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1. Introduction
The cytosolic inorganic pyrophosphate (PPi) pool is 
generated by numerous metabolic reactions, including 
syntheses of polymers like DNA, RNA, proteins, and 
polysaccharides (Geigenberger et al., 1998; Stitt, 1998; 
Sivula et al., 1999; Sonnewald, 2001). Soluble (sPPases) 
and membrane-bound proton-pumping inorganic 
pyrophosphatases (especially vacuolar pyrophosphatase, 
vPPase) are responsible for the removal of excess PPi to 
provide a pull for biosynthetic reactions by making them 
thermodynamically irreversible (Jelitto et al., 1992; Rea 
and Poole, 1993; Maeshima et al., 1994; du Jardin et al., 
1995; Maeshima, 2000; Ferjani et al., 2011).   

The importance of high cytosolic PPi concentration and 
low cytosolic sPPase activity was proven by overexpression 
of Escherichia coli sPPase in the plant cytosol, which 
decreased cytoplasmic PPi concentration to a level that 
impaired plant growth and development (Weiner et al., 
1987; Jelitto et al., 1992; Sonnewald, 1992). Therefore, it 
is generally well accepted that plant cytosol lacks sPPase 

activity (Geigenberger et al., 1998; Stitt, 1998; Farré et 
al., 2001). However, this hypothesis has some drawbacks. 
Weiner et al. (1987) measured the cytoplasmic PPi 
concentration of fully developed spinach leaves as 200–
300 µM, whereas for potato tuber cells it was 23 µM (Farré 
et al., 2001). In other words, there are still not enough data 
on in vivo cytoplasmic PPi levels depending on the plant 
species, tissue, and developmental stage. In addition, Chen 
et al. (1990) suggested the presence of a posttranslational 
mechanism in E. coli to regulate the enzymatic activity of 
sPPase to keep cytoplasmic PPi concentration at a certain 
level. Therefore, the higher decrease in the cytoplasmic 
PPi concentration through ectopic expression of the E. 
coli sPPase gene might be due to the lack of the regulatory 
mechanisms of a bacterial enzyme in plants and does not 
necessarily prove the lack of sPPase activity in the plant 
cytosol.

The Arabidopsis thaliana (L.) Heynh. genome has six 
sPPase isoforms, one of which was shown to be localized 
in the plastids and the others in the cytosol and/or nucleus 
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(Schulze et al., 2004; George et al., 2010; Öztürk et al., 
2014). Navarro-De la Sancha et al. (2007) reported the 
possibility of ubiquitous expression of A. thaliana sPPase 
isoforms based on the GENEVESTIGATOR database 
and suggested that changes in cytosolic PPi concentration 
by differential expression of sPPase isoforms might be 
important in the regulation of plant metabolism (Navarro-
De la Sancha et al., 2007; Meyer et al., 2012). Here, we 
aimed to analyze the differential expression of A. thaliana 
soluble pyrophosphatase isoforms in response to external 
stimuli to get further insight into their possible roles in the 
plant metabolism.  

2. Materials and methods
2.1. Plant growth and heterotrophic suspension-cultured 
cells
Arabidopsis thaliana (L.) Heynh. ecotype Columbia was 
used for all experiments. The growth of A. thaliana in 
hydroponic culture (25 µM H3BO3, 0.06 µM CuSO4, 0.14 
µM MnSO4, 0.03 µM Na2MoO4, 0.001 µM CoCl2, 0.1 µM 
ZnSO4, 20 µM Fe-EDTA, 2 mM KNO3, 1 mM Ca(NO3)2, 
1 mM KH2PO4, and 1 mM MgSO4) was performed 
according to Noren et al. (2004). In short, A. thaliana 
seeds were surface sterilized and inoculated onto pipette 
tips filled with hydroponic culture solidified with 1% plant 
agar. The pipette boxes were then sealed and, after 2 days of 
incubation at 4 °C, transferred to climate chambers [14 h 
light (24 °C), 8 h dark (18 °C), light intensity 125 µmol m–2 

s–1, 50% relative humidity]. The seals were opened after 10 
days and seedlings were grown in the pipette boxes until 
they reached the fourth leaf growth stage. They were then 
transferred to large pots filled with hydroponic solution (6 
L) to be grown for up to 4 weeks with weekly renewal of 
the nutrient solution and no aeration. 

The heterotrophic Arabidopsis thaliana (L.) Heynh. 
suspension-cultured cells were grown in cell suspension 
medium [4.3 g/L MS (basal salt mixture), 20 g/L sucrose 
or glucose, 1 mg/L 2.4 D, 1 mL/L vitamin solution (5 g of 
inositol, 25 mg of nicotinic acid, 25 mg of pyridoxin-HCl, 
25 mg of thiamin-HCl in 5 mL), pH 5.7] in the dark (25 
°C) with slight shaking. The cultures were renewed every 
7 days by inoculating approximately 5 g of cells into fresh 
medium.
2.2. Arabidopsis thaliana (L.) Heynh. cell culture and in 
planta sugar treatments 
Five grams of Arabidopsis thaliana (L.) Heynh. suspension-
cultured cells in exponential growth were washed twice 
with sugar-free medium and then inoculated into fresh 
cell suspension medium containing glucose, sucrose, or 
3-O-methylglucose (20 g/L). Cultures were grown in the 
dark (25 °C) with slight shaking. Five grams of samples 
were collected 7 days after inoculation for sucrose or 
glucose grown cells and 3 h, 1 day, and 3 days after for cell 

cultures inoculated in suspension culture supplemented 
with 3-O-methylglucose. They were washed twice with 
sugar-free medium, directly frozen in liquid nitrogen, and 
stored at –80 °C for real time PCR analyses. 

For in planta sugar treatment, Arabidopsis thaliana 
(L.) Heynh. plants grown in hydroponic cultures were 
used. Disks 0.05 cm in diameter were removed from fully 
developed rosette leaves (5 weeks after germination, tenth 
or eleventh leaf counted from the youngest developed 
sink leaf) and incubated in 100 mM or 300 mM sucrose, 
glucose, or 3-O-methylglucose dissolved in deionized 
water overnight in the dark at room temperature with slight 
shaking. The control tissue was incubated in deionized 
water under the same conditions. The disks were directly 
frozen in liquid nitrogen after the treatments, and stored at 
–80 °C for quantitative PCR analyses.
2.3. Etiolation of Arabidopsis thaliana (L.) Heynh. 
seedlings
Arabidopsis thaliana (L). Heynh. seeds were surface 
sterilized and inoculated to ½ MS medium (pH 5.8) without 
sucrose. The plates were incubated at 4 °C overnight and 
transferred to climate chambers [14 h light (24 °C), 8 h 
dark (18 °C), light intensity 125 µmol m–2 s–1, 50% relative 
humidity]. Half of the plates were covered with aluminum 
foil, whereas the control plates were kept fully illuminated. 
Whole seedlings were collected 7 days after germination of 
control seeds, directly frozen in liquid nitrogen, and stored 
at –80 °C for quantitative PCR analyses.
2.4. External stimuli in hydroponic culture
External stimuli treatments of Arabidopsis thaliana (L.) 
Heynh. grown in hydroponic culture were performed with 
5-week-old plants after transfer to hydroponics. The ABA 
and salt treatments were performed for 16 h by adding 100 
µM ABA or 200 mM NaCl to the hydroponic culture. The 
cold treatment was performed by keeping whole plants at 
4 °C for 2 h following 16 h in growth chamber conditions 
for recovery. The phosphate starvation (5 days in climate 
chambers) was performed by removing the phosphate 
source from hydroponic culture (by replacing KH2PO4 
with K2SO4). The control samples were incubated in 
normal hydroponic culture. The control and stressed plant 
whole leaf and root tissues were collected at the same time 
points, directly frozen in liquid nitrogen, and stored at –80 
°C for quantitative PCR analyses.
2.5. Quantitative PCR
Total RNA was isolated using an RNeasy Plant Kit (Qiagen, 
Valencia, CA, USA) and reverse transcription of 2 µg of 
total RNA was performed according to the manufacturer’s 
instructions (Omniscript Reverse Transcriptase, Qiagen, 
Valencia, CA, USA). In order to prevent degradation of 
RNA, RNaseOUT (Invitrogen, Carlsbad, CA, USA) was 
added to the reaction mixture. Quantitative PCR was 
prepared in 25 µL volume and performed using iCycler 
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(Bio-Rad Laboratories, San Francisco, CA, USA). The 
annealing temperature was optimized for each gene 
specific primer pair (PPa1, PPa2, PPa3, and PPa5 at 60 °C, 
and PPa4 and PPa6 at 58 °C). The following gene specific 
primer pairs spanning one intron sequence were used for 
amplification of Arabidopsis thaliana (L.) Heynh. soluble 
pyrophosphatases: PPa1 (At1g01050; 5ʹ-ACA ATC GGC 
TGT TTC GTT TC-3ʹ; 5ʹ-TTC CTT TAG TGA TCT 
CAA CAA CCA C-3ʹ), PPa2 (At2g18230; 5ʹ-GAT TCT 
CTG CTT CGG TTT CG-3ʹ; 5ʹ-CAG TAG GAG CTT 
CTG GAC CAA TC-3ʹ), PPa3 (At2g46860; 5ʹ-CAA ATG 
CTC TGT TTT CTT CTG C-3ʹ; 5ʹ-CCT TTG TGA TCT 
CAA CCA CCA C-3ʹ), PPa4 (At3g53620; 5ʹ-TGA GAT 
CTG TGC TTG CGT TT-3ʹ; 5ʹ-TGG GGC TTC AGG 
TCC TAT C-3ʹ), PPa5 (At4g01480; 5ʹ-CTC CAC ACT 
TTC CGC AAG AT-3ʹ; 5ʹ-ACT GGA GCT CCA GGT 
CCG-3ʹ), PPa6 (At5g09650; 5ʹ-GAG ACA AAC CAG 
CAA ACA AAG AC-3ʹ; 5ʹ-AAA CAA AAT CCA AAT 
CCC AAT G-3ʹ), and actin (At3g18780; 5ʹ-GGT AAC 
ATT GTG CTC AGT GGT GG-3ʹ; 5ʹ-CTC GGC CTT 
GGA GAT CCA CAT C-3ʹ). Stable expression of the actin 
gene was confirmed under all experimental conditions 
(data not shown) and used to normalize expression levels 
of PPa isoforms according to Muller et al. (2002). Actin Ct 
values outside the limits of 16 to 18 were not considered 
in calculations and amplification efficiencies of both target 
and reference genes were confirmed to be between 1.9 
and 2.1 for each quantification. Results were calculated 

as mean ± standard deviation of three replicates of three 
independent experiments. 

3. Results
3.1. Differential expression of Arabidopsis thaliana (L.) 
Heynh. soluble pyrophosphatase isoforms upon external 
stimuli
The full promoter regions of Arabidopsis thaliana (L.) 
Heynh. sPPases from the TAIR website (The Arabidopsis 
Information Resource) were analyzed for the presence 
of known cis-acting elements related to the response to 
changes in environmental conditions using the plant web-
based programs PLACE (Higo et al., 1999) and TFSearch 
(Heinmeyer et al., 1998), and Softberry PlantProm 
database tool (Softberry PlantProm DB). The results are 
summarized in the Table. Accordingly, the changes in 
the expression of PPa isoforms (PPa1, At1g01050; PPa2, 
At2g18230; PPa3, At2g46860; PPa4, At3g53620; PPa5, 
At4g01480; PPa6, At5g09650) in response to etiolation, 
ABA treatment, salt stress, low temperature, phosphate 
deficiency, and sugars were quantified by PCR. 
3.2 Response to different carbohydrate sources in cell 
culture
Since promoter analyses suggested transcriptional 
regulation of all Arabidopsis thaliana (L.) Heynh. PPa 
isoforms with sugar and/or in response to sugar starvation 
(Table), the effects of differential carbohydrate sources 

Table. Environmental stress responsive transcriptional factor binding motifs found in the promoter regions of 
Arabidopsis thaliana (L.) Heynh. soluble pyrophosphatases. 

Regulatory element Motif Responsive to PPa
ABRELATERD1 ACGTG Etiolation 3, 5, 6
AGCBOXNPGLB AGCCGCC Wounding 3
CCAATBOX1 CCAAT Heat All
CDA1ATCAB2 CAAAACGC Dark 3
CGACGOSAMY3 CGACG Sugar starvation 2, 4
DRE1COREZMRAB17 ACCGAGA Drought 1
ELRECOREPCRP1 TTGACC Wounding 3, 5, 6
GARE1OSREP1 CAACTC Gibberellin and ABA 3
GATABOX GATA Light All
GCCCORE GCCGCC Wounding 3
GT1CORE GGTTAA Light 2, 6
MYCATERD1 CATGTG Drought 4, 5, 6
TATCCAOSAMY TATCCA Sugar and hormone 1, 3, 5, 6
TATCCAYMOTIFOSRAMY3D TATCCAY Sugar 1, 2
TCA1MOTIF TCATCTTCTT Salicylic acid 2

Web-based tools PLACE (Higo et al., 1999) and TFSearch (Heinmeyer et al., 1998), and Softberry PlantProm 
database tool (Softberry PlantProm DB) were used for the detection of possible regulatory motifs.
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on the gene expression of the PPa family were analyzed 
using A. thaliana suspension-cultured cells grown 
in medium supplemented with glucose, sucrose, or 
3-O-methlyglucose. PPa2 and PPa6 transcripts could not 
be detected by quantitative PCR; therefore, these isoforms 
can be considered as not expressed in cell cultures. Mean 
normalized expression levels of PPa1, PPa3, PPa4, and 
PPa5 upon different carbohydrate stimuli are summarized 
in Figure 1. Sucrose as carbohydrate source induced 
expression levels of PPa1 and PPa4, while PPa3 transcript 
level did not considerably change (Figure 1). Expression 
level of PPa4 was strongly induced 3 days after inoculation 
to medium containing glucose and stayed at the same level 
for 7 days after transfer (Figure 1). Transcripts of other 
PPa isoforms did not respond to the presence of glucose 
(Figure 1). 
The effect of sugar starvation on the gene expression of 
PPa isoforms was analyzed using a nonmetabolizable 
glucose analogue, 3-O-methlyglucose (Cortes et al., 
2003), and quantified by PCR (Figure 1). Expression 
of PPa1 was repressed after transfer from sucrose to 
3-O-methlyglucose containing medium (Figure 1). 
PPa3 and PPa4 transcription levels were induced in 
the presence of 3-O-methlyglucose at different time 
points (Figure 1). Interestingly, PPa3 showed no 
detectable expression in glucose fed cell culture, but was 
strongly induced by both etiolation and in response to 
3-O-methlyglucose (Figure 1). 
3.3. Response to different carbohydrate sources in planta
The effects of different carbon sources on expression levels 
of Arabidopsis thaliana (L.) Heynh. PPa isoforms were 
confirmed in planta as described by Schulze et al. (2004). 
In planta mean normalized expression levels of most of 
the PPa isoforms were quite low (data not shown). PPa1, 
found to be expressed in the cell culture (Figure 1), was 
almost undetectable in response to different carbohydrate 
sources in planta. Expression levels of PPa2, PPa4, and 

PPa5 were differentially changed in response to glucose, 
sucrose, or 3-O-methlyglucose (Figure 2). Interestingly, 
PPa3 transcript level was induced in response to 
3-O-methlyglucose in both cell culture (Figure 1) and in 
planta (Figure 2) experiments. The level of expression of 
PPa6 (the plastidial isoform) was induced in the presence 
of 100 mM glucose, and otherwise repressed to different 
levels (Figure 2).
3.4. Response to etiolation
Levels of expression of PPa transcripts in both dark and 
light grown 7-day-old whole seedlings were shown to be 
quite low, except for the plastidial isoform in light grown 
seedlings (data not shown). In response to etiolation, 
expression of most of PPa isoforms was repressed to 
different levels, except for PPa3, which showed an 
induction, and the transcription of PPa6, the plastidial 
isoform, was almost completely downregulated (Figure 
3). Promoter analyses (Table) suggested response of PPa3, 
PPa5, and PPa6 transcription to etiolation and PPa3 to 
dark, and quantitative PCR analyses revealed induction in 
expression of PPa3 and repression of PPa6 (Figure 3).
3.5. Response to external stimuli
Promoter analyses suggested transcriptional regulation of 
Arabidopsis thaliana (L.) Heynh. soluble pyrophosphatase 
isoforms in response to external stimuli (Table); therefore, 
changes in gene expression of the PPa family were analyzed 
by quantitative PCR in response to ABA, cold, salt, and 
phosphate deficiency. Percent changes in expression levels 
of stress treated leaf and root samples are summarized in 
Figure 4, where the expression level of several PPa isoforms 
differentially responded to ABA, cold, salt, and phosphate 
deficiency specifically in leaf or root tissues, or both. 

The responses of A. thaliana sPPases to ABA treatment 
were clearly isoform-specific and quite complex (Figure 
4). For example, PPa1, PPa5, and PPa6 expression was 
induced in leaf tissue, but not changed in roots; on the 
other hand, the expression of PPa2 and PPa3 was induced 

3 h 1 d 3 d 7 d 3 h 1 d 3 d 7 d 3 h 1 d 3 d
Sucrose Glucose 3-OMG

PPa1 0.19530 0.38503 0.47368 0.62790 0.14057 0.25257 0.16299 0.41803 0.04508 0.13915 0.04902
PPa3 0.01190 0.00195 0.01106 0.20276 0.00779 0.00718 0.01663 0.00166 0.00053 0.03540 0.91839
PPa4 0.03499 0.08443 0.10015 0.39036 0.04878 0.05053 0.81908 0.79741 0.06397 0.55299 0.42561
PPa5 0.01188 0.02532 0.02387 0.05211 0.01662 0.04284 0.06023 0.13544 0.00587 0.05142 0.01863

0.00
0.20
0.40
0.60
0.80
1.00
1.20
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E 

Figure 1. Isoform-specific real time PCR analysis of PPa expression in heterotrophic, exponentially growing suspension cultured 
cells. Data were normalized (Muller et al., 2002) using actin gene expression as the reference. Data were given as the means of three 
independent experiments and error bars indicate ± SD. 3-OMG: 3-O-methylglucose; MNE: mean normalized expression.
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in root and repressed in leaf. Among the PPa isoforms, 
only PPa4 was upregulated by ABA treatment both in leaf 
and in root tissues. 

The responses of A. thaliana sPPase transcripts to 
cold and salt stresses emphasized the isoform- and tissue-
specificity of expression (Figure 4). For example, the gene 
expression of PPa1 was upregulated in leaf tissue, whereas 
PPa3 and PPa5 were highly induced in root tissue upon 
cold treatment. Similar to the ABA responses, only the 
gene expression of PPa4 was upregulated in both leaf 
and root tissues upon cold treatment. Salt stress resulted 
in induction of PPa2, PPa3, and PPa4 transcripts in leaf 
tissues and PPa2 and PPa4 transcripts in root tissues. 
PPa1 transcripts in leaf tissues were almost completely 
downregulated upon salt treatment.

The expression of most A. thaliana sPPases was found 
to be repressed upon phosphate deficiency for 5 days 
(Figure 4). While the expression of PPa1, PPa3, and PPa6 
was completely repressed in root tissues, the response in 
leaf tissues showed unique levels of downregulation, the 
highest of which were in the transcript levels of PPa3 and 
PPa6. 

4. Discussion
Arabidopsis thaliana (L.) Heynh. has six sPPase isoforms 
(Schulze et al., 2004; Öztürk et al., 2014). The presence of 
a vacuolar membrane localized proton-pumping PPase 
(Geingenberger et al., 1998; Farre et al., 2001) and data 
implying the importance of a large cytosolic PPi pool 
for plant growth and development (Jelitto et al., 1992; 
Sonnewald, 1992) suggested lack of cytosolic sPPase 
activity. Recent data, however, imply possible roles of 
cytosolic sPPases in the regulation of plant metabolism 
(Meyer et al., 2012; Öztürk et al., 2014). In this study, we 
summarize real time PCR analyses of expressional changes 
of PPa isoforms in response to etiolation, different carbon 
sources, and environmental stresses including ABA, cold, 
salt, and phosphate deficiency.
4.1. Expression of Arabidopsis thaliana (L.) Heynh. PPa 
isoforms changes depending on the carbohydrate source
Besides playing a central role in metabolism, soluble 
sugars like glucose and sucrose have been shown to 
be important signaling molecules regulating many 
developmental and physiological processes in plants 
including carbohydrate metabolism (Koch, 1996; Gibson, 
2000). The suspension-cultured cell studies in the presence 
of different carbohydrate sources available in the growth 
medium revealed that transcripts of PPa2 and PPa6 were 

PPa1 PPa2 PPa3 PPa4 PPa5 PPa6
Control 0.00502 0.00008 0.00058 0.00069 0.01347 0.09429
3-OMG 100 mM 0.00002 0.00283 0.00024 0.00028 0.00162 0.03943
3-OMG 300 mM 0.00198 0.01484 0.02326 0.00309 0.00894 0.05210
Glucose 100 mM 0.00008 0.00312 0.00109 0.00581 0.00535 0.13718
Glucose 300 mM 0.00002 0.00146 0.00015 0.00492 0.01900 0.01995
Sucrose 100 mM 0.00035 0.01424 0.00148 0.01753 0.01619 0.04062
Sucrose 300 mM 0.00007 0.01805 0.00051 0.00955 0.01338 0.01687

0
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0.06
0.08

0.1
0.12
0.14
0.16
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Figure 2. Isoform-specific real time PCR analysis of PPa expression upon incubation of leaf disks on media supplemented with sucrose, 
glucose or the non-metabolizable sugar 3-O-methylglucose at 100 mM or 300 mM concentrations. Data were presented as percent of 
expression values at time of cell transfer to fresh medium, and were normalized (Muller et al., 2002) using actin as the reference gene. 
Data were given as the means of three independent experiments and error bars indicate ± SD. 3-OMG: 3-O-methylglucose; G: glucose; 
S: sucrose; MNE: mean normalized expression.
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Figure 3. Expression analyses of PPa isoforms during seedling 
germination in the dark (7 days of etiolation). Data were 
normalized (Muller et al., 2002) using actin gene expression as 
the reference and expressed as percent of expression values in 
light grown control seedlings. Data were given as the means of 
three independent experiments and error bars indicate ± SD. 
%CE: % change in expression.
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not detectable by real time PCR (Figure 1). Among the 
other PPa isoforms, PPa1, PPa3, and PPa4 transcripts 
indicated sugar-dependent expressional regulation (Figure 
1). While PPa1 expression was induced by sucrose, the 
transcript level of PPa4 increased in response to glucose 
and 3-O-methylglucose (Figure 1). In addition, real time 
PCR analyses of in planta experiments indicated induction 
of PPa4 transcript level in response to 100 mM sucrose 
(Figure 2). The expressional increases in PPa1 (At1g01050) 
in response to sucrose in cell culture and PPa4 (At3g53620) 
in response to sucrose and glucose in both cell culture 

and in planta experiments support the previous finding 
on the possible roles of these isoforms in regulation of 
cytosolic glycolysis (Meyer et al., 2012). In planta studies 
revealed specific induction of PPa6, the plastidial isoform, 
in response to 100 mM glucose (Figure 2). Schulze et al. 
(2004) showed in planta induction of PPa6 transcript by 
northern blot analysis in response to 300 mM glucose and 
300 mM sucrose. Our results, on the other hand, showed 
an induction by 100 mM glucose only. The difference in the 
results presented in this study and the report by Schulze et 
al. (2004) might be related to using leaves from different 
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Figure 4. Impact of abscisic acid (ABA), salt exposure, cold treatment, and phosphate deficiency on relative expression of PPa 
isoforms in leaf (L) and root (R) tissues. Percent change in expression of Arabidopsis thaliana (L.) Heynh. sPPase isoforms in 
response to 100 µM ABA (16 h), 2 h 4 °C (followed by 16 h recovery), 200 mM NaCl (16 h), and 5 days cultivation on phosphate-
depleted medium are presented. Data were normalized (Muller et al., 2002) using actin as the reference gene expressed as percent 
of expression values under control conditions. Data were given as the means of three independent experiments and error bars 
indicate ± SD. %CE: % change in expression.
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developmental stages (Schulze et al. did not specify the 
age of the plant used for collecting leaf disks). However, 
300 mM sucrose and glucose are high concentrations of 
sugars; therefore, the induction observed by Schulze et al. 
(2004) might be independent of carbohydrate-mediated 
regulation since higher concentrations of both glucose and 
sucrose (300 mM) were reported to severely interfere with 
development (Gibson, 2000). 
4.2. PPa3 is induced by sugar starvation 
While most Arabidopsis thaliana (L.) Heynh. sPPase 
isoforms showed different levels of repression (the 
strongest of which was observed in the plastidial isoform 
PPa6), expression level of PPa3 showed a strong induction 
during etiolation (Figure 3). Interestingly, the expression 
of PPa3 was induced both in seedlings germinated in the 
dark without exogenous sugar supply (Figure 3) and in 
cell cultures grown in medium with 3-O-methylglucose 
as carbon supply (Figure 1). Plants experience starvation 
due to repression of photosynthesis when grown in 
the dark. This is also true for long-term feeding with 
3-O-methylglucose, since it is a nonmetabolizable glucose 
analogue (Cortes et al., 2003). The gene expression of 
PPa3, therefore, might be concluded to be induced 
by sugar starvation, indicating a possible role of this 
soluble pyrophosphatase isoform in starvation response. 
Interestingly, the sugar-mediated regulation of PPa3 
gene expression is surprisingly similar to the regulation 
of enzymes responsible for starch breakdown; they were 
shown to be significantly upregulated by carbohydrate 
depletion and completely repressed by glucose (Koch, 
1996; Jang and Sheen, 1997). 
4.3. ABA, salt, and cold specifically induce some 
Arabidopsis thaliana (L.) Heynh. PPa isoforms, while 
repressing others
The real time quantification of changes in expression of PPa 
isoforms showed isoform- and tissue-dependent responses 
to ABA, salt, and cold stresses (Figure 4). Expression levels 
of PPa1, PPa5, and PPa6 in leaf tissues and PPa2 in root 
tissues were induced upon exposure to ABA, and salt 
stress treatment significantly induced PPa6 transcription 
only (Figure 4). ABA is a plant hormone functioning in 
response to environmental stress conditions by adjusting 
osmotic homeostasis or, at the cellular level, by regulating 
a set of genes to promote tolerance to stress conditions 
(Kang et al., 2002). Since the endogenous ABA level is 
known to accumulate upon salt stress and has a regulatory 
effect on gene expression, salt and ABA responses 
were reported to have similarities, i.e. there is crosstalk 
between these two stress responsive pathways (Zhu, 2002). 
However, no clear similarities were observed in changes 
in expression levels of PPa isoforms upon ABA treatment 
or salt stress in this study. Genes that are regulated by 
photosynthetic activities were reported to be affected but 

not regulated by salt stress per se (Zhu, 2002); therefore, 
increased expression of PPa6 transcripts upon salt stress 
(Figure 4) cannot easily be explained as a stress response 
but might be related to changes in cellular metabolism. 
Cold treatment creates energy stress due to mitochondrial 
dysfunction and consequently PPi-dependent pathways 
were reported to be favorable under this ATP limiting 
condition (Carystinos et al., 1995). The induction of gene 
expression of PPa1 in leaf tissue and PPa5 in root tissue 
in response to low temperature may imply tissue-specific 
roles of these isoforms in cold stress response (Figure 4).
4.4. Phosphate starvation represses the expression of 
Arabidopsis thaliana (L.) Heynh. sPPases
Orthophosphate (Pi) plays a central role in the plant 
metabolism as an educt of ATP generation, and as a key 
component of the carbon exported from chloroplasts 
during photosynthesis. Therefore, Pi deficiency affects 
photosynthesis, carbon fixation, glycolysis, and 
respiration (Raghothama, 2000; Sánchez-Calderón et al., 
2005). Phosphate starvation causes a large decline in the 
cytoplasmic Pi concentration, which is followed by large 
reductions in the intracellular levels of ATP and related 
nucleoside phosphates (Palma et al., 2000). This may 
hinder carbon flux mediated by enzymes of glycolysis 
that are dependent upon adenylates or Pi as co-substrates. 
At least six Pi- and adenylate-independent glycolytic 
‘bypass’ enzymes (sucrose synthase, UDP-glucose 
pyrophosphorylase, PPi-dependent protein kinase, 
nonphosphorylating NADP-glyceraldehyde-3-phosphate 
dehydrogenase, phosphoenolpyruvate carboxylase, and 
phosphoenolpyruvate phosphatase) were reported to be 
induced upon phosphate starvation (Palma et al., 2000). 
Thus, PPi-dependent processes may be a crucial aspect 
of the metabolic adaptations of plants to phosphate 
deficiency, which is characterized by reduced ATP pools 
(Palma et al., 2000). 

Interestingly, phosphate deficiency for 5 days repressed 
expression levels of all PPa isoforms, except the plastidial 
isoform PPa6 (Figure 4). There are, however, reports on 
induction of expression levels of sPPAse isoforms upon 
phosphate deprivation (Wasaki et al., 2003; Misson et 
al., 2005; Hernández-Domíguez et al., 2012). These 
contradictory findings could reflect the influence of the 
developmental stage of plants, different growth conditions, 
or treatments. For example, Hernández-Domíguez et al. 
(2012) determined changes in expression levels of sPPases 
of 6-week-old common bean grown in hydroponics with 
or without phosphate for 3 weeks. It is important to note 
that there are also studies reporting high cytoplasmic 
PPi pools during energy-limiting stress treatments like 
anoxia (Dancer et al., 1990; Geigenberger et al., 2000); 
therefore, repression of expression levels of PPa isoforms 
may be important to limit sPPase activity upon phosphate 
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deprivation in order to maintain the cytoplasmic PPi pool 
for the fate of PPi-dependent metabolic pathways under 
ATP limiting conditions. 
4.5. Real time PCR analyses of Arabidopsis thaliana (L.) 
Heynh. PPa isoforms imply tissue specific expression and 
specific roles of sPPase isoforms upon external stimuli
Here, we analyzed changes in expression levels of PPa 
isoforms during etiolation, different carbohydrate sources 
in cell suspension cultures and in planta, and upon ABA 
treatment, cold and salt stress, and phosphate deficiency. 
Responses to external stimuli implied specific in vivo 
function and/or regulation of each PPa isoform. Most 
interestingly, PPa1 and PPa4 appeared to be regulated by 
sugars, and PPa3 was specifically induced in response to 

sugar starvation. Increases in the expression levels of PPa2 
and PPa5 were observed only in response to environmental 
stress conditions. All of these findings suggest specialized 
in vivo functions of Arabidopsis thaliana (L.) Heynh. 
soluble pyrophosphatase isoforms in regulation of the 
plant metabolism.
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