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Abstract
H+ -pyrophosphatase

(H+ -PPase)

The
gene plays an important role in maintaining intracellular proton gradients. Here, we
characterized the full-length complementary DNA (cDNA) and DNA of the H+ -PPase gene ScHP1 in rye (Secale cereale
L. ‘Qinling’). We determined the subcellular localization of this gene and predicted the corresponding protein structure. We
analysed the evolutionary relationship between ScHP1 and H+ −PPase genes in other species, and did real-time quantitative
polymerase chain reaction to explore the expression patterns of ScHP1 in rye plants subjected to N, P and K deprivation and
to cold, high-salt and drought stresses. ScHP1 cDNA included a 2289 bp open reading frame (ORF) encoding 762 amino
acid residues with 14 transmembrane domains. The genomic ScHP1 DNA was 4354 bp and contained eight exons and seven
introns. ScHP1 was highly homologous with other members of the H+ -PPase gene family. When the full-length ORF was
inserted into the expression vector pA7-YFP, the ﬂuorescent microscopy revealed that ScHP1-YFP fusion protein was located
in the plasma membrane. Rye plants that were subjected to N deprivation, cold and high-salt stresses, ScHP1 expression was
higher in the leaves than roots. Conversely, plants subjected to P and K deprivation and drought stress, ScHP1 expression was
higher in the roots than leaves. Under all the investigated stress conditions, expression of ScHP1 was lower in the stem than
in the leaves and roots. Our results imply that ScHP1 functions under abiotic stress response.
[Wang C.-S., Jiang Q.-T., Ma J., Wang X.-Y., Wang J.-R., Chen G.-Y., Qi P.-F., Peng Y.-Y., Lan X.-J., Zheng Y.-L. and Wei Y.-M. 2016
Characterization and expression analyses of the H+ -pyrophosphatase gene in rye. J. Genet. 95, 565–572]

Introduction
Abiotic stresses such as drought, low temperature, high salinity and nutrient deﬁciency can severely impair plant growth
and yield. These abiotic stresses occur with varying intensities in agricultural areas worldwide. Plants have evolved
numerous cellular pathways for responding to external stimuli and these response mechanisms are important for survival under changing environmental conditions (Dhawan and
Sharma 2014).
The complementary DNA (cDNA) of the H+ -pyrophosphatase (H+ -PPase) gene was ﬁrst cloned and sequenced
in Arabidopsis thaliana (Saraﬁan et al. 1992). H+ -PPase
cDNAs have subsequently been isolated and characterized in
multiple crop plants, including barley (Tanaka et al. 1993),
tobacco (Lerchl et al. 1995), rice (Sakakibara et al. 1996)
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and wheat (Brini et al. 2005), and in the bacterium Rhodospirillum rubrum (Baltscheffsky et al. 1998) and the protozoan Trypanosoma cruzi (Hill et al. 2000). The molecular
mass of H+ -PPase has been shown to range from 79.8 to 80.8
kDa; moreover, its sequence is highly homologous across
species and possesses three conserved regions (CS1, CS2
and CS3) and up to 14 transmembrane domains (Maeshima
2000). The results of tertiary structure analysis have revealed
that Vr-H+ -PPase in Vigna radiata contains Mg2+ , K+ and
imidodiphosphate-binding sites (Lin et al. 2012). Previous
studies have demonstrated that H+ -PPase regulates the H+
electrochemical gradient and controls cell acidiﬁcation in
coordination with ATPase (Churchill and Sze 1984); moreover, this protein controls auxin transport and is involved in
stress response defence mechanisms (Li et al. 2005).
The vacuolar H+ -PPase gene has been identiﬁed as a
stress-responsive gene (Lv et al. 2008; Bao et al. 2009).
Carystinos et al. (1995) reported that the activity and relative transcript levels of H+ -PPase in rice seedlings are
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increased by cold stress. The response of H+ -PPase to salt
stress remains unclear. Colombo and Cerana (1993) showed
that H+ -PPase activity in carrots was upregulated after NaCl
treatment and similar trends were observed in yeast (Gaxiola
et al. 1999), barley (Fukuda et al. 2004) and maize (Zörb
et al. 2005). Conversely, Bremberger and Lüttge (1992)
reported that the activity of the H+ -PPase gene in Mesembryanthemum crystallinum L. was downregulated after exposure to 400 mM NaCl. H+ -PPase gene expression in plants
is also affected by drought stress. Park et al. (2005) demonstrated that in transgenic tomato, overexpression of the
Arabidopsis vacuolar H+ -PPase gene (AVP1) played an
important role under water-deﬁcit conditions. Li et al. (2008)
observed that under drought stress, heterologous expression of TsVP (Thellungiella halophila vacuolar H+ -PPase)
in transgenic maize generated higher V-H+ -PPase activity
than the wild-type maize. Overexpression of the heterologous genes AVP1 and TaVP (wheat H+ -PPase) in cotton,
tobacco and creeping bentgrass resulted in improved growth
and yield under drought, high salinity and N and P deprivation (Li et al. 2010, 2014; Pasapula et al. 2011). Kasai et al.
(1998) reported that hydrolysis of inorganic pyrophosphate
(PPi) and PPi-dependent proton pumping activity in rye roots
were higher under mineral nutrient deprivation than normal
growth conditions. Taken together, these ﬁndings indicated
that H+ -PPase responds to multiple abiotic stresses.
In the present study, we analysed the structural features
and evolutionary relationships of the H+ -PPase gene within
the Triticeae tribe and explored its expression patterns in
response to various stresses.

Materials and methods
Plant materials and culture

The rye (Secale cereal L. ‘Qinling’) seeds were provided by
Dr Dengcai Liu, Triticeae Research Institute, Sichuan Agriculture University, China. Seeds were surface-sterilized with
75% ethanol for 2 min and washed several times with doubledistilled water. Sterilized seeds were germinated on watersaturated gauze in Petri dishes at room temperature for one
week. Seedlings were transferred to Hoagland solution and
cultured until the third expanded leaf stage. The solution was
replaced at three-day intervals and simultaneously aerated
using an air pump.
For the investigation of gene expression in response to
N, P and K deprivation, plants were cultivated in modiﬁed
Hoagland nutrient solution containing 10 μM N, P or K.
For the high-salt stress treatment, modiﬁed Hoagland solution was supplemented with 100 mM NaCl. Drought stress
was simulated by the addition of 20% polyethylene glycol6000 (PEG-6000). Cold stress was induced by treatment at
4◦ C. The plants were grown in a greenhouse under a 16-h
photoperiod. Leaves, stems and roots were collected separately at 6-h intervals from the start (0 h) to the end (72 h) of
each experiment. Each treatment was conducted in triplicate.
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All samples were immediately frozen in liquid nitrogen and
were stored at −80◦ C until being used for analysis.
Isolation of the ScHP1 gene

Total RNA was extracted using TRIpure reagent (Aidlab
Biotech, Beijing, China). Genomic DNA was extracted using
the hexadecyltrimethylammonium bromide (CTAB) procedure (Murray and Thompson 1980). To amplify ScHP1
cDNA, we collected the cDNA sequences of H+ -PPase for
Arabidopsis and Triticum urartu from the NCBI database
(http://www.ncbi.nlm.nih.gov/). Based on the conserved
regions of these sequences, we designed a series of primers
(table 1) to amplify the ScHP1 ORF. ScHP1 cDNA was isolated using rapid ampliﬁcation of cDNA ends (RACE). The
ampliﬁcation proﬁle was: 94◦ C for 5 min; 30 cycles each at
94◦ C for 30 s, 60◦ C for 30 s, and 72◦ C for 2 min 30 s; and
a ﬁnal extension step at 72◦ C for 10 min. First-strand cDNA
was synthesized using the PrimeScript RT reagent kit with
gDNA Eraser (TaKaRa Biotechnology, Dalian, China).
To amplify genomic segments of ScHP1, we designed
several sets of primers according to the obtained cDNA
sequence (table 1). We identiﬁed three gene-speciﬁc
(SCHP1-R4, SCHP1-R5 and SCHP1-R6) and four random
primers. These primers were used to amplify the 5 -terminus
through three rounds of speciﬁc nested PCR, according to
the high-efﬁciency thermal asymmetric interlaced PCR (HiTAIL-PCR) procedure (Liu and Chen 2007). Two other pairs
of primers were used to target the middle and 3 regions.
All PCR products were puriﬁed using the E.Z.N.A.TM gel
extraction kit (Omega Bio-Tek, USA) and ligated into the
pMD19-T vector (TaKaRa Biotechnology). Then, the ligation mixtures were transformed into Escherichia coli DH5α
competent cells; the cloned fragments were sequenced by
Invitrogen Biotechnology, China, using at least three different independent clones in each direction. The sequencing
results were analysed with DNASTAR software and submitted to NCBI (http://www.ncbi.nlm.nih.gov/) under accession
number KP120983.
Sequence and phylogenetic analyses

Protein prediction (http://www.expasy.org/) and sequence
analysis were conducted using DNAMAN (ver. 6.0; Lynnon
Biosoft). To determine the evolutionary relationships and
conserved regions between ScHP1 in rye and H+ -PPase
genes in other species, we evaluated sequences from T.
aestivum (AY296911.1), T. urartu (EMS65629.1), Aegilops
tauschii (EMT29715.1), Hordeum vulgare (EU492894.1),
Brachypodium distachyon (XM003564169.1), Zea mays
(BT086232.1), Oryza sativa (D45384), Sorghum bicolor
(GQ469975.1), Solanum lycopersicum (NM001278976),
Arabidopsis thaliana (M81892.1), Setaria italica (XM
004954197.1), Glycine max (XM003542608.2), Nicotiana
tabacum (X83730.1), Leptochloa fusca (GQ387485.2),
Brassica napus (KC443038.1), Medicago truncatula
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Table 1. Sequence of primers for ampliﬁcation of ScHP1.
Primer

Sequence (5 –3 )

Description

ScHP-F3
ScHP-F4
AP2
AUAP2
ScHP-R2
ScHP-R3
ScHP-F1
ScHP-R1
LAD1
LAD2
LAD3
LAD4
AC1
SCHP1-R4
SCHP1-R5
SCHP1-R6
ScHP-F2
ScHP-R2
ScHP-F3
SCHP-R4
GAPDH-F
GAPDH-R
Actin-F
Actin-R
Ta54227-F
Ta54227-R
DL-ScHP-F1
DL-ScHP-R1

GGTCTTGGCGGGTCTTCCATGGC
GGAATGGGATCAGATCTCTTTGGTT
GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT
GGCCACGCGTCGACTAGTAC
GTGTTGCGGTAATCAGCTGGT
CTGCGATGTGCTACCCACTGCTCG
ATGGCGATCCTCGGGGAGCTC
GTAGATGAAGTAGCACGCTCC
ACGATGGACTCCAGAGCGGCCGCVNVNNNGGAA
ACGATGGACTCCAGAGCGGCCGCBNBNNNGGTT
ACGATGGACTCCAGAGCGGCCGCVVNVNNNCCAA
ACGATGGACTCCAGAGCGGCCGCBDNBNNNCGGT
ACGATGGACTCCAGAG
GTGGTGAGCAAGCAAACAATGATGCC
ACGATGGACTCCAGTCCGGCCACAGCTGGGTTCCTCGGGTCATCTTC
GATGGACTCAAAAAGACCTTCCCAGTC
TACTACGGTGATGACTGGGAAGG
CCCTCTCTGGTGTCCTTGCCGGTGC
GGCATGAGCCATAGAATTCGGGAAAGAACAG
CAAGTATCTTTAGAGCGAGGAGA
GAGTCTGCCCACCCATTCGTAA
GACATGCCATAGGTTTCAGCGAC
GTTCCAATCTATAAGGGATACACGC
GAACCTCCACTGAGAACAACATTACC
CAAATACGCCATCAGGGAGAACATC
CGCTGCCGAAACCACGAGAC
AAGATGGTGGAGGAAGTGCG
TCTCCTTGATGGACGCATCG

For ScHP1 cDNA 3 RACE
For ScHP1 cDNA 3 RACE
For ScHP1 cDNA 3 RACE
For ScHP1 cDNA 3 RACE
For ScHP1 cDNA 5 RACE
For ScHP1 cDNA 5 RACE
For ScHP1 full-length cDNA
For ScHP1 full-length cDNA
For 5 genome walking
For 5 genome walking
For 5 genome walking
For 5 genome walking
For 5 genome walking
For 5 genome walking
For 5 genome walking
For 5 genome walking
For ScHP1 intermediate DNA
For ScHP1 intermediate DNA
For ScHP1 3 DNA
For ScHP1 3 DNA
Internal reference gene
Internal reference gene
Internal reference gene
Internal reference gene
Internal reference gene
Internal reference gene
For real-time PCR
For real-time PCR

(XM003609415.1), Vigna radiata (AB009077.1), Pyrus
communis (AB097115.1), Rhodospirillum rubrum (AF
044912.1) and Chara corallina (AB018529.1). Sequence
alignment was performed using ClustalW (ver. 1.83). After
visual examination and manual adjustment, we used the
neighbour-joining (NJ) method to generate an evolutionary
tree in MEGA6 (Tamura et al. 2013).

Subcellular localization of pA7-ScHP1-YFP in onion epidermal
cells

We constructed a transient recombination expression vector
of pA7-ScHP1-YFP (yellow ﬂuorescent protein) to conﬁrm
the subcellular localization of ScHP1 in onion epidermal
cells; we selected these cells based on ease of identiﬁcation.
PCR mutagenesis was used to introduce 21-bp fragments
identical to the sequences ﬂanking the insert site into the
ScHP1 ORF. The modiﬁed ORF was fused with the
5 terminus of the YFP gene in the pA7-YFP vector (containing the YFP gene, a 35S cauliﬂower mosaic virus (CaMV)
promoter, and a nopaline synthase (NOS) terminator) using
the homologous recombination ClonExpressTM II one step
cloning kit (Vazyme Biotech, Nanjing, China). Before transformation, onion epidermal explants were incubated in a
hypertonic medium, (Murashige and Skoog (MS) medium,
40 g/L mannitol, pH = 5.7) at 23◦ C for 4 h. Transformation
was conducted using a PDS-1000/He (Bio-Rad, Hercules, USA)

particle bombardment system. Approximately 5 μg of this
vector embedded with 1-μm gold microcarriers were used
for bombardment. Following parameters were employed:
vacuum pressure, 25 mm Hg; distance between the highpressure chamber and microcarrier membrane, 6 cm; pressure of the accelerating helium pulse, 1100 psi. The
pA7-YFP vector was used as the control for the localization
study. The transferred onion epidermal cells were incubated
on MS medium in the dark at 23◦ C for 24 h, and ﬂuorescence was visualized with a ﬂuorescence microscope (Olympus DP70, Olympus, Japan) under a 40-power microscope
emitting blue light (512 nm).

Expression analysis of ScHP1 using real-time quantitative PCR

We used real-time quantiﬁcation PCR (RT-qPCR) to analyse
ScHP1 expression in the roots, stems and leaves of rye
plants subjected to various abiotic stresses. The gene-speciﬁc
primers, DL-ScHP-F1 and DL-ScHP-R1 and the internal
reference gene primers glyceraldehyde phosphate dehydrogenase (GAPDH), actin and Ta54227 (cell division control
protein, AAA-super family of ATPases) are listed in table 1.
Total RNA extraction and ﬁrst-strand cDNA synthesis were
conducted as described above. RT-qPCR was performed in
triplicate using a Biorad CFX96 thermocycler. The SYBR
Premix Ex Taq II kit was purchased from TaKaRa. The
data were analysed with Biorad CFX Manager software.
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The relative expression was calculated based on the standard
curve method (Pfafﬂ 2001).

Results
Characterization of the full-length ScHP1 ORF and ScHP1 gene

Based on the sequences of a 1.8-kb 3 RACE fragment and
a 0.8-kb 5 RACE fragment (ﬁgure 1b), we designed a pair
of primers to amplify the full-length ScHP1 ORF (ﬁgure 1b).
The resulting cloned fragment was 2629 bp in length, and
it contained a 2289-bp ORF and a 340-bp downstream
sequence. Analysis of the deduced protein sequence revealed
that the ScHP1 ORF encoded 762 amino acid residues with
a predicted molecular mass of 79.4 kDa. Structure prediction
indicated that ScHP1 contained 14 transmembrane domains
(ﬁgure 1 in electronic supplementary material at http://www.
ias.ac.in/jgenet/). Tertiary structure prediction indicated that
the protein contained two chains, one potassium ion and
10 magnesium ion-binding sites (ﬁgure 2). The complete
genomic DNA of ScHP1 was assembled and constructed
by sequencing three overlapping fragments (ﬁgure 1, c&d).
The full-length DNA consisted of 4354 bp and it included
eight exons and seven introns (ﬁgure 1a).

Sequence alignment and phylogenetic analysis

To characterize the phylogenetic relationships between
ScHP1 and other known alleles, we aligned the protein

Figure 2. Three-dimensional structure of ScHP1. Magnesium ions
and potassium-binding sites are indicated in yellow and red colours,
respectively. Blue and green denote the two chains comprising
ScHP1 (http://swissmodel.expasy.org/interactive).

sequence of ScHP1 with the sequences of orthologous
proteins from T. aestivum, T. urartu, Aegilops tauschii,
Brachypodium distachyon, H. vulgare, O. sativa and Z. mays.
The 5 -terminal regions of the proteins showed considerable variation and the remaining parts of the sequences were
highly conserved. All the typically conserved domains of
ScHP1 were observed in most of the investigated species
(ﬁgure 2 in electronic supplementary material).
The results of phylogenetic analysis indicated that the
evolutionary tree was highly divergent and comprised two

Figure 1. Isolation of rye ScHP1 cDNA and genomic DNA. (a) Structure of ScHP1. The positions of the primers (see table 1) are indicated
by arrows. Exons and introns are drawn in black or white boxes to illustrate their positions. The approximate positions of the start (ATG)
and stop (TGA) codons are indicated. (b) Cloning of ScHP1 cDNA. Lane 1, 3 RACE of ScHP1 cDNA; lane 2, 5 RACE of ScHP1 cDNA;
lane 3, full-length ScHP1 cDNA. (c) Ampliﬁcation of genomic DNA (5 ) using genome walking. Lane 1, adaptor primer LAD3+SCHP1R4; lane 2, adaptor primer AC1+SCHP1-R5; lane 3, adaptor primer AC1+SCHP1-R6. (d) Ampliﬁcation of the remaining gene fragments.
Lane 1, intermediate segments of genomic DNA; lane 2, 3 segments of genomic DNA.
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groups—a plant group and a photosynthetic bacteria group
(ﬁgure 3). The plant group contained a lower plant subgroup (Chara corallina) and a higher plant subgroup; in
the higher plant subgroup, monocotyledons and dicotyledons
were present. The H+ -PPase sequences of Chara corallina
and Rhodospirillum rubrum were located at the bottom of
the tree. The rye ScHP1 was located closest to the H+ -PPase
sequences of the Triticeae tribe, which contained H. vulgare
and T. aestivum. Additionally, the photosynthetic bacteria group was related to the plant group. The relationship
between monocotyledons and dicotyledons was supported by
a high bootstrap value. These close evolutionary relationships imply that the sequences of ScHP1 and other members of the H+ -PPase gene family may have diverged from a
common ancestral species.
Subcellular localization of pA7-ScHP1-YFP in onion epidermal
cells

To identify the location of subcellular expression of ScHP1,
we constructed a pA7-ScHP1-YFP fusion vector. This vector
was used to bombard onion epidermal cells and we examined transient expression using ﬂuorescence microscopy.
Cells transformed with pA7-ScHP1-YFP showed yellow ﬂuorescence on the plasma membrane, whereas cells transformed with the control vector (pA7-YFP) showed widely
distributed yellow ﬂuorescence (ﬁgure 4b). Neither the pA7ScHP1-YFP vector nor the control vector showed coloured
ﬂuorescence under white light. Our results suggest that the
ScHP1 protein is localized to the plasma membrane.

Expression analysis of rye ScHP1

In the leaves of rye plants subjected to N deprivation and
to cold and high-salt stresses, the expression level of ScHP1
increased gradually from the start to the end of the experimental period (ﬁgure 3, a,d&f in electronic supplementary material). In the N deprivation and high-salt stress
treatments, the expression level was eight-fold higher after
72 h than at 0 h (ﬁgure 3, a&f in electronic supplementary
material). However, in the cold stress treatment, the expression level was 16-fold higher after 72 h than at 0 h (ﬁgure 3d
in electronic supplementary material). In contrast, leaves of
rye plants subjected to P and K deprivation, and drought
stress, the expression of ScHP1 increased gradually to reach
a peak at approximately 36–48 h and thereafter decreased
(ﬁgure 3, b,c&e in electronic supplementary material). In
the drought stress treatment, the expression level showed a
slight decrease after 36 h (ﬁgure 3e in electronic supplementary material). However, in P and K deprivation treatments,
the expression level showed a marked decrease after 48 h
(ﬁgure 3, b&c in electronic supplementary material).
With the exception of rye plants subjected to K deprivation, the root expression levels of ScHP1 were low at 0 h
and then increased gradually throughout the experiment. In
the roots of rye plants subjected to K deprivation, the expression level of ScHP1 increased to reach a peak at 48 h and
thereafter decreased.
In the stems of rye plants subjected to P and K deprivation,
cold and high-salt stresses, ScHP1 expression was gradually
downregulated over time (ﬁgure 3, b,c,d&f in electronic

Figure 3. Phylogenetic tree of ScHP1 and other members of the H+ -PPase
family. To assess the tree robustness, bootstrap values were calculated from
1000 replicates.
Journal of Genetics, Vol. 95, No. 3, September 2016
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Figure 4. Recombination vector pA7-ScHP1-YFP for subcellular localization. (a) Construction of recombination vector pA7-ScHP1-YFP. (b) pA7-ScHP1-YFP in onion epidermal cells. pA7-YFP is the control vector,
and pA7-SCHP1-YFP is the constructed vector. Photographs were taken in ﬂuorescent and white light ﬁelds to
examine the positions of the onion epidermal cells for the pA7-YFP (i and ii) and pA7-SCHP1-YFP (iii and iv)
vectors under a 40× visual ﬁeld with ﬂuorescent microscope.

supplementary material). In contrast, in the stems of rye
plants subjected to N deprivation and drought stress, the
expression levels of ScHP1 reach peaks at 60 and 30 h,
respectively, and thereafter decreased (ﬁgure 3, a&e in
electronic supplementary material).

Discussion
In the present study, we identiﬁed and isolated the ScHP1
gene in rye. We determined the localization of this gene and
characterized its expression patterns in response to different stresses. Comparison of the protein sequences of ScHP1
and other members of the H+ -PPase gene family revealed
that the H+ -PPase genes from rye, T. aestivum and H. vulgare shared a high degree of similarity, particularly at the
3 terminus. These results were supported by our phylogenetic analysis. Prediction of the rye ScHP1 protein domains
suggested that the primary structure was characterized by
conserved domains of the H+ -PPase protein family, such
as DVGADLVGKVE, EYYT and GNTTAA. In contrast to
the 10 transmembrane domains observed in wheat (Li et al.
2014), ScHP1 contained 14 transmembrane domains.
Nakanishi and Maeshima (1998) reported that in most
plants, H+ -PPase is found on the vacuole membrane. However, Mitsuda et al. (2001) identiﬁed a new type of H+ PPase on the Golgi apparatus in Arabidopsis thaliana. Kuo
et al. (2005) subsequently detected H+ -PPase on the endoplasmic reticulum of the hypocotyls in mung bean. The
results of our subcellular localization experiment indicated that
ScHP1 was localized to the plasma membrane. H+ -PPase
activity has previously been reported in the plasma membranes of castor bean roots and cotyledons, and in pea cotyledons (Long et al. 1995; Robinson et al. 1996). The localization
of H+ -PPase in the Chlamydomonas plasma membrane was
570

explained by contractile vacuole fusion with the plasma
membrane (Robinson et al. 1998). The localization of ScHP1
to the plasma membrane in this study implies that this protein
plays a previously unidentiﬁed pivotal role in the cell, and
that it contributes to the evolutionary relationships among
membranous organelles.
The expression patterns of ScHP1 in the roots, stems and
leaves of rye plants subjected to N, P and K deprivation,
cold, drought and high-salt stresses showed that the expression patterns varied according to the different stress conditions. In contrast, the expression pattern in the roots was
relatively similar under all the investigated conditions. Gene
expression is predominantly mediated by H+ -PPase, which
regulates the cell H+ electrochemical gradient in coordination with H+ -ATPase. Based on the observed expression
levels in the roots and leaves of rye plants subjected to N deﬁciency, we hypothesize that the H+ -PPase and H+ -ATPase
genes are simultaneously expressed to provide energy for
nitrate uptake through regulation of the cell H+ electrochemical gradient. Our results are in accordance with those of a
previous study on the relationships between energy, nitrate
uptake and proton gradient (Crawford 1995). We further
showed that ScHP1 was induced by cold stress and that the
expression patterns in the roots and leaves were similar to
those observed determined under conditions of N deprivation. The results are in agreement with those of a previous study using mung bean (Darley et al. 1995). Yoshida
(1994) reported that low temperatures can induce changes in
cytoplasmic pH, thereby preventing cell injury. ATPase and
H+ -PPase activity may alter the H+ electrochemical gradient, thereby maintaining the appropriate pH balance for plant
growth. Low temperatures frequently result in damage to the
cell membrane. The rye H+ -PPase is localized to the plasma
membrane, where it may play a crucial role in preventing

Journal of Genetics, Vol. 95, No. 3, September 2016

H+ -pyrophosphatase gene in rye
membrane injury, by inducing gene expression under conditions of cold stress.
Obermeyer et al. (1996) demonstrated that H+ -PPase can
serve as an H+ /K+ cotransporter, thereby mediating K+ transit. In our study, the expression level of ScHP1 in the roots
of rye plants subjected to K deprivation increased to reach a
peak at 48 h and thereafter decreased. This ﬁnding implies
that the transport speed of H+ increased at 48 h in association with K+ transport; thereafter, ScHP1 expression may
have been inﬂuenced by K+ uptake through the roots.
Pyrophosphate is an important source of phosphorus for
plants (Engelstad and Allen 1971). In this study, the expression level of ScHP1 in the roots of rye plants subjected to P
deprivation increased gradually throughout the experiment.
This result suggests that H+ -PPase hydrolyses pyrophosphate, thereby providing adequate phosphorus content for
plants. Expression of H+ -PPase genes may alter the ability
of many plants to respond to abiotic stresses. For example,
expression of AVP1 in transgenic cotton has been shown to
enhance tolerance to salt and drought stresses (Duan et al.
2007; Li et al. 2010; Pasapula et al. 2011). We determined
a marked increase in the expression levels of H+ -PPase
genes in rye plants subjected to salt and drought stresses.
Under these conditions, plants must absorb large quantities of inorganic ions, to prevent water loss and Na+ toxicity and thus maintain an osmotic balance. Concomitantly,
excess Na+ and inorganic ions are limited to a speciﬁc zone.
The overall process is regulated by the H+ -PPase-mediated
transmembrane electrochemical gradient.
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