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ABSTRACT 
 

Three vacuolar H+-pyrophosphatase (HVP) genes have been identified in barley 

(HVP10, HVP1 and HVP3). The first gene, HVP10, was recently localised to 

chromosome 7HS in a mapping population developed from the cross Barque-73 x CPI-

71284. HVP10 showed increased gene expression after 24 hours of salt stress in roots of 

the variety Kashima, but not until the third day of salt stress in roots of both Barque-73 

and CPI-71284. HVP10 was also more highly expressed following salt stress in shoots of 

one of the barley genotypes (CPI-71284). It is hypothesised that HVP10 plays tissue-

specific roles in both Na+ exclusion (roots), and in compartmentalisation of toxic Na+ into 

vacuoles (shoots) in salinity tolerant barley genotypes. In the current study, a second 

gene, HVP1, was mapped to the long arm of chromosome 7H in barley. Different 

expression profiles for HVP1 across different barley genotypes were observed in this 

study in response to salt stress. HVP1 appears to be involved in two reactions of barley 

plants to salt stress: (1) adjustment to osmotic stress following initial NaCl application in 

both roots and shoots (cv. Kashima); and (2) management of toxic Na+ concentrations in 

shoots during the ionic phase of salt stress (cv. Barque-73). In this study, HVP1 gene 

sequence has eight exons and seven introns. The predicted amino acid sequences of 

HVP1 in the three cultivars used in this study were identical, and were also the same as 

sequences found in databases for barley cultivar Morex although there were a number of 

SNPs within the coding regions between genotypes. These results are similar to those 

previously published about HVP10. This suggests structures of both HVP10 and HVP1 
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are very conserved among barleys, and it supports a hypothesis that promoter regions of 

both genes are involved in the regulation of gene expression. A third gene, HVP3, has 

been previously described but it was mapped in chromosome 1H in current study, and 

deduced that the gene contains four exons and three introns. In our experiment HVP3 was 

expressed neither in roots nor in shoots of any of the barley genotypes tested, either under 

control conditions or in response to salt stress. Based on published EST data, it is 

hypothesised that HVP3 plays an important role for proton pump only during seed 

development and is not linked to abiotic stress responses. Nucleotide sequence analysis 

indicated that during evolution there may have been insertions/deletions occurring within 

two highly conserved domains shared by HVP1/HVP10 and HVP3 genes. 

 

Keywords: BAC library analysis, barley, chromosome location, gene expression, gene 

mapping, HVP genes, intron/exon structure, Na
+
 exclusion, proton pump, q-RT-PCR, 

QTL analysis, salinity tolerance, vacuolar H
+
-PPase 

 

 

ABBREVIATIONS 
 

BAC  bacterial artificial chromosome 

EST  expressed sequence tag 

HVP  Hordeum vacuolar pyrophosphatase 

q-RT-PCR  quantitative reverse-transcriptase polymerase chain reaction 

V-PPase  vacuolar pyrophosphatase 

 

 

INTRODUCTION 
 

The proton pump is one component of millions of biochemical processes that are 

occurring in all living plant cells. But how important is it for a plant to maintain a gradient of 

protons in the cytoplasm or vacuole? The vacuolar proton pump is an extremely important 

process, which many other processes depend upon. In favourable, non-stressed conditions, the 

maintenance of protons in vacuoles generates osmolarity for homeostasis during cell 

expansion and the continuous growth and development of plant organs. At the same time, 

proton pumps are directly involved in internal pH regulation in both cytoplasm and vacuole. 

A spectacular visual example of this is the observed colour change in flower petals of petunia 

from pink to blue, where proton pumps increase vacuolar pH (Quattrocchio et al., 2006; 

Verweij et al., 2008). Significant pH differences have also been found between upper and 

lower layers of petal cells, that are directly related to flower colour in Anagallis monelli L., 

and anthocyanidin pigments in the vacuoles (Quintana et al., 2007). Anthocyanidin 

biosynthesis involves transport of proanthocyanidin into the vacuole. In Arabidopsis and 

Medicago trancatula, genes TT2 (Transparent Testa 2) and MATE (Multidrug and Toxic 

Compound Extrusion), respectively, encode antiporters controlling proanthocyanidin 

transport into the vacuole. A higher proton gradient in the vacuole is necessary for 

transporting proanthocyanidin back out (Zhao and Dixon, 2009). Rubber biosynthesis in latex 

of Hevea brasiliensis also requires optimum cytoplasmic pH and it has been shown that 

vacuolar proton pumping is essential for supports this process (Rizhong et al., 2009). 
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During fruit development, vacuolar proton pumps are important for the regulation of 

osmolarity and acidity in vacuoles to support the accumulation of sugars and organic acids. 

The accumulation of sugars and organic acid into vacuoles of fruit cells is controlling by 

different enzymes, such as sucrose synthase and vacuolar invertase (Tanase et al., 2002; 

Yamada et al., 2007), and protein density of vacuolar membrane is changed during fruit 

development (Shiratake et al., 1998). All of these processes are directly related to proton 

pumps into vacuoles of fruit cells (Reviewed by Silva and Gerós, 2009). Recent reports show 

that the proton pump plays a crucial role in early stages of fruit development and enlargement 

in pear (Suzuki et al., 1999), grape (Venter et al., 2006), lemon (Aprile et al., 2011) and 

tomato (Mohammed et al., 2012). 

A second important role of the vacuolar proton pump is in relation to abiotic stress 

responses, such as salinity and drought, where a gradient of protons into the vacuole is 

required for antiporter activity involved in stress adaptation. For example, in conditions of 

salinity stress the Na
+
/H

+
 antiporter (NHX) acts to re-locate toxic ions, primarily Na

+
, into the 

vacuole, but it can only work together with the driving force of a proton gradient in the 

opposite direction (Reviewed by Silva and Gerós, 2009; Kronzucker and Britto, 2011). The 

volume of the central vacuole under salt stress increases dramatically to act as a reservoir for 

Na
+
, osmolytes and water, as has clearly been seen in the halophyte ice plant, 

Mesembryathemum crystallinum (Jou et al., 2007). The functioning of the proton pump is a 

very important component of reactions of plants to abiotic stresses, primarily high salinity and 

drought. 

Therefore, there are two major stages in plant development where vacuolar proton 

pumping is important: (1) during the vegetative stage of seedlings and young plants, proton 

pumps regulate cell osmolarity. This is important for cell expansion in non-stressed 

conditions, and for compartmentalisation of toxic ions of Na
+
 into the vacuole (salt stress), 

and water balance and osmo-homeostasis (drought stress); (2) during the reproductive stage, 

vacuolar proton pumping plays important roles in acidification of vacuoles and controlling 

flower colour, and in the accumulation of sugars and organic acids in vacuoles of cells 

regulating fruits size and development. 

 

 

PYROPHOSPHATASE VS. ATPASE 
 

There are two known classes of enzymes catalysing proton pumping in plant cells, 

distinguished by the substrate used as an energy source. Pyrophosphatase (PPase) enzymes 

use pyrophosphate (PPi), a biochemical ‘waste’ and, therefore, PPases are efficient, low-

energy cost vacuolar pumps (Reviewed by Maeshima, 2000; Silva and Gerós, 2009). 

Additionally, high concentrations of PPi in the cytoplasm can inhibit some important 

biochemical processes, such as gluconeogenesis as observed in young developing 

Arabidopsis plants (Ferjani et al., 2011), and in latex of the rubber tree, Hevea brasiliensis 

(Rizhong et al., 2009). Therefore, PPases perform a ‘double function’: removing excessive 

PPi from the cytoplasm and pumping protons into the vacuole. Only one type of 

pyrophosphatase (V-PPase) has been found to be associated with the vacuolar membrane with 

a trans-membrane proton transporting activity. Two other types of pyrophosphatase (soluble 

and membrane-associated) are also present in the tonoplast, but have other functions 
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(Maeshima, 2000). V-PPase is a unique enzyme and present only in microbes and members of 

the plant kingdom (Luoto et al., 2011) but has not been found in animal cells. V-PPase 

consists of a single large subunit with ranging in size of between 600-771 amino-acid residues 

(Maeshima, 2000). 

The second class of proton pump, ATPases, use ATP as an energy substrate, and are 

widely found among all living organisms, including microorganisms, plants and animals 

(Reviewed by Ratajczak, 2000; Silva and Gerós, 2009). ATPases are associated with both 

vacuolar and plasma membranes, but are structurally variable between 8 and 14 subunits. 

Several subunits of barley V-ATPase have been studied and shown to be needed for the 

involvement of this enzyme in the sequestration of Na
+
 ions into vacuoles (Berkelman et al., 

1994; Tavakoli et al., 1999). It is hypothesised that plant cells achieve a balance between 

pyrophosphatase and ATPase activities depending on substrate supply, and energy needs of 

the plant during development and in response to abiotic stress (Maeshima, 2000; Krebs et al., 

2010). For example, it was shown that severe disruption of male gametophyte development in 

Golgi membranes of Arabidopsis V-ATPase mutant is unable to be prevented by V-PPase 

activity alone (Dettmer et al., 2005). Additionally, heavy metals, such as zinc and nickel, can 

differentially regulate the expression of both H
+
-ATPase and H

+
-PPase in cucumber (Kabala 

and Janicka-Russak, 2011), but this crop perhaps has another mechanism for secretion of Na
+
 

ions into the apoplast rather than into the vacuole (Kabala and Klobus, 2008). 

 

 

PYROPHOSPHATASE GENES 
 

The first gene encoding a pyrophosphatase was discovered in the model plant 

Arabidopsis thaliana (Sarafian et al., 1992) and was named AVP1 (Arabidopsis vacuolar 

pyrophophatase). However, a second gene AVP2 was later described, indicating the existence 

of a V-PPase gene family (Drozdowicz et al., 2000). Homeologous genes from other plant 

species have since been discovered and published, including in red beet (Kim et al., 1994), 

rice (Sakakibara et al., 1996), mung bean (Nakanishi and Maeshima, 1998), pear (Suzuki et 

al., 1999), Vigna unguiculata (Otoch et al., 2001), durum wheat (Brini et al., 2005), grape 

(Venter et al., 2006) and rubber tree, Hevea brasiliensis (Rizhong et al., 2009). 

In barley, three H
+
-pyrophophatase genes have been described. The first is HVP1, which 

is responsive to abiotic stresses, such as high salinity. HVP1 showed higher levels of gene 

expression in roots of barley (cv. Kashima) after 5 hours of salt stress (Fukuda et al., 2004). 

However, NaCl application in the experiment was done in a single step, and it is likely that 

strong osmotic stress or even osmotic shock was imposed (Shavrukov, 2013). Therefore, 

HVP1 may be responsive to the osmotic component of salt stress rather than the ionic 

component. 

A second V-PPase gene in barley was named PP10 (= HVP10) (Tanaka et al., 1993), and 

is also responsive to abiotic stresses. HVP10 showed higher expression in roots of barley (cv. 

Kashima) following salt stress, but the gene expression profile was different from HVP1 

(Fukuda et al., 2004). Recently, we found that HVP10 is a likely candidate for the HvNax3 

locus in barley, controlling better Na
+
 exclusion from shoots and larger biomass production 

under salt stress. The tolerance allele originated from a wild barley parent, Hordeum vulgare 

ssp. spontaneum, accession CPI-71284 (Shavrukov et al., 2010a and 2013). 
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Recently, a third V-PPase gene, HVP3, was described in barley (Wang et al., 2009). 

HVP3 was found in a barley EST library using in silico computer analysis to search for barley 

homeologs of wheat genes. Very little information was published regarding HVP3, with only 

a partial EST sequence available (Wang et al., 2009). 

 

 

MAPPING OF HVP GENES IN BARLEY 
 

Until recently, the genetic location of barley HVP genes was unknown. We mapped 

HVP10 following the identification of a single QTL for Na
+
 exclusion in an advanced-

backcross QTL (AB-QTL) population originating from the cross between cultivated barley 

(Hordeum vulgare ssp. vulgare) Barque, selection 73 and wild barley (H. vulgare ssp. 

spontaneum) accession CPI-71284 (Shavrukov et al. 2010a and 2010b). The identified 

HvNax3 locus was mapped to a genetic interval of 1.3 cM, located 6.3 cM from the distal end 

of chromosome 7HS, relatively close to the centromeric region (Shavrukov et al., 2010a). 

HVP10 is the most likely candidate gene for HvNax3. Recently, we identified HVP10 as a 

single gene in BAC clone HVVMRXALLeA-0262H05 from a barley (cv. Morex) BAC 

library (Shavrukov et al., 2013). HVP10 was mapped on the corresponding region of the 

physical map, at a distance of 47 – 161 Kbp from the distal end of chromosome 7HS, using a 

consensus physical barley map (http://mips.helmholtz-muenchen.de/plant/barley/index.jsp). 

 

 

Figure 1. Mapping of two HVP genes (HVP10 and HVP1) in a barley AB-QTL population originating 

from the cross between barley cv. Barque, selection 73 and H. spontaneum, accession CPI-71284 (from 

Shavrukov et al., 2010a and 2010b with modifications). 
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We also identified the genetic location of HVP1, using the Barque-73 x CPI-71284 AB-

QTL population and in silico bioinformatics analysis. HVP1 has been maped to the long arm 

of chromosome 7H and is very close to the centromere (Figure 1). 

We identified HVP1 in Morex contig 137615 (CAJW010137615 carma=7HL) on the 

Assembly WGS Morex database (http://webblast.ipk-gatersleben.de/barley), confirming the 

genetic location of HVP1. This Morex contig corresponds to Fingerprinted contig 320 

(http://mips.helmholtz-muenchen.de/plant/barley/index.jsp), but it has not yet been 

introgressed into the consensus physical map. Therefore, we are currently unable to identify 

the exact position of HVP1 within contig 320 on the barley physical map of chromosome 

7HL. 

Using the same approach, we determined that HVP3 is located on chromosome 1H. 

However, no QTL was found in this location in the barley AB-QTL population under salt 

stress. We identified this gene in Morex contig 2552365 (CAJW012552365 carma=1H) on 

the Assembly WGS Morex database, corresponding to Fingerprinted contig 44244. As with 

HVP1, the exact position of the contig containing HVP3 remains unknown. 

 

 

EXPRESSION AND FUNCTIONAL ANALYSIS OF HVP GENES 
 

The three HVP genes identified in barley were analysed for expression in both roots and 

shoots of young plants of barley Barque-73 and wild barley CPI-71284 during exposure to 

150 mM NaCl, using methods previously described (Shavrukov et al., 2010a and 2013). 

Seedlings were grown in supported hydroponics (Shavrukov et al., 2012) for 10 days until the 

third leaf started to emerge. Salt was then added as twice-daily increments of 25 mM NaCl to 

avoid osmotic shock (Shavrukov, 2013), until 150 mM was reached. Three plants as 

independent biological replicates were used for each of the two barley genotypes (Barque-73 

and CPI-71284), with two treatments (salt stress and control), six time-points and two tissues 

(roots and shoots). Samples were immediately frozen in liquid nitrogen for RNA extraction 

and cDNA synthesis as previously described (Shavrukov et al., 2013). Primers used for q-RT-

PCR are listed in Table 1. 

Expression of the three HVP genes was analysed using q-RT-PCR and normalised with 

reference to the house-keeping gene HvGAP (Shavrukov et al., 2013). Results are presented 

in Figure 2. 

The three HVP genes showed different expression profiles. HVP10 was significantly 

(p>0.95) more highly expressed on the third day of salt stress in roots of CPI-72184 

compared to Barque-73, although HVP10 expression was increased in roots of both barley 

genotypes on this day in salt-stressed compared to control plants. HVP10 expression in shoots 

on the third day of salt stress was similar but with much greater expression of the gene in salt-

stressed CPI-71284 relative to Barque-73 (2.1-fold increase; p>0.99).  

However, HVP10 expression in roots was about 10-fold higher than levels of expression 

in shoots. There was clearly differential expression of HVP10 in roots and shoots of barley in 

response to salt stress (Shavrukov et al., 2013). Similar results were previously reported 

(Fukuda and Tanaka, 2006), where HVP10 was more highly expressed in roots than in shoots 

of barley cv. Kashima. The expressions of two other H
+
-pyrophosphatase genes, HVP1 and 

HVP3, were also analysed in Barque-73 and CPI-71284. 
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Table 1. List of primers for HVP genes used for q-RT-PCR 

 

Gene name Primer sequence (5’ – 3’) 
Annotated accession 

number 

HVP10 
(F): GGTCTGTGGGCTGGTCTGATTATTG 

(R): GCTGACGTAGATGCTGACAGCAATAG 
D13472 

HVP1 
(F): AAAGAGCCTGGGCCCGAAAGGC 

(R): TCTTGAAGAGGATTCCTCCATAG 
AB032839 

HVP3 
(F): GGGTCCCAAGGGCTCGGAGGCG 

(R): ATATTTGTATCAGTTGATTATGAGG 
AK362588 

 

 

Figure 2. Expression of HVP10, HVP1 and HVP3 in both roots and shoots of barleys Barque-73 and 

CPI-71284 in response to 150 mM salt stress. The first gene was described in Shavrukov et al. (2013). 
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There was a dramatic increase in HVP1 expression in roots of Barque-73 on the fifth day 

after first salt application (5.1-fold compared to non-stressed roots; p>0.999), while the HVP1 

expression in roots of CPI-71284 did not change with salt stress, and was similar to non-

stressed Barque-73 (Figure 2).  

In shoots of both Barque-73 and CPI-71284, HVP1 mRNA levels were similarly higher 

(approximately 10-fold; p>0.999) on the fifth day of salt application compared to non-

stressed seedlings.  

These results indicate that HVP1 expression showed a delayed response to salt stress 

compared to HVP10. Tissue-specific trends in expression of HVP1 were also very different 

from HVP10, where both barley genotypes had high expression of HVP1 in shoots but only in 

roots of Barque-73.  

Based on our results, we hypothesize that HVP10 and HVP1 have complementary 

expression profiles and both may have a function in barley plants in response to salt stress: 

when the expression of HVP10 was reduced following maximum levels on the third day of 

salt stress, the expression of HVP1 then peaked. More experiments are required accurately 

follow HVP10 and HVP1 gene expression in the time periods between 2-3, 3-5, and 5-10 days 

(Figure 2). Our results are similar to previously published findings, where Ueda et al. (2006) 

showed increased expression of both HVP10 and HVP1 in roots of barley cv Haruna Nijo, but 

only after one day of salt stress.  

This may be because high salinity (200 mM NaCl) was applied in a single step, which 

perhaps caused osmotic shock (Shavrukov, 2013), and no samples were collected after the 

first day of salt application (Ueda et al., 2006). 

HVP3 RNA levels were below detection limits in both roots and shoots of both barley 

genotypes, and were not responsive to salt stress (Figure 2). There is very little published 

information about HVP3, a single report suggesting that this gene is expressed only in 

developing seeds (Wang et al., 2009).  

Our results indicate that HVP3 is not expressed in roots or shoots in response to salt 

stress, at least during the vegetative stage of plant development. More experiments with plant 

tissues sampled during reproductive stages of development are needed to determine 

expression patterns of HVP3 in barley. 

 

 

SEQUENCE ANALYSIS OF HVP POLYPEPTIDES 
 

Analysis of the predicted amino-acid sequences of the three HVP proteins confirmed that 

first two polypeptides (HVP10 and HVP1) are very similar to each other while the third 

protein (HVP3) is more divergent. Alignment of the three HVP polypeptides from annotated 

accessions is presented in Figure 3. 

Quantification of the identities and similarities of the three known HVP proteins in barley 

(Figure 4) confirms that HVP3 is more genetically distant from HVP10 and HVP1, which are 

also similar to those published (Brini et al., 2005; Venter et al., 2006). The identity/similarity 

relationships between the three HVP proteins appear to be linked to their functions: HVP10 

and HVP1 are strongly responsive to salt stress, while HVP3 is unresponsive and is probably 

expressed in developing seeds. 

 



Vacuolar H
+
-PPase (HVP) Genes in Barley 133 

 

Figure 3. Alignment of predicted amino-acid sequences for HVP10 (Acc. No. D13472), HVP1 (Acc. 

No. AB032839) and HVP3 (Acc. No. AK362588) from barley. Consensus sequences are highlighted in 

green. 

 

HVP GENE SEQUENCES 
 

We previously reported that the coding regions of HVP10 amongst Barque-73, CPI-

71284, Morex and Kashima (Accession No. D13472) had ten SNPs, but that none of these 

altered the predicted amino-acid sequence (Shavrukov et al., 2013). In the current study we 

found six SNPs in the coding regions of HVP1 between the same four barley genotypes (cv. 

Kashima, Accession No. AB032839) but, similarly, amino-acid sequences of HVP1 were 

identical (data not shown). Our study of polymorphism in HVP3 is not yet complete. The lack 

of sequence diversity in both HVP10 and HVP1 indicates that V-PPase genes in barley are 

very conserved.  
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Figure 4. Dendrogram of identity/similarity between three HVP proteins in barley. 

 

 

Figure 5. Comparative exon/intron structures of three HVP genes in barley cv. Morex and 

corresponding cDNAs. Exon/intron structure for HVP10 is unknown and not shown in the upper part of 

the figure but we expected it should be similar to HVP1. Broken lines show corresponding regions 

across the genes. Green asterisks show strongly conserved domains across all three HVP genes, 

corresponding to blocks of residues highlighted in green in the alignment in Figure 3: 232-309 and 499-

570 for HVP1-AB032839. 

We have identified the full sequence of the HVP1 and HVP3 genes in cv. Morex, based 

on the sequence of CAJW010137615 and CAJW012552365 clones, respectively, while the 

sequence of HVP10 is still undergoing (Figure 5). HVP1 contains eight exons and seven 

introns, accounting for 4,655 bp in total length between start- and stop-codons in Morex 

genome. HVP10 is 4,868 bp in size, and we can expect similar gene structure according 
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strong similarity between HVP1 and HVP10 polypeptides. HVP3, however, has only four 

exons and three introns and, therefore, appears to be significantly different from HVP1. 

HVP1 and HVP10 have very similar gene and protein sequences, which are very likely 

related to their similar responses to salt stress during vegetative stages of plant development. 

However, small differences in sequences in the coding regions between HVP1 and HVP10 

may be responsible for different tissue-specific responses of the two genes to salinity across 

time. The third gene, HVP3, is very different in sequence and intron/exon structure from the 

other two HVP genes, which may relate to its different function. 

 

 

V-PPASE GENES IN PLANTS 
 

With respect to gene structure and exon/intron formula, barley HVP genes can be 

classified in two groups: (1) eight exons and seven introns; and (2) four exons and three 

introns. The first group of V-PPase genes contains the majority of H
+
-pyrophospatase genes 

in plants. It includes: AVP1 in Arabidipsis, TVP1 in durum wheat (Mullan et al., 2007), four 

genes in rice, OVP1 - OVP4 (Choura and Rebaï, 2005), two genes in bread wheat, TaVP1 and 

TaVP2, (Wang et al., 2009), HVP1 (current study) and possibly HVP10 in barley. The second 

group of V-PPase genes is relatively small and does not contain any genes from Arabidopsis 

but includes OVP5 from rice (Choura and Rebaï, 2005), TaVP3 from bread wheat (Wang et 

al., 2009) and HVP3 (current study).  

There is also a third group of V-PPase genes, containing 14 exons and 13 introns, which 

includes AVP2 from Arabidipsis, one non-identified gene in rice (accession AK070310) and 

five cDNA clones isolated from wheat, which possibly represent a splice variants of a single 

gene (Mullan et al., 2007). We were unable to identify any HVP genes in barley belonging to 

this group. 

Observed similarity in gene structure also corresponds to chromosomal location of the 

orthologous genes. For example, the barley genes from group 1, HVP10 and HVP1 were 

mapped in barley chromosome 7H, short and long arms, respectively (Shavrukov et al., 

2010a, 2013, and current study). AVP1-orthologous genes in bread wheat was localised to 

chromosome group 7 (Mullan et al., 2007), and OVP1 and OVP2 were identified in syntenous 

regions of rice chromosome 6 (Sakakibara et al., 1996; Choura and Rebaï, 2005). A similar 

situation is evident for genes from group 2: HVP3 was localised to barley chromosome 1H 

(current study), while the orthologous gene OVP5 was identified in the syntenous region of 

rice chromosome 5 (Choura and Rebaï, 2005). These observations confirm a similarity in 

orthologous gene structure and their corresponding genetic locations. However, many other 

V-PPase genes in other plants have no identified sequences, gene structure and genome 

localisation and, therefore, more research is required to make a wider conclusion about 

similarity between H
+
-pyrophospatase genes. 

 

 

EVOLUTION OF INTRONS/EXONS IN HVP GENES 
 

Consider the following question: why does HVP3 have such a unique arrangement of 

exons/introns when compared to HVP1, if V-PPase genes represent a single gene family in 
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barley? A reduction in numbers of exons from eight to four in HVP3 reflects evolutionary 

diversity of HVP family genes. Interestingly, coding regions of the HVP genes are not so 

different, despite large re-organisations in exon/intron structure among the genes. 

Two highly conserved domains were identified in the amino-acid residue alignment of 

the three HVP proteins, corresponding to two regions: residues 232-309 and 499-570 for 

HVP1-AB032839 (Figure 3). We indicate these regions on Morex genes HVP1 and HVP3 in 

Figure 5 with green asterisks. It has been found that two introns are present in the gene HVP1, 

one in each of the two identified conserved domains, which are absent in the gene HVP3 

(Figure 3).  

Our comparison of nucleotide sequences of these two fragments in the HVP genes and 

amino-acid sequences of the corresponding regions in HVP proteins indicates the precise 

locations of intron splicing in HVP1 during transcription from DNA to mRNA. We are 

confident that two of the introns are present in the highly conserved domains, while two other 

introns are located in semi-conserved domains in HVP1, which are not present in HVP3.  

The presence of an additional four introns in HVP1 may be a result of long-term 

evolution of the HVP family gene in barley. But which process, insertion or deletion, 

happened during evolution? If insertions of the introns took place in HVP1, this gene 

originated from the more ancient HVP3. By contrast, the introns in HVP1 may have been 

deleted over time to give rise to HVP3. Resolving this question will help to identify 

evolutionary hierarchy between HVP genes and will be carried out in future. 

 

 

PRACTICAL APPLICATIONS OF HVP GENES FOR BARLEY BREEDING 
 

Three vacuolar H
+
-pyrophosphatase (HVP) genes play important roles in the growth and 

development of barley. These genes control the process of proton pumping into the vacuole 

and are key genes in important cellular reactions. 

Two of the pyrophosphatase genes, HVP1 and HVP10, are very important in the response 

of plants to abiotic stresses, primarily salinity and osmotic regulation. We have shown that 

HVP10 is associated with Na
+
 exclusion from shoots and greater biomass production under 

salinized conditions (Shavrukov et al., 2010a and 2013). HVP1 is also involved in plant 

responses to salt and osmotic stress (Fukuda et al., 2004 and current study). Both genes are 

highly expressed during the vegetative stage of barley development, and are thought to 

contribute to plants’ ability to cope with elevated levels of salinity in soils, by regulating 

cellular homeostasis. If barley plants are growing in favourable conditions (without salinity or 

drought), HVP1 and HVP10 are not likely to be highly expressed (Figure 2; Fukuda et al., 

2004; Shavrukov et al., 2013). This suggests that these genes are mostly important under 

conditions of stresses. 

By contrast, HVP3 is not responsive to abiotic stresses (Figure 2), but seems to be 

expressed specifically in reproductive tissues, i.e., during seed development in barley (Wang 

et al., 2009). We hypothesise that this gene is very similar to V-PPase genes previously 

identified in tomato, pear and grape fruits during development of the fruiting organ. HVP3 

probably plays a role in barley in controlling pH regulation and accumulation of pigments, 

and is expressed during seed development in non-stressed conditions. 
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V-PPase genes play an important role in improving plant growth under abiotic stresses, 

as evidenced by studies utilising gene transformation technology. For example, genetic 

transformation with AVP1 improved tolerance to both salt and drought stresses in cotton 

plants, increasing fibre yield by at least 20% compared to wild type (Pasapula et al., 2011). 

Transgenic creeping bentgrass (Agrostis stolonifera L.) with the same AVP1 showed 

significantly higher fresh and dry weights than wild type under salt stress (Li et al., 2010). It 

has been reported also that transgenic tobacco plants with TsVP from the halophyte plant, 

Thellungiella halophila, accumulated more solutes in control conditions and more Na
+
 under 

salt stress then wild type, and showed 60% greater dry biomass in the presence of salinity 

(Gao et al., 2006). Co-expression of two transgenes in one cassette from wheat, TVP1 

(Vacuolar H
+
-pyrophosphatase) and TNHXS1 (Na

+
/H

+
 antiporter), improved significantly 

salinity tolerance of the transgenic tobacco plants compared to controls (Gouiaa et al., 2012). 

Chilling is another abiotic stress and it was reported that V-PPase activity is dramatically 

reduced due to chilling, resulting in cytoplasmic acidification and inactivation of essential 

metabolic reactions in mung bean (Kawamura, 2008). However, over-expression of OVP1 

significantly enhanced cold tolerance in transgenic rice, increasing plant growth under these 

conditions (Zhang et al., 2011). Such studies using transgenic plants demonstrate the 

important role of V-PPase genes in stress responses, and are positive pilot studies for the 

improvement of barley production using genetic transformation. But even natural 

polymorphism in V-PPase genes amongst barley germplasm should be harnessed for barley 

improvement. We hope barley breeders can accommodate our knowledge about V-PPase 

genes and work towards producing new barley cultivars with better growth and tolerance to 

abiotic stresses. 
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