http://meme-suite.org/tools/meme). The optimized parameters were employed as the following: the maximum number of motifs, 20; and the optimum width of each motif, between 6 and 100 residues.

2.4 Cis-Acting Elements Prediction of the Promoter Regions of VvK and VvKUP Genes

The 2000-bp upstream sequence of coding regions of VvK and VvKUP genes were retrieved from the grape genome database and then analyzed on the PlantCARE online server (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).

2.5 Analysis Tissue-Specific Expression Patterns of VvKs and VvKUPs

The expression profiles of VvK and VvKUP genes were determined in V. vinifera cv ‘Corvina’ (clone48) from different tissues or organs at distinct developmental stages. Microarray data were obtained from the NCBI gene expression omnibus (GEO) datasets under the series entry GSE36128 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi) [41,42]. Expression value of each gene in all tested tissues/orgains were quantified by FPKM (fragments per kilobase of transcript per million fragments mapped), and graphically characterized using Multi Experiment Viewer (MeV) software.

2.6 Plant Materials and Treatments

Six-year-old V. vinifera cv. Chardonnay plants grown under standard field conditions were selected from the Key Laboratory of Molecular Module-Based Breeding of High Yield and Abiotic Resistant Plants in Universities of Shandong (Ludong University), Yantai, China. The single shoot stems of V. vinifera cv. Chardonnay tube seedlings were attached to B5 solid medium and cultured under the following conditions: 28°C day 16 h/18°C night 8 h, and a relative humidity ranging from 70%–75%, in the incubator for 35 days. Then, the seedlings were subjected to K+ depletion, 200 mM NaCl, and 10% PEG treatment for 3, 12, or 24 h, respectively. The B5 medium was used as the control conditions. Grape leaves were frozen in liquid nitrogen and stored at −80°C for RNA extraction and gene expression analysis.

2.7 RNA Extraction, cDNA Synthesis and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from each tissue using Trizol (TAKARA, Dalian, China), following the manufacturer’s instructions. First-strand cDNA was synthesized from 1.0 μg total RNA by using Primer Script RT reagent kit (TAKARA, Dalian, China) according to the manufacturer’s instructions. Specific primers were designed using the BLAST tool against the grape genome (Supplemental Table 1). qRT-PCR analysis was performed with an IQ5 real-time PCR machine (Bio-Rad, Hercules, CA, USA) using SYBR Green (TAKARA, Dalian, China) with three replicates. PCR procedure was conducted as follows: 94°C for 30 s; 94°C for 5 s, 60°C for 15 s, 72°C for 15 s, 40 cycles, followed by melting curve analysis (65°C to 95°C at 0.1°C s−1). The grape UBI gene (Gene code: Loc100259511) was used as the internal control. All reactions were performed in triplicates, and three biological repeats were conducted. The relative transcript level of each gene is calculated using the Normalized Expression method (2−ΔΔCT method).

3  Results

3.1 Genome-Wide Identification of VvK and VvKUP Genes in Grape

In this present study, a total number of 9 non-redundant Shaker K+ channel and 18 HAK/KUP/KT transporter genes were screened and identified (Table 1). According to their distributions in genome and relative linear orders among the respective chromosome, these genes were entitled as VvK1-9 for Shaker K+ channel genes and VvKUP1-18 for HAK/KUP/KT transporter genes, respectively. The basic information of VvK and VvKUP proteinsare listed in Table 1, including the protein identifier, protein length (aa), molecular weight (KDa), isoelectric point (pIs), and grand average of hydropathicity (GRAVY). In general, the protein length varied from 631 to 898 aa for VvKs and 606 to 833 aa for VvKUPs. Correspondingly, the molecular weight ranged from 72.53 to 101.54 KDa for VvKs and 67.99 to 92.29 KDa for VvKUPs, while the pIs varied from 5.91 to 8 for VvKs and 5.85 to 9.53 for VvKUPs, respectively. The number of transmembrane (TM) segments was 6 for VvKs and 10-12 for VvKUPs. Protein subcellular predication showed that the majority of VvKs and VvKUPs occurred in the plasma membrane.

3.2 Chromosomal Distribution and Duplication of VvK and VvKUP Genes

Notably, there are 2, 1, 2, 1, 1, 1 and 1 VvK genes were located on chromosome chr4, 10, 11, 12, 14, 17 and 18 (Fig. 1), respectively. VvKUP genes were unevenly distributed on 10 of 19 putative grape chromosomes, and no VvKUP genes were located on chr 3, 4, 5, 8, 9, 10, 11, 15, 16 and 18. As shown in Fig. 1, chr1 contained the largest number (5) of VvKUP genes (VvKUP1, VvKUP2, VvKUP3, VvKUP4, and VvKUP5), followed by chr7 (4 genes, i.e., VvKUP8, VvKUP9, VvKUP10, and VvKUP11). VvKUP14 and VvKUP15 were observed on Chr14, whereas only one VvKUP gene was found on chr2 (VvKUP6), chr6 (VvKUP7), chr12 (VvKUP12), chr13 (VvKUP13), chr17 (VvKUP16) and chr19 (VvKUP17). However, the chromosome location of VvKUP18 was still unclear for the incomplete grape genome sequence. Moreover, the lengths of chromosomes can be estimated by the scale on the left. The distribution of VvKUP genes was not random; instead, an enrichment region showed a relatively high density on some chromosomes (like chr1 and chr7) or chromosome fragments (such as the top and the bottom of the chromosome). During the long term of evolution, both tandem duplication and segmental duplication contributes to the generation of gene family [43]. Tandem duplication usually resulted in gene clusters and segmental duplication might lead to scattered family members [43]. Therefore, gene duplication events were also identified for VvK and VvKUP genes. According to the defined criteria, gene duplication events were not observed among VvK genes, while 6 VvKUP genes were predicted to be tandem duplicated genes, as shown in Fig. 1, two and four tandem duplicated genes indicated by green blocks located on chromosome 1 and 7, separately (Fig. 1). Furthermore, only one pair of duplicated segment, VvKUP5/VvKUP14, was identified within the grape genome (Fig. 1). These result indicates that tandem duplication and segmental duplication are both important in the expansion of the VvKUP gene family in grape.

[image: images]

Figure 1: Chromosomal distribution and gene duplications of VvK (A) and VvKUP (B) genes. The tandem duplicated genes are represented by green rectangles, and the segmental duplicated genes are links by line. The scale bars on the left indicated the length (Mb) of grape chromosomes

We also calculated the value of Ka/Ks of segmental genes’ pairs, which could be used as an indicator for the selection pressure of a gene during evolution. Our results showed that the Ka/Ks values of all the predicted VvKUPs were less than 1, indicating that the 6 pairs of VvKUP proteins were under purifying selection pressure. In addition, the divergence time of grape VvKUP genes was also estimated via a divergence rate of 1.5 × 10−8 mutations per Ks site per year [44,45]. In this present study, the divergence time of 8 VvKUP genes was between 3.1391 and 5.3778 MYA (Table 2).
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3.3 Phylogenetic Analysis of VvK and VvKUP Proteins

Neighbor-joining phylogenetic trees were constructed by conducting multiple sequence alignments of full-length protein sequences of VvK (Fig. 2A) and VvKUP proteins (Fig. 2B), respectively. In particular, VvK proteins were divided into 5 group, which was more closely related to Arabidopsis than rice. These results showed that 9 grape, 9 Arabidopsis and 11 rice Shaker K+ channel protein sequences were clustered into 5 groups, I–V, which were in accordance with that of Rosaceae and Arabidopsis [17]. In particular, 2 Shaker K+ channel proteins from grape, 3 from Arabidopsis and 2 from rice were clustered within Group I, 1 Shaker K+ channel protein from grape, 2 from Arabidopsis and 3 from rice were clustered within Group II, while VvK6, AtAKT2 and OsAKT2 were closely clustered within Group III, VvK1, AtKAT3/KC1 and 3 OsKCs were clustered within Group IV, and 4 members from grapes, 2 from Arabidopsis and 2 from rice were clustered within Group V.
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Figure 2: Phylogenetic relationship analysis. (A) Shaker K+ channels and (B) HAK/KUP/KT transporters homologs are obtained from grape, Arabidopsis and rice. The trees were generated using MEGA7.0 software by the neighbor-joining method. The number next to the branch show the 1000 bootstrap replicates expressed in percentage

A total number of 58 HAK/KUP/KT transporter proteins (including 18 from grape, 13 from Arabidopsis, and 27 from rice) were used to construct the phylogenetic tree, which were mainly classified into 4 groups, I–IV (Fig. 2B). Notably, Group II was the largest that containing 24 HAK/KUP/KT transporter members. In contrast, Group IV had the smallest number (5) of HAK/KUP/KT transporter members.

3.4 Structural Analysis of VvK and VvKUP Genes

Motif analysis showed that 10 conserved motifs were identified in VvK and VvKUP proteins (Fig. 3), and motif logos were also demonstrated in supplemental Fig. 1. The exon and intron structures of VvK and VvKUP genes were also analyzed and visualized by Gene Structure Display Server 2.0. As showed in Fig. 3A and Supplemental Table 2, VvK gene family are divided into 5 groups, according to the phylogenetic tree. Motif analysis showed that 5 of the motifs (Motif 1, 2, 3, 5 and 6) were shared by all of the VvK proteins. Meanwhile, Motif 4 can be found twice in Groups I, III and V, once in Groups II, but was not observed in Group IV. Motif 8 was missing in Group IV and motif 9 was not found in both Group II and IV.
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Figure 3: Gene structure and motif composition analysis. Left: Unrooted neighbor-joining phylogenetic tree of VvK (A) and VvKUP (B) proteins. Middle: Motif structure of VvK (A) and VvKUP (B) proteins. Colored boxes indicate different conserved motifs. Right: Exon/intron organization of VvK (A) and VvKUP (B) genes. Exons are shown as yellow boxes, and introns are shown as gray lines

All of VvK and VvKUP genes’ coding sequences (CDS) were disrupted by introns, the VvK genes had 9 to 12 introns, whereas the VvKUP genes contained 5 to 9 introns. In addition, No. 10 and 11, No. 9, and No. 10 introns were specificly observed in Groups I, II and III of VvK genes, respectively. All VvK genes of Group V had 11-12 introns except VvK9, which had 9 introns. There were 5 to 9 introns in VvKUP genes, which were less than that in VvK genes (9 to 12 introns). In particular, 10 VvKUP genes (VvKUP1, 2, 4, 6, 8, 9, 10, 11, 13 and 17) possessed 7 introns, whereas VvKUP3 harbored 5 introns, the differences of gene structure may be due to changes in gene duplication. Although harboring similar exon/intron structures, the length of hese introns mentioned above was quite distinct (Fig. 3B). Especially, VvKUP12 contained the longest intron length (∼44 kb), which was significantly different from the other genes. The protein structures of VvKUP proteins were broadly conserved, and 4 motifs (motifs 1, 3, 8 and 10) are prevalent in all VvKUP proteins (Fig. 3B and Supplemental Table 2). Interestingly, VvKUP12 belonging to the VvKUP protein of Group III missed motif 4, 6 and 7.

Furthermore, VvK and VvKUP genes clustering to the same group usually have similar motif compositions and exon/intron structures (Fig. 3), implying that the function of the VvK and VvKUP proteins within the same groups are similar but there may be functional divergences between different groups.

3.5 Cis-Acting Elements Analysis of VvK and VvKUP Genes

Cis-acting elements prediction showed that all VvKs and VvKUPs possessed cis-acting regulatory element involved in light responsiveness (LRE). 8 VvKs and 16VvKUPs harbored at least 1 stress response-related cis-acting element in their promoter regions (Fig. 4), including, cis-acting element in defense and stress responsiveness (DSR), cis-acting element involved in low-temperature responsiveness (LTR), and MYB binding site involved in drought-inducibility (MBS). For example, 5 VvKs (VvK3/4/6/7/9) and 7 VvKUPs (VvKUP1/2/6/8/11/14/16) harbored MBS element, indicating that they may play crucial roles in response to drought. In addition, phytohormone regulatory elements were also identified in 7 VvKs and all 18 VvKUPs promoter regions, such as cis-acting element involved in the abscisic acid responsiveness (ABRE), cis-acting element involved in gibbllin-responsiveness (GA), cis-acting regulatory element involved in the MeJA-responsiveness (MeJA), auxin responsive element (Auxin), cis-acting element involved in salicylic acid responsiveness (SA). For example, 7 VvKs (VvK1/2/3/4/5/7/8) and 11 VvKUPs (VvKUP1/2/5/6/8/10/11/13/14/15/16/17/18) harbored ABRE element.
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Figure 4: Predicted cis-elements in promoter region of VvK and VvKUP genes. Promoter sequences (−2000 bp) of VvK and VvKUP genes are analyzed by PlantCARE. The upstream length of the translation start site can be inferred according to the scale at the bottom. ASI: enhancer-like element involved in anoxic specific inducibility, SR: cis-acting regulatory element involved in seed-specific regulation, ARE: cis-acting regulatory element essential for the anaerobic induction, EE: cis-regulatory element involved in endosperm expression, ME: cis-acting regulatory element related to meristem expression, LRE: cis-acting regulatory element involved in light responsiveness, DSR: cis-acting element in defense and stress responsiveness, LTR: cis-acting element involved in low-temperature responsiveness, MBS: MYB binding site involved in drought-inducibility, ABRE: cis-acting element involved in the abscisic acid responsiveness, GA: cis-acting element involved in gibbllin-responsiveness, MeJA: cis-acting regulatory element involved in the MeJA-responsiveness, Auxin: auxin responsive element, SA: cis-acting element involved in salicylic acid responsiveness

The presence of abiotic stress-responsive elements implies that VvKs and VvKUPs may be regulated by various stresses. In particular, 4 VvKs (VvK1, 3, 4 and 7) and 7 VvKUPs (VvKUP1, 2, 6, 8, 11, 14 and 16) harbored both MBS and ABRE elements, indicating that these genes may play important role in ABA induced drought stresses.

3.6 Tissue-Specific Expression Profiles of VvK and VvKUP Genes

Global transcriptomic data of developmental phases from 54 tested tissues or organs were retrieved from GEO DataSets (GSE36128). Hierarchical clustering was used to visualize the relative expression levels of VvK and VvKUP genes in different tissues (Fig. 5). As shown in Fig. 5, some genes exhibited similar transcript accumulation patterns in different tissues, while other genes showed tissue-specific expression profiles, suggesting the functional divergence of VvK or VvKUP genes during grape growth and development. Notably, VvK1 was ubiquitously high expressed in all tested tissues, especially in roots, and VvK4 was preferentially expressed in roots, stem, buds and seeds. In contrast, VvK3 exhibited the highest expression in stem but quite low in buds, tendril and seeds. In addition, VvK5 and VvK8 were mainly expressed in roots, stem, leaves, rachis and tendril, while VvK2, VvK7 and VvK9 were relatively high expressed in reproductive organs, like pollen, stamen and grape berry.
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Figure 5: Hierarchical clustering of the expression profiles of VvK and VvKUP genes in grape. Expression value of each gene in all tested tissues/orgains were quantified by FPKM (fragments per kilobase of transcript per million fragments mapped). Heatmap experiments were performed with Multi Experiment Viewer (MeV) software. The scale denoted the relative expression level. Note: Stem-G, green stem; Stem-W, woody stem; Leaf-Y, young leaf; Leaf-FS, mature leaf; Leaf-S, senescencing leaf; Rachis-FS, rachis fruit set; Rachis-PFS, rachis post-fruit set; Rachis-V, rachis veraison; Rachis-MR, rachis mid-ripening; Rachis-R, rachis ripening; Bud-S, bud swell; Bud-B, bud burst; Bud-AB, bud after-burst; Bud-L, latent bud; Bud-W, winter bud; Tendril-Y, young tendril; Tendril-WD, well developed tendril; Tendril-FS, mature tendril; Inflorescence-Y, young inflorescence; Inflorescence-WD, well developed inflorescence; Flower-FB, flowering begins; Seed-V, seed veraison; Seed-MR, seed mid-ripening; Seed-FS, seed fruit set; Seed-PFS, seed post-fruit set; BerryPericarp-FS, berry pericarp fruit set; BerryPericarp-PFS, berry pericarp post-fruit set; BerryPericarp-V, berry pericarp veraison; BerryPericarp-MR, berry pericarp mid-ripening; BerryPericarp-R, berry pericarp ripening; BerryFlesh-PFS, berry flesh post fruit set; BerryFlesh-V, berry flesh veraison; BerryFlesh-MR, berry flesh mid-ripening; BerryFlesh-R, berry flesh ripening; BerryFlesh-PHWI, berry flesh post-harvest withering I; BerryFlesh-PHWII, berry flesh post-harvest withering II; BerryFlesh-PHWIII, berry flesh post-harvest withering III; BerryPericarp-PHWI, berry pericarp post-harvest withering I; BerryPericarp-PHWII, berry pericarp post-harvest withering II; BerryPericarp-PHWIII, berry pericarp post-harvest withering III; BerrySkin-PFS, berry skin post-fruit set; BerrySkin-V, berry skin veraison; BerrySkin-MR, berry skin mid-ripening; BerrySkin-R, berry skin ripening; BerrySkin-PHWI, berry skin post-harvest withering I; BerrySkin-PHWII, berry skin post-harvest withering II; BerrySkin-PHWIII, berry skin post-harvest withering III

In particular, VvKUP2/9/10 were highly and constantly expressed in all tested tissues, and the highest expression level was observed in roots (VvKUP2) or flowers (VvKUP9 and VvKUP10). Moreover, genes from the same group may have similar expression pattern.

In details, 8 genes (VvKUP7/8/9/10/13/14/15/17) exhibited higher expression in reproductive organs, such as the rachis, pollen, stamen, carpel, petal, grape berry and seeds compared to other tissues, indicating that they may function in flower and berry development. However, VvKUP2/3/4/5/6 were expressed preferentially in the vegetative organs. Among them, VvKUP2/4/5/6 genes were expressed at relatively high levels in the roots, and VvKUP3 was highly expressed in the leaves. Mean-while, VvKUP1/11/16/18 genes showed relative higher expression in grape berry.

3.7 qRT-PCR Analysis of VvK and VvKUP Genes under Different Abiotic Stresses

In general, the relative expression level of the VvK and VvKUP genes under K+ deficiency, NaCl, and PEG treatment were checked within 24 h. Notably, all VvK genes showed little difference under K+ deficiency, with the exception of VvK7 that was up-regulated by 1.8-fold during the beginning 12 h but recovered to the normal level at 24 h (Fig. 6A). Compared with the control, the expression level of 7 genes (VvKUP1, 2, 4, 6, 8, 9 and 11) were up-regulated more than 3-fold under K+ deficiency.
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Figure 6: qRT-PCR analysis of VvK and VvKUP genes. (A) K+ deficiency. (B) PEG treatment. (C) NaCl treatment. Data represented the mean of three biological replicates. Error bars represented standard deviations from three independent technical replicates

The expression levels of VvK and VvKUP genes varied distinctly under NaCl and PEG treatment. In particular, 2 VvK genes (VvK8 and 9) and 8 VvKUP genes (VvKUP1, 2, 4, 6, 8, 9, 10 and 11) were up-regulated after a 12-h PEG treatment, and none of the genes were down-regulated (Fig. 6B). In total, 6 VvKUP genes (VvKUP1, 2, 3, 4, 10 and 12) were down-regulated under NaCl treatment, while none VvK gene was responsive to NaCl stress (Fig. 6C). The distinct expression patterns may reflect the differential response and regulatory mechanisms of the VvK and VvKUP genes under various abiotic stress conditions.

4  Discussion

K+ is an indispensable macronutrient for plant growth and development [1–3]. In particular, Shaker-like K+ channel and HAK/KUP/KT transporters contribute to root K+ acquisition, and the features and functions of Shaker-like K+ channels or HAK/KUP/KT transporters have been identified in different plant species, such as Arabidopsis, rice, wheat, peach, Saccharum, and pear. Notably, K+ is the most abundant cation within grape berry at all developmental stages [46]. However, comprehensive analysis of VvK and VvKUP genes in grape was still unclear. In this present study, we isolated 9 VvK and 18 VvKUP genes from grape and carried out detailed bioinformatic analysis.

Shaker-like K+ channel genes in grape underwent no tandem and segmental duplications, which was in accordance with homologs from 5 Rosaceae plants, including Chinese white pear, apple, peach, strawberry, chinese plum [17]. The members of Shaker-like K+ channel genes in peach and grape as well as in Arabidopsis doesn’t depend on the genome size of different species. Notably, the genome size of peach is 265 Mb and peach possesses only 6 Shaker-like K+ channel genes, grape had a larger genome size (490 Mb) and possesses 9 Shaker-like K+ channel genes. Although the genome size of Arabidopsis (∼125 Mb) is smaller than peach and grape, there are still 9 Shaker-like K+ channel genes in Arabidopsis. It was reported that a linear relationship between the size of the genome and number of genes in prokaryotes [47,48], but do not exist in eukaryotes. There are 5 more KUP genes in grape than in Arabidopsis, which might be caused by the expansion of VvKUP genes in grape genome.

Positive selection accumulates new advantageous mutations and spreads them throughout the population, while purify selection is the process by which deleterious mutations are removed [49]. In this study, the Ka/Ks ration in VvKUP genes was calculated to investigate which selection process drove the evolution of the VvKUP genes. The Ka/Ks ration values of all VvKUP genes were less than 1 (Table 2), suggesting that purify selection may play an important role during the evolution of VvKUP transporters.

The tissue/organ-specific expression patterns usually reflect their corresponding biological functions. The differential expression status of VvK and VvKUP genes among distinct tissues or organs may be associated with specific physiological processes in grape. According to the in silico GEO assessments, 2 VvK (VvK1 and 4) and 4 VvKUP (VvKUP2, 4, 5 and 6) genes were expressed highly in roots, implying that these genes might be involved in root development (Fig. 5). While 4 VvK (VvK2, 6, 7 and 9) and 8 VvKUP (VvKUP7, 8, 9, 10, 13, 14, 15 and 17) genes highly expressed in pollen, stamen, carpel, petal and flowers, indicates that these genes may function in flower development. A great majority of VvK and VvKUP genes were accumulated in different tissues, indicating that functional divergence had been occurred during grape development. Favorably, these findings was in line with previous studies of K+ channels and transports in grape, like VvK1.1 and VvK1.2 [13], VvK2.1 [50], VvK3.1 [34], VvK5.1 [35], VvKUP1 and VvKUP2 [32].

In terms of the transcription level, many ion channel and transporter genes were significantly induced under nutrient depletion, like deficiencies in K+, nitrogen, phosphorus, or sulfur, and such a transcriptional induction may eventually enhance nutrient absorption from the external environment [51]. Transcriptional regulation of K+ transporter genes is one of the most important mechanisms for plant to cope with abiotic stresses. In this study, the expression of 7 VvKUP genes (VvKUP1, 2, 4, 6, 8, 9 and 11) was up-regulated by K+ deficiency (Fig. 6), which was in line with the previous reports, including AtHAK5 [52], AtKUP3 [3], OsHAK1 [53], OsHAK5 [54], HvHAK1 [23], LeHAK5 [55] and CaHAK1 [56] induced to some extent by K+ deficiency. In addition, expression of 8 VvKUP (VvKUP1, 2, 4, 6, 8, 9, 10 and 11) genes were induced by PEG treatment (Fig. 6B). These findings are similar to that of ApKUP3 in alligatorweed [29] and OsHAK1 in rice [57], and ApKUP3 or OsHAK1 overexpression transgenic seedlings exhibited higher tolerance to drought stress [29,57]. The growth medium composition can largely alter the root cell activity due to the changes in root cell membrane potentials [58]. In this study, 6 VvKUP genes (VvKUP1, 2, 3, 4, 10 and 12) were slightly down-regulated under NaCl treatment (Fig. 6C), suggesting that these genes might be involved in the maintaining of root cell membrane potentials.

In contrast to VvKUP genes, the expression of VvK genes were rarely regulated by K+ deficiency, NaCl or PEG treatments, which might be caused by our experiments that mainly focus on the early treatment-expression response stage. The treatment time lasted no more than 24 h, whereas the expression of VvK1.1 and VvK3.1 responded to PEG and NaCl stresses after being treated for 10 days [33,34]. Notably, few K+ channel genes are transcriptionally regulated by K+ deficiency [59]. Nonetheless, our findings were faithfully in accordance with previous propositions that K+ channels are regulated primarily at the posttranslational level, whereas the K+ transporters are regulated primarily at the transcriptional level [4].
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Table 1: Basic information of /vK and V'vKUP genes

Gene Accession No. Protein/’ Chr Chrstart  Chr end MW pl TM Aliphatic GRAVY Loc
name aa (KDa) index

WK1 VIT _04s50008g04510.t01 631 4 3875392 3885826 7253 6.76 6 97.99 —0.105  plas
WK2 VIT _04s50008g04990.t01 898 4 4478744 4485166  101.54 789 6 95.63 -0.2 Cyto/plas
VK3 VIT _10s0003g03270.t01 791 10 5452532 5456972  89.20 636 6 89.66 —0.136  plas
VK4 VIT 11s0016g04750.t01 872 11 4046107 4052225 9797 656 6 93.37 —0.123  plas
WK5 VIT 11s0016g05810.t01 836 11 5309080 5325863  95.19 633 6 95.07 —0.121  Plas/E.R.
K6 VIT 1250034g02240.t01 839 12 18664082 18670677 95.77 8 6 97.27 —0.103  Mito/plas
WK7 VIT 14s50006g00100.t01 821 14 13205171 13235118 94.14 591 6 98.44 —0.067  chlo
VK8 VIT _1750000g01980.t01 731 17 1553776 1569563  83.02 654 6 100.18 —0.055  Chlo/vacu
K9 VIT 18s0089g01300.t01 730 8 29203043 29230849 8337 6.89 6 101.52 0.038 plas

VWwKUPI  VIT 01s0011g01510.t01 790
VWwKUP2  VIT 01s0011g03020.t01 815
VWwKUP3 ~ VIT _01s0011g06560.t01 685
VWwKUP4  VIT_01s50026g00260.t01 833

1

1 1316045 1325329 8826 7.58 11 107.04 0.342 plas

1 2699631 2703068  90.73  8.82 11 106.74 0.231 plas

1 6391950 6397614 7643 836 11 112.39 0.443 plas

1 8922597 8933521 9229 585 11 102.62 0.331 plas
VWKUPS5 ~ VIT_01s0026g00270.t01 778 1 8939976 8950205 86.74 7.59 12 107.08 0.297 Plas/cyto
VWKUP6  VIT_02s50025g00680.t01 799 2 727475 734334 89.97 953 11 107.58 0.325 plas
VWwKUP7 ~ VIT_06s0004g06890.t01 653 6 7615724 7620455 72772 7.54 10  108.62 0.5 Plas/vacu
VWwKUP8  VIT _07s0104g01660.t01 770 7 2664033 2668904  86.58 6.71 11 105.61 0.195 plas
VWwKUP9  VIT _07s0104g01710.t01 773 7 2716304 2720661 8694 843 11 107.21 0.231 Plas/E.R.
VWwKUP10 VIT _07s0104g01720.t01 773 7 2721251 2725821  86.87 873 12 10745 0.241 plas
VKUPII  VIT_0750104g01730.t01 773 7 2729557 2734387 8690 794 12 105.96 0.215 plas

VWKUP12 VIT 12s50142g00170.t01 606 12 145476 192168 6799 89 10 108.38 0.461 Chlo
VWwKUP13  VIT_13s50067g02570.t01 793 13 1390473 1397795 8858  6.72 11 108.74 0.353 plas
VWwKUP14 VIT_14s0066g01580.t01 783 14 27951972 27957364 88.07 832 11 110.37 0.309 plas
VWKUP15 VIT 14s0068g00850.t01 741 14 24616889 24623539 8212 8.68 11 108.5 0.424 plas
VWwKUP16 VIT _17s0000g01930.t01 780 17 1502956 1509601 87.50 8.84 11 104.46 0.358 plas
VWwKUP17 VIT 19s50027g01820.t01 679 19 22109424 22113051 7540 8.74 10 115.67 0.565 plas
VWwKUP18 VIT _00s0125g00190.t01 746 Un 1675465 1682908 8290 8.71 11 110.87 0.483 plas

Notes: amino acid residues (aa), chromosome (Chr), molecular weight (MW), theoretical isoelectric point (pI), transmembrane (TM), grand average of
hydropathicity (GRAVY), subcellular location (Loc). Plas (Plasma membrane), Cyto (Cytoplasm), E.R. (Endoplasmic reticulum), Mito
(Mitochondrial), Chlo (Chloroplast), Vacu (Vaculole).
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Table 2: Estimated divergence time between VvKUP genes

Seq. 1 Seq. 2 Identity (%) Ka Ks Ka/Ks Time (MYA)
VWKUPS8 VvKUP9 94 .91 0.0610 0.1613 0.3781 5.3778
VWKUPS8 VwKUPI0 97.61 0.0446 0.0942 0.4739 3.1391
VWKUPS8 VwKUPI1 94.76 0.0374 0.1361 0.2745 4.5377
VwKUPI0 VvKUP9 93.28 0.0486 0.1415 0.3434 47164
VwKUPI1 VvKUP9 95.05 0.0286 0.1251 0.2283 4.1696
VwKUPI1 VwKUPI0 93.54 0.0443 0.1469 0.3016 4.8957

Note: Ks: Synonymous substitution rate; Ka: nonsynonymous substitution rate; MYA: million year ago.
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