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Abstract 

 

Grapevine (Vitis vinifera L.) is sensitive to salinity. Cation/proton antiporter genes function in regulating ions and pH homeostasis in 

organisms, enhance salt resistance/tolerance of plants through the vacuolar compartmentalization of Na+, Na+ efflux from the cell, 

and affecting K+ concentrations. Two previous general bioinformatics studies on CPA gene families, including that of grapevine, 

showed different numbers of grapevine CPA genes because of using different genome assemblies. In this report, we employed 

comprehensive bioinformatics and annotation analysis and carefully re-evaluated the previous studies characterizing the CPA 

proteins. We resolved the discordance of CPA family genes in grapevine, and revealed that duplications contribute contributing to 

expansion of CPA family genes in grapevine. Furthermore, we identified motifs between grapevine and Arabidopsis and found some 

motifs are subgroup subgroup-specific motifs. In addition, we investigated the gene structure among the CPA1 subfamily genes in six 

species. In our analysis 29 CPA genes were identified in the grapevine reference genome. This detailed information on the CPA 

superfamily in the physiological responses to salinity and osmotic stress and for potential development of salt resistant cultivars. 

 

Keywords: CPA gene super-family, grapevine, cation/proton antiporter 1, NhaP, NHX. 

Abbreviations: CPA, Cation/proton antiporter; NHX, Na+/H+ exchanger; Nhap, Na+/H+ antiporter; KEA, K+-efflux antiporter; CHX, 

cation/H+ exchanger; 

 

Introduction 

 

Grapevine (Vitis vinifera L.) is one of the most important 

economic crops worldwide. In 2010 it is grown on 

approximately 7.1 million hectares (Bouby et al., 2013). The 

cultivated grapevine cultivars have been shown to adapt to 

semiarid environments and are considered moderately 

tolerant to salinity (Gil et al., 2013; Hawker and Walker, 

1978; Shani et al., 1993; Walker et al., 2002). Because of 

climate changes and mismanagement of irrigation with 

ground water, salinity is becoming an increasingly significant 

issue in global viticulture (Cramer et al., 2011). The studies 

of grapevine salt tolerance have traditionally focused on 

selections of salt-tolerant rootstocks, physiological 

comparison of salt tolerance in different grapevine cultivars 

(Antcliff et al., 1983; Oki and Lieth, 2004) and development 

of a high throughput assay (Hopper et al., 2014), but no have 

characterized the cation/proton antiporter (CPA) super-family 

and their roles in salt tolerance in grapevine. The CPA 

proteins primarily transport monovalent cations across 

membranes in maintaining a low Na+ concentration in the 

cytoplasm by reducing Na+ influx, Na+ efflux, and Na+ 

compartmentation (Bassil and Blumwald, 2014; Niu et al., 

1995; Tester and Davenport, 2003), therefore, CPA functions 

primarily as couplers of the efflux of diverse monovalent 

cations with movement of protons (Brett et al., 2005; Davies, 

1986; Fujisawa et al., 2007). 

The CPA protein family has been divided into two major 

subfamilies, CPA1 (2.A.36) and CPA2 (2.A.37) 

(http://plantst.genomics.purdue.edu/classification.shtml) 

(Saier, 2000) based on their phylogenetic relationships (Brett 

et al., 2005; Chanroj et al., 2012; Maser et al., 2001; Ye et al., 

2013). The CPA1 can be further classified into the NhaP and 

NHX subfamilies, and is involved in salt exclusion at the 

plasma membrane of root cells and/or salt compartment- 

alization at the tonoplast of the leaf cell vacuoles (Apse et al., 

1999; Shi et al., 2003; Sze et al., 1999), therefore, effectively 

preventing accumulation of potentially toxic Na+ into the 

endosomal lumen (Blumwald and Poole, 1985; Gorham et 

al., 1985; Greenway and Munns, 1980; Zhang et al., 2012b). 

Based on the previous studies, the NhaP subfamily was often 

classified into the NHX gene family due to its similarity to 

the NHX family and a limited number of genes (Chanroj et 

al., 2012; Gorham et al., 1985; Maser et al., 2001). However, 

significant differences have been found between the NhaP 

and NHX subfamilies (Chanroj et al., 2012; Rodriguez-

Rosales et al., 2009). NhaPs are located in the plasma 

membrane and the protein sequences are remarkably long, 

with more than 600 residues, have a particularly long C-

terminal tail that specifically recognizes Na+; a typical 

member is Arabidopsis SOS1 (An et al., 2007; Katiyar-

Agarwal et al., 2006; Oh et al., 2010; Qi and Spalding, 2004; 

Qiu et al., 2003; Qiu et al., 2002; Quintero et al., 2011; Shi et 
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al., 2002). However, there is controversy about the 

Arabidopsis SOS1, some studies suggested AtSOS1 belonged 

to the NHX-type transporters, and was named AtNHX7 (Fu et 

al., 2012; Zhang et al., 2012b). The NHX family; however, is 

a Na+/H+ exchanger family that can be divided into two 

categories, the PM (plasma membrane) group and the IC 

(intracellular) group (Rodriguez-Rosales et al., 2009). The 

first NHX gene was discovered in Arabidopsis and named 

AtNHX1, which plays an important role in tolerance to salt 

and drought (Gaxiola et al., 1999). Since then, more NHX 

members have been identified in Oryza sativa (Fukuda et al., 

2004), Populus euphratica (Ye et al., 2009), Solanum 

lycopersicum (Galvez et al., 2012), Zea mays (Zorb et al., 

2005), Glycine max (Chen et al., 2014), Dendranthema 

morifolium (Zhang et al., 2012a) and Ipomoea nil (Ohnishi et 

al., 2005). Most NHX family proteins have 10-12 

transmembrane structures, about 550 amino acid residues, 

and a putative amiloride-binding domain (FF(I/L)(Y/F) 

LFLLPP) in the third transmembrane region (Darley et al., 

2000; Hanana et al., 2007; Putney et al., 2002; Reguera et al., 

2014; Yamaguchi et al., 2003). But, not all of the members 

have these characteristics, for example, AtNHX5 only has 9 

transmembrane structures and in maize, GRMZM2G013627_ 

P02 only has 383 AA residues (Chanroj et al., 2012; Reguera 

et al., 2014). Plant NHX-type genes have been showed to be 

involved in many cellular process, including transport of the 

K+ and Na+ ions into vacuoles (Pardo et al., 2006, Zhang and 

Blumwald, 2001), and maintain the pH of during the fruit 

development of grapevine (Hanana et al., 2007).  To 

thoroughly understand how the CPA genes play roles in 

physiological process and salt tolerance in grapevine, one 

fundamental issue we need to resolve is how many CPA 

genes are there in the grapevine reference genome. Chanrog 

et al. (2012) included 27 grapevine CPA genes in their 

overall CPA evolutionary study, while Ye et al. (2013) 

enlisted 31 grapevine CPA gens in their networking study. 

This difference is at least partially caused by using the 

different standards in naming and classifying the CPA genes. 

In this paper, we have employed several bioinformatics 

analysis tools and carefully re-evaluated the previous studies 

in characterizing the CPA proteins and gene annotation 

methods, and concluded that grapevine CPA1 gene family 

contained 29 CPA genes, therefore, resolving the 

disagreement in earlier studies. This detailed information on 

the CPA superfamily in grapevine lays the foundation for 

further characterization of these grapevine CPA genes for 

their roles in the physiological processes. 

 

Results and Discussion  

 

Resolving the discordance of CPA super family genes in 

grapevine 

 

Grapevine genome contains 29 CPA genes (Table 1), which 

is different from previous studies (Chanroj et al., 2012; Ye et 

al., 2013). The detail of the difference between the studies 

and our result are showed in Table 2. We identified 4 more 

CPA genes than Salil's study (Chanroj et al., 2012). The 

additional genes (VIT_02s0025g00800.t01, VIT_15s0024g 

00280.t01, VIT_15s0024g00260.t01 and VIT_02s0025g 

00790.t01) were confirmed to be located on their respective 

chromosomes and contained the PF00999 domain. We 

excluded two genes (GSVIVT01024625001, GSVIVT0103026 

1001) from another study (Ye et al., 2013) because these two 

genes contained no PF00999 domain. To make sure the 

accuracy of our results we did a search of paralogs for each 

group of transporters using the Gramene lists for the Vitis V2 

annotation from Gramene (http://www.gramene.org), the 

result showed one more gene than our first result. It is 

VIT_15s0046g03380. However, when we checked it from 

PFAM, we found it did not contain any domain, so it was not 

included in our result. The locations of VviCPA genes were 

given a representation based on the grapevine genome 

annotation (12× V1 assembly), which was verified with 

RNA-seq data, at CRIBI (Fig. 1). Twenty-six out of 29 

VviCPA genes were mapped to 14 out of 19 chromosomes 

(Chr). The distribution of VviCPA genes was uneven across 

all of the chromosomes. Five (19.23%) VviCPA genes were 

located in Chr 2; four (15.38%) VviCPA genes were located 

in Chr 6; three VviCPA genes were located in Chr 15; Chr 5, 

8 and 14 had two VviCPA genes, respectively; Chr 1, 4, 7, 10, 

11, 13, 16 and 19 each had one VviCPA gene. But no genes 

were located in Chr 3, 9, 12, 17 and 18. More genes (18, 

69.23%) were located in the end positions of chromosomes 

than in the middle. As previously reported (Rockman et al., 

2010), this can be inferred that the VviCPA family might 

have experienced more variations during the grapevine 

evolution. Moreover, we further identified the duplication 

events based on the chromosome locations of 29 grapevine 

CPA genes. Genes which have physical locations within a 

100-kb adjacent region in individual chromosomes were 

identified as tandem duplication, mainly contributing to the 

expansion of CPA2 subfamily, with 11 genes in four tandem 

clusters within a 100-kb genomics region on chromosome 2, 

6, 8 and 15, respectively (Fig. 1). However, the previous 

study (Ye et al., 2013) had the 12 CPA genes in tandem 

duplication blocks, including the GSVIVT01024625001. In an 

effort to gain further insight into the evolutionary history of 

grapevine CPA genes, we analyzed the comparative synteny 

map between grapevine and Arabidopsis genomes. Because 

the functions of most Arabidopsis CPA genes have been well 

studied, we may infer the functions of grape CPAs based on 

their Arabidopsis orthologues. Nineteen CPA orthologous 

pairs were identified between grapevine and Arabidopsis 

genomes (Fig. 2, Table 3), suggests that they might have 

already existed before the split of grapevine and Arabidopsis. 

The existence of one triplet (VIT_14s0030g00710/ 

VIT_07s0104g01280/ VIT_05s0020g01960) in a syntenic 

block supports the fusion hypothesis of the grapevine 

genome (Jaillon et al., 2007; Malacarne et al., 2012). 

 

Classifications and Characteristics of VviCPA1 family 

 

We constructed the phylogenetic tree by including five 

additional species in the tree of plant life to obtain better 

perspective of the grapevine CPA gene classification. This 

phylogenetic tree was built on the 173 non-redundant genes 

encoding putative CPA proteins from six species (Fig. 3, 

Table 4). All CPA genes could be divided into five groups, 

group-I to V. The detailed characteristics of 29 members of 

the grape CPA were also showed in Table 1. The gene 

structures, conserved domains and transmembrane structures 

are shown in Fig 4. Notably, three (VIT_02s0025g0800.t01, 

VIT_15s0024g00260.t01 and VIT_02s0025g00790.t01.) had 

less than 127 AA in the conserved domain, indicating that the 

Na+/H+ exchanger domain of the three genes was less than 

1/3 HMM. The VIT_00s0282g00020.t01 did not contain any 

transmembrane structure, although the conserved domain 

(Na+/H+ exchanger domain) had 384 amino acids residues. 

So it might be inferred that these genes could not perform the 

complete functionality of Na+/H+ exchanger domain, 

consequently, the function of transmembrane protein.  
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              Table 1. CPA genes in grapevine. 

Gene ID         Chr                           Locus 
Protein 

length 

HMM 

length 

Number 

of TM 

Number 

of exon 

   Start End     

VIT_16s0022g02060 chr16 14445300 14477431 577 369 11 20 

VIT_11s0016g02400 chr11 1922308 1942840 522 369 10 20 

VIT_02s0025g00780 chr2 798760 802286 796 184 12 3 

VIT_05s0020g01150 chr5 2902893 2906110 802 387 10 3 

VIT_02s0025g00820 chr2 814778 818141 787 385 10 3 

VIT_04s0044g01470 chr4 22994818 22997726 837 384 12 3 

VIT_08s0007g00030 chr8 14416489 14420425 844 396 11 5 

VIT_02s0025g00810 chr2 809315 812187 786 384 12 4 

VIT_00s0282g00020 chrUn 21024160 21038613 563 384 0 14 

VIT_08s0007g00020 chr8 14398881 14405247 826 389 10 4 

VIT_15s0046g03390 chr15 19994041 20009585 612 370 11 19 

VIT_01s0011g06550 chr1 6328905 6391280 1141 413 12 23 

VIT_14s0128g00020 chr14 2600669 2606953 541 412 10 14 

VIT_06s0004g07480 chr6 8277395 8280258 784 380 10 3 

VIT_05s0020g01960 chr5 3677507 3683743 541 411 10 15 

VIT_19s0090g01480 chr19 7519251 7525059 521 415 11 14 

VIT_14s0030g00710 chr14 4886251 4918304 539 415 9 13 

VIT_10s0003g03030 chr10 5163355 5167643 913 378 12 4 

VIT_06s0004g07400 chr6 8163557 8166092 783 384 10 3 

VIT_06s0009g00990 chr6 12257673 12260421 781 386 10 4 

VIT_00s0577g00030 chrUn 32187188 32190763 767 387 9 5 

VIT_06s0004g07470 chr6 8264471 8267029 780 357 12 2 

VIT_15s0024g00280 chr15 371594 385067 315 184 6 13 

VIT_07s0104g01280 chr7 2309198 2315931 499 211 11 14 

VIT_02s0025g00800 chr2 807303 808096 193 109 4 2 

VIT_13s0064g00620 chr13 22356493 22359290 714 333 9 4 

VIT_00s0577g00040 chrUn 32193775 32195904 537 163 5 3 

VIT_15s0024g00260 chr15 357749 363233 242 75 5 9 

VIT_02s0025g00790 chr2 805563 806989 196 97 3 3 

 

 
 

Fig 1. The chromosome locations of 26 VvCPAs on 14 chromosomes. The red cycle means tandem duplications, and the violet circle 

means triplet in a syntenic block. 
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Table 2. The comparison of VviCPA genes between previous studies and this study. 

This  paper 

Conserved and diversified gene 

families of monovalent cation/H+ 

antiporters from algae to flowering 

plants 

Comparative analysis of cation /proton 

antiporter superfamily in plants 

Database: CRIBI  Datebase: Phytozome 

Gene ID Locus Gene ID Locus Gene ID Locus 

VIT_16s0022g02060 
chr16:14,444,948..

14,477,536 

GSVIVT0101

8483001 

chr16:14,444,939..

14,477,574 

GSVIVT0101

8483001 

chr16:14,444,939..14,

477,574 

VIT_11s0016g02400 
chr11:1,922,155..1

,943,295 

GSVIVT0101

5222001 

chr11:1,922,070..1

,943,368 

GSVIVT0101

5222001 

chr11:1,922,070..1,94

3,368 

VIT_02s0025g00800 
chr2:806,990..808,

096 
------ ------ 

GSVIVT0101

9457001 

chr2:807,009..808,09

6 

VIT_00s0282g00020 
chrUn:21,024,160.

.21,038,616 

GSVIVT0100

5667001 

chrUn:21,024,004.

.21,038,616 

GSVIVT0100

5667001 

chrUn:21,024,004..21

,038,616 

VIT_15s0046g03390 
chr15:19,993,956..

20,009,801 

GSVIVT0102

6846001 

chr15:19,993,952..

20,009,808 

GSVIVT0102

6846001 

chr15:19,993,952..20,

009,808 

VIT_15s0024g00280 
chr15:371594..385

070 
------ ------ 

GSVIVT0101

9361001 

chr15:370,963..405,6

61 

VIT_07s0104g01280 
chr7:2309018..231

5931 

GSVIVT0101

1001001 

chr7:2,308,849..2,

316,652 

GSVIVT0101

1001001 

chr7:2,308,849..2,316

,652 

VIT_05s0020g01960 
chr5:3677002..368

4070 

GSVIVT0101

7814001 

chr5:3,676,950..3,

684,048 

GSVIVT0101

7814001 

chr5:3,676,950..3,684

,048 

VIT_14s0030g00710 
chr14:4886251. 

.4918649 

GSVIVT0102

1972001 

chr14:4,884,368..4

,918,654 

GSVIVT0102

1972001 

chr14:4,884,368..4,91

8,654 

VIT_14s0128g00020 
chr14:2600592. 

.2606971 

GSVIVT0100

0002001 

chr14:2,600,404..2

,607,034 

GSVIVT0100

0002001 

chr14:2,600,404..2,60

7,034 

VIT_19s0090g01480 
chr19:7518928. 

.7525059 

GSVIVT0103

7753001 

chr19:7,518,931..7

,525,059 

GSVIVT0103

7753001 

chr19:7,518,931..7,52

5,059 

VIT_01s0011g06550 
chr1:6328691- 

6391634 

GSVIVT0101

1573001 

chr1:6,328,679..6,

391,646 

GSVIVT0101

1573001 

chr1:6,328,679..6,391

,646 

VIT_15s0024g00260 
chr15:357595..363

236 
------ ------ 

GSVIVT0101

9363001 

chr15:357,536..363,2

68 

VIT_00s0577g00040 
chrUn:32,193,772.

.32,195,904 

GSVIVT0100

7481001 

chrUn:32,187,185.

.32,190,760 

GSVIVT0100

7481001 

chrUn:32,187,185..32

,190,760 

VIT_00s0577g00030 
chrUn:32,187,185.

.32,190,763 

GSVIVT0100

7482001 

chrUn:32,193,772.

.32,195,904 

GSVIVT0100

7482001 

chrUn:32,193,772..32

,195,904 

VIT_13s0064g00620 
chr13:22,356,493..

22,359,293 

GSVIVT0103

2132001 

chr13:22,355,860..

22,359,293 

GSVIVT0103

2132001 

chr13:22,355,860..22,

359,293 

VIT_06s0009g00990 
chr6:12,257,670..1

2,260,421 

GSVIVT0103

7524001 

chr6:12,257,670..1

2,260,421 

GSVIVT0103

7524001 

chr6:12,257,670..12,2

60,421 

VIT_02s0025g00780 
chr2:798, 176.. 

802,286 

GSVIVT0101

9454001 

chr2:798,757..804,

686 

GSVIVT0101

9454001 

chr2:798,757..804,68

6 

VIT_02s0025g00820 
chr2:814,661..818,

141 

GSVIVT0101

9459001 

chr2:814,055..819,

061 

GSVIVT0101

9459001 

chr2:814,055..819,06

1 

VIT_02s0025g00810 
chr2:809,083..813,

431 

GSVIVT0101

9458001 

chr2:809,083..813,

431 

GSVIVT0101

9458001 

chr2:809,083..813,43

1 

VIT_02s0025g00790 
chr2:805,237..806,

989 
------ ------ 

GSVIVT0101

9456001 

chr2:805,239..806,98

9 

VIT_05s0020g01150 
chr5:2,902,757..2,

906,283 

GSVIVT0101

7721001 

chr5:2,902,757..2,

906,309 

GSVIVT0101

7721001 

chr5:2,902,757..2,906

,309 

VIT_08s0007g00030 
chr8:14,416,470..1

4,420,425 

GSVIVT0103

4209001 

chr8:14,416,399..1

4,420,572 

GSVIVT0103

4209001 

chr8:14,416,399..14,4

20,572 

VIT_08s0007g00020 
chr8:14,398,754..1

4,405,247 

GSVIVT0103

4211001 

chr8:14,398,774..1

4,405,247 

GSVIVT0103

4211001 

chr8:14,398,774..14,4

05,247 

VIT_04s0044g01470 
chr4:22,994,815..2

2,997,726 

GSVIVT0102

6473001 

chr4:22,994,815..2

2,997,726 

GSVIVT0102

6473001 

chr4:22,994,815..22,9

97,726 

------ ------ ------ ------ 
GSVIVT0103

0261001 

chr8:9,772,720..9,780

,613 

------ ------ ------ ------ 
GSVIVT0102

4625001 

chr6:8,281,283..8,286

,829 
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Fig 2.  Synteny related to CPAs in grapevine and Arabidopsis. The green lines mean orthologous pairs. 

 

Whether these genes have full or partial functions requires 

additional functional characterizations.  

The Group-I was the CPA1 gene family and they were used 

to make a comparative study on the structure (Fig. 5). Since 

the CAP1 genes of the CPA superfamily have been widely 

studied in Arabidopsis and other species, we have further 

analyzed the CPA1 genes in grapevine, which consists of 

seven genes (Fig. 3). Among the seven VviCPA1 genes, 

VIT_01s0011g06550 was a member of NhaP subfamily, and 

VIT_15s0024g00280, VIT_07s0104g01280, VIT_05s0020g01960, 

VIT_14s0128g00020,VIT_14s0030g00710 and IT_19s0090g 

01480  belong to the NHX subfamily. 

The Group-I can also be further divided into class-I and 

class-II (Bassil et al., 2011; Brett et al., 2005; Yokoi et al., 

2002).  All the 5 members of class-I (VIT_07s0104g01280, 

VIT_05s0020g01960, VIT_14s0128g00020, VIT_14s0030g 

00710, and VIT_19s0090g01480), contained an amiloride-

binding domain (FFI/LY/FLLPPI), and the position was 

conserved, at the 3rd TM domain. There is one class-II gene 

in grapevine (VIT_15s0024g00280), which didn’t contain a 

putative amiloride-binding domain (Table 5). Previous 

studies suggested that all NHE-like Na+/H+ transporters have 

an amiloride-binding domain (Harris and Fliegel, 1999; Yun 

et al., 1993)，but our study based on all CPA1 genes of the 

six species showed that the position of this domain was not 

conserved, and many NHXs genes don’t contain the 

amiloride-binding domain, including the VIT_15s0024g 

00280 (Table 5). Many studies focusing on the function of 

AtNHXs suggested that the class-1 and class-2 showed 

different locations, structures and different functions (Aharon 

et al., 2003; Yamaguchi et al., 2003). VIT_05s0020g01960, 

VIT_19s0090g01480 and VIT_14s0128g00020 were 

predicted to be localized in the vacuole membrane (Hanana et 

al., 2007) (http://genomes.cribi.unipd.it/grape/). This 

prediction may be accurate because Arabidopsis paralogs 

genes such as AtNHX1-4 (Apse et al., 1999; Wang et al., 

2007; Yokoi et al., 2002) are also localized in the vacuole

 

http://genomes.cribi.unipd.it/grape/


305 

 

             Table 3. Synteny related to CPA genes in grapevine and Arabidopsis. 

Duplicated gene Duplicated gene subfamily Ka Ks 

VIT_01s0011g06550 ATNHX7 NahP 0.24 1.25 

VIT_14s0128g00020 ATNHX2 NHX 0.30 3.80 

VIT_14s0128g00020 ATNHX4 NHX 0.35 -1.00 

VIT_14s0128g00020 ATNHX1 NHX 0.32 -1.00 

VIT_19s0090g01480 ATNHX3 NHX 0.19 1.79 

VIT_05s0020g01960 ATNHX4 NHX 0.20 2.33 

VIT_14s0030g00710 ATNHX2 NHX 0.15 1.89 

VIT_11s0016g02400 ATKEA4 KEA 0.08 1.35 

VIT_11s0016g02400 ATKEA6 KEA 0.11 1.77 

VIT_15s0046g03390 ATKEA1 KEA 0.06 1.06 

VIT_15s0046g03390 ATKEA2 KEA 0.05 1.03 

VIT_16s0022g02060 ATKEA5 KEA 0.12 1.17 

VIT_13s0064g00620 ATCHX28 CHX 0.45 2.86 

VIT_02s0025g00810 ATCHX16 CHX 0.41 -1.00 

VIT_02s0025g00810 ATCHX18 CHX 0.32 -1.00 

VIT_06s0004g07400 ATCHX25 CHX 0.50 -1.00 

VIT_06s0004g07400 ATCHX26 CHX 0.88 -1.00 

VIT_06s0004g07470 ATCHX14 CHX 0.69 -1.00 

VIT_08s0007g00020 ATCHX20 CHX 0.27 -1.00 

VIT_05s0020g01150 ATCHX19 CHX 0.20 -1.00 

 

 

 
Fig 3. The phylogenetic tree of CPAs in the genomes of six species. 

 

membrane; this suggests that the VIT_05s0020g01960 ，
VIT_19s0090g01480 and VIT_14s0128g00020 should be able 

to execute the function same as AtNHX1-4. Group-II genes 

were orthologous with Arabidopsis AtNHX7 (AtSOS1), in 

which no algae gene was found, suggesting that members of 

this group might have evolved with the emergence of 

terrestrial plants. They have more exons (19-23) than other 

members of the CPA1 subfamily. Furthermore, the gene and 

protein structures were relatively conserved, except AtNHX8. 

Each member contained at least two low complexity regions, 

one of which was in the C-terminal. However, 

Thhalv10006906m and AtNHX8 contained a cNMP domain 

in the left of the Na+/H+ exchanger domain (Fig. 5). Previous 

studies suggested although group-I and group-II belonged to 

one gene family, they have different paths in the molecular 

evolution in the stress tolerance process (Pardo et al., 2006; 

Pires et al., 2013; Shi et al., 2000). We found the two groups 

had different evolutionary rate, which is corresponding with 

the previous results (Table 3). The average Ka/Ks between 

group-I (~0.0875) and group-II genes (~ 0.192), suggested 

that the older genes (group-I) with larger Ks value, had a 

slower evolution process (Pardo et al., 2006). 
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             Table 4. The CPA in genomes of six species. 

Species Total genes Size of 

genome(Mb) 

Number of CPA Proportion of CPA 

(%) Arabidopsis thaliana 33602 135 42 0.125 

Thellungiella halophila 28457 243.1 48 0.168 

Vitis vinifera 26346 487 29 0.110 

Oryza sativa 49061 372 30 0.061 

Selaginella 

moellendorffii 

22285 212.5 14 0.063 

Ostreococcus 

lucimarinus 

7791 13.2 10 0.128 

 

 

 

 
Fig 4. Exon-intron structure, conserved domains and transmembrane structure of V. vinifera CPAs. (a) Exons and introns are 

indicated by blue block and thin line, respectively. (b) Domains and exons are indicated by boxes. Different domains are indicated by 

different color denoted at the right bottom corner. (c) Transmembrane structures of 29 CPA proteins are indicated by black blocks. 
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             Table 5. Amiloride binding domains in NHX genes. 

Gene Amiloride binding site Location 

Thhalv10003953m 88FFIYLLPPI96 3th TM 

Thhalv10003949m 88FFIYLLPPI96 3th TM 

ATNHX1 82FFIYLLPPI90 3th TM 

ATNHX2 84FFIYLLPPI92 3th TM 

Thhalv10020432m 88FFIYLLPPI96 3th TM 

VIT_07s0104g01280.t01 82FFIYLLPPI90 3th TM 

VIT_05s0020g01960.t01 85FFIYLLPPI93 3th TM 

LOC_Os07g47100.1 85FFIYLLPPI93 3th TM 

ATNHX4 86FFIYLLPPI94 3th TM 

Thhalv10020600m 86FFIYLLPPI94 3th TM 

LOC_Os11g42790.1 85FFIYLLPPI93 3th TM 

LOC_Os05g05590.1 85FFIYLLPPI93 3th TM 

VIT_14s0128g00020.t01 87FFIYLLPPI95 3th TM 

Smo|PACid:15415452 88FFIYLLPPI96 3th TM 

LOC_Os06g21360.1 87FFIYLLPPI95 3th TM 

VIT_19s0090g01480.t01 79FFIYLLPPI87 3th TM 

ATNHX3 82FFIYLLPPI90 3th TM 

Thhalv10015629m 82FFIYLLPPI90 3th TM 

Smo|PACid:15417561 NO --- 

Smo|PACid:15408431 NO --- 

Ol|PACid:27419227 NO --- 

Ol|PACid:27418058 NO --- 

Smo|PACid:15416402 NO --- 

Smo|PACid:15409799 87FFLFLLPPI96 3th TM 

LOC Os09g11450.1 NO --- 

LOC Os09g30446.1 NO --- 

VIT 15s0024g00280.t01 NO --- 

ATNHX6 89 FFLFLLPPI98 3th TM 

Thhalv10018385m 88 FFLFLLPPI97 

 

3th TM 

ATNHX5 88 FFLFLLPPI97 3th TM 

Thhalv10011511m NO --- 

Thhalv10011392m NO --- 

 

 

Group-III included five genes with relatively distant 

evolutionary relationships, including four green algae genes 

and one rice gene. The LOC_Os05g16750.1 contained only 

two exons, which was a special case in terrestrial plants, and 

which conserved domain only contained 44 amino acids and 

a transmembrane domain. So it is likely that these are 

nonfunctional pseudo genes. No CPA gene in grapevine 

belongs to this group. The members of group-IV and group-

V all belonged to the CPA2 subfamily. Based on the study of 

Arabidopsis, the CPA2 was divided into two categories, the 

K+-efflux antiporter (KEA) and cation/H+ exchanger (CHX) 

families. In this study, the group-IV is KEA, which included 

5 grapevine genes (Fig. 3), and the group-V contained 17 

grapevine genes (Fig. 3). The number of CPA gene increased 

with evolution from the lower plants to higher plants, which 

indicates that there was CPA gene expansion in the higher 

plant genomes. The two lower plants, O. lucimarinus and S. 

moellendorffii, had less CPA genes than other higher plant 

species. It is interesting that the CPA gene numbers of these 

two lower species are similar; the genome size of S. 

moellendorffii is over 16-fold of that of O. Lucimarinus, V. 

vinifera and O. sativa had similar gene numbers and genome 

sizes. In addition, T. halophila, a halophyte, had the largest 

number of CPA genes (48 CPA genes), whereas, A. thaliana 

had similar genes (42 CPA genes), which its genome was 

about half that of T. halophila’s. Furthermore, the 

percentages of CPA genes in the genomes (Table 4) indicated 

little relationship between the number of CPA genes and the 

genome sizes, as seen in many other gene families (Chanroj 

et al., 2012; Lijavetzky et al., 2003). This may suggest that 

these plants in different deep lineages use mechanisms other 

than the gene dosage of these genes for regulating ion 

concentrations. In addition, we investigate the motifs with e 

value b 1e−10 (Ye et al., 2013) in CPA1 genes of grapevine 

and Arabidopsis (there are 15 genes). The results showed 

(Table S1) that motif 8 was found in all CPA1 genes of grape 

and Arabidopsis. The location of motif 8 is group-specific, it 

was located at the 3th TM from C-term in group-I, and near 

the N-term in group-II.  In addition, some of the motifs were 

found to be group-specific, for example, two motifs were 

only found in genes of class-I, two motifs only in class-II and 

six motifs in Group-II, demonstrating the structure of 

proteins were very similar among the same group. The result 

might be suggested the evolution within group is very 

conservative. 

 

Promoter analysis of the grapevine CPA1 subfamily 

 

The 1000-bp promoter regions of VviCPA1 genes at the 5-

end of the cDNA was analyzed by using the PLACE 

promoter analysis program (Higo et al., 1999) 

(www.dna.affrc.go.jp/PLACE/). The elements that were 

presented in each VviCPA1 gene were shown in Table 6. 

Among the 12 elements, two were involved in abiotic stress 

MYCCONSENSUSAT was a recognition site of MYC, 

induced by cold and drought, and GT1GMSCAM4 was a  

http://www.dna.affrc.go.jp/PLACE/
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Fig 5.  Phylogenetic relationship, conserved domains and transmembrane structure of CPA1s in six species. (a) The tree was part of 

the Phylogenetic tree of CPAs, which include 46 CPA1 members. (b) Exons and introns are indicated by blue block and thin line, 

respectively. (c) Domains and exons are indicated by boxes. Different domains are indicated by different color denoted at the right 

bottom corner. (d) Transmembrane structures of 46 CPA1 proteins are indicated by black block. 

 

salt-responsive element, involved in pathogen- and salt-

induction (Park et al., 2004). The existence of the two 

elements can be used as evidence that VviCPA1s may 

respond to salt stress. 

 

Materials and Methods 

 

Data acquisition and nomenclature 

 

The CPA protein sequences of different organisms 

(Ostreococcus lucimarinus, Thellungiella halophila, 

Selaginella moellendorffii, Oryza sativa) were downloaded 

from Phytozome v9.1 (www.Phytozome.net), CPA protein 

sequences of Arabidopsis thaliana were downloaded from 

the TAIR10 Genome Release (www.arabidopsis.org), and the 

V. vinifera sequences were from Proteome (http:// 

genomes.cribi.unipd.it/) (12X genome coverage, release V1). 

The Hidden Markov Model (HMM) profile of CPA Na+/H+ 

exchanger domain (PF00999) was downloaded from Pfam 

(http://pfam.sanger.ac.uk/) and was then employed as a query 

to search against all proteins using the program HMMER3.0 

(Eddy, 1998) with confidence (E-value < 1.0). All output 

genes were manually checked, and the predicted genes, which 

did not have the Na+ /H+ exchanger domain, were rejected. 

http://www.phytozome.net/
http://www.arabidopsis.org/
http://pfam.sanger.ac.uk/
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   Table 6. The main cis-element analysis of VvCPA1 genes promoter sequences. 

Element name Numbers of each member contains 

VIT_14s01

28g00020 

VIT_07s01

04g01280 

VIT_05s00

20g01960 

VIT_14s00

30g00710 

VIT_15s00

24g00280 

VIT_19s00

90g01480 

VIT_01s00

11g06550 

ARR1AT 12 8 12 8 10 10 11 

CAATBOX1 3 14 9 6 18 12 13 

CACTFTPPCA1 25 14 16 14 20 19 10 

DOFCOREZM 14 24 13 15 22 22 19 

GATABOX 7 5 4 5 11 12 4 

GT1GMSCAM4 7 4 3 1 3 2 3 

MYCCONSENSUSAT 16 8 10 6 6 8 2 

POLASIG1 2 11 1 11 8 2 1 

POLASIG3 4 6 1 2 7 7 4 

POLLEN1LELAT52 11 16 4 12 4 9 6 

GTGANTG10 4 5 13 6 8 9 10 

EBOXBNNAPA 16 8 10 6 6 6 2 

 

In cases of multiple transcripts annotated for one gene locus, 

the longest one was chosen. Finally, the non-redundant genes 

were assigned as the CPA genes. Their nomenclature was 

based on that set forth by the International Grapevine 

Genome Program and implemented recently (Liu et al., 2014; 

Wang et al., 2014; Grimplet et al., 2014). 

All grapevine genes have named after the nomenclature 

recommended by the International Grapevine Genome 

Program based on the locations of the genes in the 

chromosomes (Grimplet et al., 2014). 

 

Phylogenetic analysis and classification of the CPA super-

family 

 

Multiple CPA sequences were aligned using ClustalX2 

program. A NJ (Neighbor-Joining) tree was constructed 

according to the alignments with p-distance and 1,000 

bootstrap repeats by using ClustalW (http://align.genome,jp/ 

clustalw/). All identified CPA genes were classified into 

different groups based on the AtCPA classification. 

 

Gene structures and conserved domains  

 

Gene structure information was collected from Phytozome 

database, the TAIR10 Genome Release, and the CRIBI 

database. The conserved domain data were analyzed using 

SMART (http://smart.embl-heidelberg.de) (Zhang et al., 

2012c) and Pfam. The exon/intron organization for the CPA1 

genes was illustrated by software fancyGENE 

(http://bio.ieo.eu/fancygene/) (Tang et al., 2008b). We use the 

MEME tool (http://meme.nbcr.net/meme/intro.html) to 

analysis the motif for the CPA1 genes of grape and 

Arabidopsis. MEME program was performed with motif 

length set as 10 to 200, maximum number of motifs 50. 

 

Mapping grapevine CPA genes on chromosomes  

 

Grapevine CPA genes were positioned onto grapevine 

chromosomes based on the V1 whole genome annotation 

from Grapevine genome CRIBI website 

(http://genomes.cribi.unipd.it/). The map was drafted with the 

MapInspect software (http://www.plantbreeding.wur.nl/uk/ 

software-mapinspect.html). Tandem duplications of CPA 

genes in the grapevine genome were identified by checking 

their physical locations within a 100-kb adjacent region in 

individual chromosomes (Yang et al., 2008). The information 

for synteny blocks within the grapevine genome and between 

grapevine and Arabidopsis genomes were obtained from 

Plant Genome Duplication Database (http://chibba.agtec. 

uga.edu/) (Tang et al., 2008a). 

Conclusion 

 

In this research, we identified 29 genes in the CPA super-

family in the grapevine reference genome and classified them 

into two groups and five subgroups. The number of CPA 

genes in this study differed from previous studies partially 

because we used the more updated grapevine V1 database in 

a community-designated website, rather than an older version 

(www.Phytozome.net) used in the previous studies. In 

addition, we used the V1 annotation from Grapevine genome 

CRIBI website (http://genomes.cribi.unipd.it/), which has 

been regularly updated. The protein domain structures we 

used for CPA classifications are more consistent with 

previously reported studies of functional characterizations on 

CPA genes. Over 50% (15, 57.72%) of VvCPAs were found 

to be associated with duplication events, inferred that the 

gene duplication plays an important role in evolutionary 

history of grapevine CPAs. This comprehensive information 

of the grapevine CPA gene family lays a foundation for 

further functional characterization of this gene family in 

grapevine salt tolerance. 

 

Acknowledgment 

 

This project was funded by the Priority Academic Program 

Development of Modern Horticultural Science in Jiangsu 

Province and Chinese Ministry of Agriculture 948 project. 

 

Reference 

 
Aharon GS, Apse MP, Duan SL, Hua XJ, Blumwald E (2003) 

Characterization of a family of vacuolar Na
+
/H

+
 antiporters in 

Arabidopsis thaliana. Plant Soil. 253(1):245-256.  

An R, Chen QJ, Chai MF, Lu PL, Su Z, Qin ZX, Chen J, Wang 

XC (2007) AtNHX8, a member of the monovalent cation: 

proton antiporter-1 family in Arabidopsis thaliana, encodes a 

putative Li
+
/H

+
 antiporter. Plant J. 49(4):718-728.  

Antcliff AJ, H.P. N, H.C. B (1983) Variation in chloride 

accumulation in some American species of grapevine.  Vitis. 

22:357-362.  

Apse MP, Aharon GS, Snedden WA, Blumwald E (1999) Salt 

tolerance conferred by overexpression of a vacuolar Na
+
/H

+
 

antiport in Arabidopsis. Science. 285(5431):1256-1258.  

Bassil E, Blumwald E (2014) The ins and outs of intracellular 

ion homeostasis: NHX-type cation/H
+
 transporters. Curr Opin 

Plant Biol. 22:1-6.  

Bassil E, Ohto MA, Esumi T, Tajima H, Zhu Z, Cagnac O, 

Belmonte M, Peleg Z, Yamaguchi T, Blumwald E (2011) The 

Arabidopsis intracellular Na+/H+ antiporters NHX5 and 

NHX6 are endosome associated and necessary for plant growth 

and development. Plant Cell. 23(1):224-239.  

http://align.genome,jp/clustalw/
http://align.genome,jp/clustalw/
http://smart.embl-heidelberg.de/
http://bio.ieo.eu/fancygene/
http://meme.nbcr.net/meme/intro.html
http://genomes.cribi.unipd.it/
http://www.plantbreeding.wur.nl/uk/%20software-mapinspect.html
http://www.plantbreeding.wur.nl/uk/%20software-mapinspect.html
http://www.phytozome.net/
http://genomes.cribi.unipd.it/


310 

 

Blumwald E, Poole RJ (1985) Na
+
/H

+ a
ntiport in isolated 

tonoplast vesicles from storage tissue of Beta vulgaris. Plant 

Physiol. 78(1):163-167.  

Bouby L, Figueiral I, Bouchette A, Rovira N, Ivorra S, Lacombe 

T, Pastor T, Picq S, Marinval P, Terral JF (2013) 

Bioarchaeological insights into the process of domestication of 

grapevine (Vitis vinifera L.) during Roman Times in Southern 

France. PloS ONE. 8(5):e63195. 

Brett CL, Donowitz M, Rao R (2005) Evolutionary origins of 

eukaryotic sodium/proton exchangers. Am J Physiol Cell 

Physiol. 288(2):C223-239.  

Chanroj S, Wang G, Venema K, Zhang MW, Delwiche CF, Sze 

H (2012) Conserved and diversified gene families of 

monovalent cation/H
+
 antiporters from algae to flowering 

plants. Front Plant Sci. 3:25.  

Chen GH, Yan W, Yang LF, Gai JY, Zhu YL (2014) 

Overexpression of StNHX1, a novel vacuolar Na
+
/H

+
 

antiporter gene from Solanum torvum, enhances salt tolerance 

in transgenic vegetable soybean. Hortic Env Bio. 55(3):213-

221.  

Cramer GR, Urano K, Delrot S, Pezzotti M, Shinozaki K (2011) 

Effects of abiotic stress on plants: a systems biology 

perspective. BMC Plant Biol. 11:163. 

Darley CP, van Wuytswinkel OC, van der Woude K, Mager WH, 

de Boer AH (2000) Arabidopsis thaliana and Saccharomyces 

cerevisiae NHX1 genes encode amiloride sensitive 

electroneutral Na
+
/H

+
 exchangers. Biochem J. 351 (Pt 1):241-

249.  

Davies DD (1986) The fine control of cytosolic pH. Physiol 

Plantarum. 67(4):702-706. 

Eddy SR (1998) Profile hidden Markov models. Bioinformatics. 

14(9):755-763.  

Fu YS, Wang Q, Ma JX, Yang XH, Wu ML, Zhang KL, Kong 

QY, Chen XY, Sun Y, Chen NN, Shu XH, Li H, Liu J (2012) 

CRABP-II methylation: a critical determinant of retinoic acid 

resistance of medulloblastoma cells. Mol Oncol. 6(1):48-61.  

Fujisawa M, Ito M, Krulwich TA (2007) Three two-component 

transporters with channel-like properties have monovalent 

cation/proton antiport activity. Pro Natl Acad Sci USA. 

104(33):13289-13294.  

Fukuda A, Nakamura A, Tagiri A, Tanaka H, Miyao A, 

Hirochika H, Tanaka Y (2004) Function, intracellular 

localization and the importance in salt tolerance of a vacuolar 

Na
+
/H

+ 
antiporter from rice. Plant Cell Physiol. 45(2):146-159.  

Galvez FJ, Baghour M, Hao G, Cagnac O, Rodriguez-Rosales 

MP, Venema K (2012) Expression of LeNHX isoforms in 

response to salt stress in salt sensitive and salt tolerant tomato 

species. Plant Physiol Biochem. 51:109-115.  

Gaxiola RA, Rao R, Sherman A, Grisafi P, Alper SL, Fink GR 

(1999) The Arabidopsis thaliana proton transporters, AtNhx1 

and Avp1, can function in cation detoxification in yeast. Proc 

Natl Acad Sci USA. 96(4):1480-1485. 

Gil M, Esteruelas M, Gonzalez E, Kontoudakis N, Jimenez J, 

Fort F, Canals JM, Hermosin-Gutierrez I, Zamora F (2013) 

Effect of two different treatments for reducing grape yield in 

Vitis vinifera cv Syrah on wine composition and quality: Berry 

Thinning versus Cluster Thinning. J Agr Food Chem. 

61(20):4968-4978. 

Gorham J, Jones RGW, Mcdonnell E (1985) Some mechanisms 

of salt tolerance in crop plants. Plant Soil. 89(1-3):15-40.  

Greenway H, Munns R (1980) Mechanisms of salt tolerance in 

nonhalophytes. Annu Rev Plant Physiol. 31(1):149-190.  

Grimplet J, Adam-Blondon A-F, Bert P-F, Bitz O, Cantu D, 

Davies C, Delrot S,  Pezzotti M, Rombauts S, Cramer GR 

(2014) The grapevine gene nomenclature system. BMC 

Genomics. 15:1077. 

Hanana M, Cagnac O, Yamaguchi T, Hamdi S, Ghorbel A, 

Blumwald E (2007) A grape berry (Vitis vinifera L.) 

cation/proton antiporter is associated with berry ripening. Plant 

Cell Physiol. 48(6):804-811. 

Harris C, Fliegel L (1999) Amiloride and the Na
+
/H

+
 exchanger 

protein: mechanism and significance of inhibition of the 

Na
+
/H

+
 exchanger (review). In J Mol Med. 3(3):315-336.  

Hawker JS, Walker RR (1978) The effect of sodium chloride on 

the growth and fruiting of Cabernet Sauvignon Vines. Amer J 

Enol Viticult. 29(3):172-176.  

Higo K, Ugawa Y, Iwamoto M, Korenaga T (1999) Plant cis-

acting regulatory DNA elements (PLACE) database: 1999. 

Nucleic Acids Res. 27(1):297-300.  

Hopper DW, Ghan R, Cramer GR (2014) A rapid dehydration 

leaf assay reveals stomatal response differences in grapevine 

genotypes. Hortic Res. 2:1-7. 

Jaillon O, Aury JM, Noel B, Policriti A, Clepet C, Casagrande A, 

Choisne N, Aubourg S, Vitulo N, Jubin C, Vezzi A, Legeai F, 

Hugueney P, Dasilva C, Horner D, Mica E, Jublot D, Poulain 

J, Bruyere C, Billault A, Segurens B, Gouyvenoux M, Ugarte 

E, Cattonaro F, Anthouard V, Vico V, Del Fabbro C, Alaux M, 

Di Gaspero G, Dumas V, Felice N, Paillard S, Juman I, 

Moroldo M, Scalabrin S, Canaguier A, Le Clainche I, 

Malacrida G, Durand E, Pesole G, Laucou V, Chatelet P, 

Merdinoglu D, Delledonne M, Pezzotti M, Lecharny A, 

Scarpelli C, Artiguenave F, Pe ME, Valle G, Morgante M, 

Caboche M, Adam-Blondon AF, Weissenbach J, Quetier F, 

Wincker P, Public F-I (2007) The grapevine genome sequence 

suggests ancestral hexaploidization in major angiosperm phyla. 

Nature. 449(7161):463-467.  

Katiyar-Agarwal S, Zhu J, Kim K, Agarwal M, Fu X, Huang A, 

Zhu JK (2006) The plasma membrane Na
+
/H

+
 antiporter SOS1 

interacts with RCD1 and functions in oxidative stress tolerance 

in Arabidopsis. Proc Natl Acad Sci U S A. 103(49):18816-21.  

Lijavetzky D, Carbonero P, Vicente-Carbajosa J (2003) 

Genome-wide comparative phylogenetic analysis of the rice 

and Arabidopsis Dof gene families. BMC Evol Biol. 3:17.  

Liu JY, Chen NN, Chen F, Cai B, Dal Santo S, Tornielli GB, 

Pezzotti M, Cheng ZMM (2014) Genome-wide analysis and 

expression profile of the bZIP transcription factor gene family 

in grapevine (Vitis vinifera). BMC Genomics. 15:281.  

Malacarne G, Perazzolli M, Cestaro A, Sterck L, Fontana P, de 

Peer YV, Viola R, Velasco R, Salamini F (2012) 

Deconstruction of the (Paleo)polyploid grapevine genome 

based on the analysis of transposition events involving NBS 

resistance genes. PloS ONE. 7(1):e29762. 

Maser P, Thomine S, Schroeder JI, Ward JM, Hirschi K, Sze H, 

Talke IN, Amtmann A, Maathuis FJ, Sanders D, Harper JF, 

Tchieu J, Gribskov M, Persans MW, Salt DE, Kim SA, 

Guerinot ML (2001) Phylogenetic relationships within cation 

transporter families of Arabidopsis. Plant Physiol. 

126(4):1646-67.  

Niu X, Bressan RA, Hasegawa PM, Pardo JM (1995) Ion 

homeostasis in NaCl stress environments. Plant Physiol. 

109(3):735-742. 

Oh DH, Lee SY, Bressan RA, Yun DJ, Bohnert HJ (2010) 

Intracellular consequences of SOS1 deficiency during salt 

stress. J Exp Bot. 61(4):1205-1213.  

Ohnishi M, Fukada-Tanaka S, Hoshino A, Takada J, Inagaki Y, 

Iida S (2005) Characterization of a novel Na
+
/H

+
 antiporter 

gene InNHX2 and comparison of InNHX2 with InNHX1, 

which is responsible for blue flower coloration by increasing 

the vacuolar pH in the Japanese morning glory. Plant Cell 

Physiol. 46(2):259-267.  

Oki LR, Lieth JH (2004) Effect of changes in substrate salinity 

on the elongation of Rosa hybrida L. ‘Kardinal’ stems. Sci 

Hortic. 101(1–2):103-119. 

Pardo JM, Cubero B, Leidi EO, Quintero FJ (2006) Alkali cation 

exchangers: roles in cellular homeostasis and stress tolerance. J 

Exp Bot. 57(5):1181-1199 

Park HC, Kim ML, Kang YH, Jeon JM, Yoo JH, Kim MC, Park 

CY, Jeong JC, Moon BC, Lee JH, Yoon HW, Lee SH, Chung 

WS, Lim CO, Lee SY, Hong JC, Cho MJ (2004) Pathogen- 

and NaCl-induced expression of the SCaM-4 promoter is 



311 

 

mediated in part by a GT-1 box that interacts with a GT-1-like 

transcription factor. Plant Physiol. 135(4):2150-2161. 

Pires IS, Negrao S, Pentony MM, Abreu IA, Oliveira MM, 

Purugganan MD (2013) Different evolutionary histories of two 

cation/proton exchanger gene families in plants. BMC Plant 

Biol. 13:97. 

Putney LK, Denker SP, Barber DL (2002) The changing face of 

the Na
+
/H

+
 exchanger, NHE1: structure, regulation, and 

cellular actions. Annu Rev Pharmacol Toxicol. 42:527-552.  

Qi Z, Spalding EP (2004) Protection of plasma membrane K
+
 

transport by the salt overly sensitive1 Na
+
-H

+
 antiporter during 

salinity stress. Plant Physiol. 136(1):2548-2555.  

Qiu QS, Barkla BJ, Vera-Estrella R, Zhu JK, Schumaker KS 

(2003) Na
+
/H

+ 
exchange activity in the plasma membrane of 

Arabidopsis. Plant Physiol. 132(2):1041-1052.  

Qiu QS, Guo Y, Dietrich MA, Schumaker KS. Zhu JK (2002) 

Regulation of SOS1, a plasma membrane Na
+
/H

+
 exchanger in 

Arabidopsis thaliana, by SOS2 and SOS3. Proc Natl Acad Sci 

USA. 99(12):8436-8441.  

Quintero FJ, Martinez-Atienza J, Villalta I, Jiang X, Kim WY, 

Ali Z, Fujii H, Mendoza I, Yun DJ, Zhu JK, Pardo JM (2011) 

Activation of the plasma membrane Na
+
/H

+
 antiporter Salt-

Overly-Sensitive 1 (SOS1) by phosphorylation of an auto-

inhibitory C-terminal domain. Proc Natl Acad Sci USA. 

108(6):2611-2616.  

Reguera M, Bassil E, Blumwald E (2014) Intracellular NHX-

type cation/H
+
 antiporters in plants. Mol Plant. 7(2):261-263.  

Rockman MV, Skrovanek SS, Kruglyak L (2010) Selection at 

linked sites shapes heritable phenotypic variation in C. 

elegans. Science. 330(6002):372-376.  

Rodriguez-Rosales MP, Galvez FJ, Huertas R, Aranda MN, 

Baghour M, Cagnac O, Venema K (2009) Plant NHX 

cation/proton antiporters. Plant Signal Behav. 4(4):265-276.  

Saier MH, Jr (2000) A functional-phylogenetic classification 

system for transmembrane solute transporters. Microbio Mol 

Biol Rev.  64(2):354-411.  

Shani U, Waisel Y, Eshel A, Xue S, Ziv G (1993) Responses to 

salinity of grapevine plants with split root systems. N Phytol. 

124(4):695-701.  

Shi H, Ishitani M, Kim CS, Zhu JK (2000) The Arabidopsis 

thaliana salt tolerance gene SOS1 encodes a putative Na
+
/H

+
 

antiporter. Proc Natl Acad Sci USA. 97(12):6896-6901.  

Shi H, Lee BH, Wu SJ, Zhu JK (2003) Overexpression of a 

plasma membrane Na
+
/H

+
 antiporter gene improves salt 

tolerance in Arabidopsis thaliana. Nat Biotechnol. 21(1):81-

85.  

Shi H, Quintero FJ, Pardo JM, Zhu JK (2002) The putative 

plasma membrane Na
+
/H

+
 antiporter SOS1 controls long-

distance Na
+
 transport in plants. Plant Cell. 14(2):465-477.  

Sze H, Li X, Palmgren MG (1999) Energization of plant cell 

membranes by H
+
-pumping ATPases. Regulation and 

biosynthesis. Plant Cell. 11(4):677-690. 

Tang H, Bowers JE, Wang X, Ming R, Alam M, Paterson AH 

(2008a) Synteny and collinearity in plant genomes. Science. 

320(5875):486-488.  

Tang H, Wang X, Bowers JE, Ming R, Alam M, Paterson AH 

(2008b) Unraveling ancient hexaploidy through multiply-

aligned angiosperm gene maps. Genome Res. 18(12):1944-

1954.  

 

 

 

 

 

 

 

 

 

 

 

 

Tester M, Davenport R (2003) Na
+
 tolerance and Na

+
 transport in 

higher plants. Ann Bot. 91(5):503-527.  

Walker RR, Blackmore DH, Clingeleffer PR, Correll RL (2002) 

Rootstock effects on salt tolerance of irrigated field-grown 

grapevines (Vitis vinifera L. cv. Sultana). 1. Yield and vigour 

inter-relationships. Aust J Grape Wine R. 8(1):3-14.  

Wang M, Vannozzi A, Wang G, Liang Y-H, Tornielli GB, 

Zenoni S, Cavallini E, Pezzotti M, Cheng Z-M (2014) Genome 

and transcriptome analysis of the grapevine (Vitis vinifera L.) 

WRKY gene family. Hortic Res. 1:16.  

Wang W, Li Y, Zhang Y, Yang C, Zheng N, Xie Q (2007) 

Comparative expression analysis of three genes from the 

Arabidopsis vacuolar Na
+
/H

+
 antiporter (AtNHX) family in 

relation to abiotic stresses. Chinese Sci Bull. 52(13):1754-

1763.  

Yamaguchi T, Apse MP, Shi H, Blumwald E (2003) Topological 

analysis of a plant vacuolar Na
+
/H

+
 antiporter reveals a luminal 

C terminus that regulates antiporter cation selectivity.  Proc 

Natl Acad Sci USA. 100(21):12510-12515.  

Yang X, Kalluri UC, Jawdy S, Gunter LE, Yin T, Tschaplinski 

TJ, Weston DJ, Ranjan P, Tuskan GA (2008) The F-box gene 

family is expanded in herbaceous annual plants relative to 

woody perennial plants. Plant Physiol. 148(3):1189-200.  

Ye CY, Yang X, Xia X, Yin W (2013) Comparative analysis of 

cation/proton antiporter superfamily in plants. Gene. 

521(2):245-251.  

Ye CY, Zhang HC, Chen JH, Xia XL, Yin WL (2009) Molecular 

characterization of putative vacuolar NHX-type Na
+
/H

+
 

exchanger genes from the salt-resistant tree Populus 

euphratica. Physiol Plant. 137(2):166-174.  

Yokoi S, Quintero FJ, Cubero B, Ruiz MT, Bressan RA, 

Hasegawa PM, Pardo JM (2002) Differential expression and 

function of Arabidopsis thaliana NHX Na
+
/H

+
 antiporters in 

the salt stress response. Plant J. 30(5):529-539.  

Yun CHC, Little PJ, Nath SK, Levine SA, Pouyssegur J, Tse CM, 

Donowitz M (1993) Leu143 in the putative fourth membrane 

spanning domain is critical for amiloride inhibition of an 

epithelial Na
+
/H

+
 exchanger isoform (NHE-2). Biochem 

Biophys Res Commun. 193(2):532-539.  

Zhang H, Liu YX, Xu Y, Chapman S, Love AJ, Xia T (2012a) A 

newly isolated Na
+
/H

+
 antiporter gene, DmNHX1, confers salt 

tolerance when expressed transiently in Nicotiana 

benthamiana or stably in Arabidopsis thaliana. Plant Cell Tiss 

Org. 110(2):189-200.  

Zhang L, Wang F, Wang L (2012b) Prevalence of chronic kidney 

disease in China: a cross-sectional survey. Lancet. 

379(9818):815-822.  

Zhang Y, Mao L, Wang H, Brocker C, Yin X, Vasiliou V, Fei Z, 

Wang X (2012c) Genome-wide identification and analysis of 

grape aldehyde dehydrogenase (ALDH) gene superfamily. 

PloS ONE. 7(2):e32153.  

Zorb C, Noll A, Karl S, Leib K, Yan F, Schubert S (2005) 

Molecular characterization of Na
+
/H

+
 antiporters (ZmNHX) of 

maize (Zea mays L.) and their expression under salt stress. J 

Plant Physiol. 162(1):55-66.  


