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� Background and Aims The aim of this study was to investigate the importance of pyrophosphate (PPi) for plant
metabolism and survival under low oxygen stress. Responses of roots of wild-type potato plants were compared
with roots of transgenic plants containing decreased amounts of PPi as a result of the constitutive expression
of Escherichia coli pyrophosphatase in the cytosol.
� Methods For the experiments, roots of young wild-type and transgenic potato plants growing in nutrient solution
were flushed for 4 d with nitrogen, and subsequently metabolite contents as well as enzyme activities of the
glycolytic pathway were determined.
� Key Results and Conclusions In roots of transgenic plants containing 40% less PPi, UDPglucose accumulated
while the concentrations of hexose-6-phosphate, other glycolytic intermediates and ATP were decreased, leading to
a growth retardation in aerated conditions. Apart from metabolic alterations, the activity of sucrose synthase was
increased to a lower extent in the transgenic line than in wild type during hypoxia. These data suggest that sucrose
cleavage was inhibited due to PPi deficiency already under aerated conditions, which has severe consequences for
plant vitality under low oxygen. This is indicated by a reduction in the glycolytic activity, lower ATP levels and an
impaired ability to resume growth after 4 d of hypoxia. Interestingly, the phosphorylation of fructose-6-phosphate
via PPi-dependent phosphofructokinase was not altered in roots of transgenic plants. Nevertheless, our data provide
some evidence for the importance of PPi to maintain plant growth and metabolism under oxygen deprivation.
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INTRODUCTION

Plants are aerobic organisms that rely on oxygen for devel-
opment and metabolism. However, plants occasionally
experience low oxygen concentration due to environmental
stress such as soil flooding or low oxygen diffusion in dense
or bulky tissues. Although some species have evolved
physiological and morphological adaptations enabling them
to cope with prolonged oxygen deprivation occurring in
their natural habitats, most plants cannot survive longer
periods of low oxygen, which causes tissue injury and
yield loss (Perata and Alpi, 1993; Crawford and Braendle,
1996; Drew, 1997; Schlueter and Crawford, 2001).

Oxygen deprivation, either partial (hypoxia) or complete
(anoxia), restricts ATP production through oxidative phos-
phorylation and, consequently, inhibits energy-dependent
processes. Plants respond with the induction of fermentative
enzymes to allow production of ATP and regeneration of
NAD. Nevertheless, the efficiency of ATP formation by the
fermentative pathway is much less than during oxidative
phosphorylation. Recent studies indicate that plants respond
differentially to hypoxia and anoxia. While glycolysis
was found to be accelerated under anoxia leading to

rapid carbohydrate starvation (Drew, 1997; Vartapetian and
Jackson, 1997; Mustroph and Albrecht, 2003; Albrecht
et al., 2004), respiration, glycolysis and Krebs cycle
might be downregulated during hypoxia (Albrecht and
Wiedenroth, 1994; Biemelt et al., 1999; Geigenberger
et al., 2000; Albrecht et al., 2004).

Complementary to the downregulation of ATP-consum-
ing processes, plants may utilize pyrophosphate (PPi) as
an alternative energy donor during ATP deficiency (Stitt,
1998). PPi is produced by a wide range of biosynthetic
reactions and is usually present in high amounts in the
cytosol (Weiner et al., 1987). The theoretical energy release
by the cleavage of PPi was estimated to be about one-half
of that of ATP hydrolysis (Weiner et al., 1987). In contrast
to the strong decline in the amount of ATP, PPi content
was found to be relatively stable under hypoxic conditions
(Dancer and ap Rees, 1989; Mohanty et al., 1993;
Geigenberger et al., 2000). Three metabolic processes can
be catalysed in parallel by ATP- and PPi-utilizing enzymes,
and PPi-driven reactions may substitute those requiring
ATP to support metabolic and cellular function under
low oxygen (Stitt, 1998), as summarized in the scheme
(Fig. 1).

First, plants possess two pathways for sucrose break-
down, which differ in their energy demand. Sucrose
cleavage by invertase and subsequent metabolism via hexo-
kinases requires two molecules of ATP, whereas sucrose
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mobilization via sucrose synthase (SuSy) and UDPglucose-
pyrophosphorylase (UGPase) consumes only 1 mol PPi
mol�1 sucrose. Interestingly, under oxygen deficiency, SuSy
activity was found to be increased in several plant species,
whereas invertase activity declined (Guglielminetti et al.,
1995; Perata et al., 1996, 1997; Biemelt et al., 1999;
Mustroph and Albrecht, 2003). SuSy belongs to a group
of anaerobically induced proteins (Chourey et al., 1991;
Ricard et al., 1991; Sachs et al., 1996). Using double
mutants of SuSy, Ricard et al. (1998) pointed to a crucial
role for SuSy in maintaining glycolysis in oxygen-deprived
maize roots. However, antisense inhibition of SuSy gene
expression did not alter glycolysis in potato plants under
oxygen deficiency but strongly impaired the ability to
recover (Biemelt et al., 1999).

Secondly, beside the ATP-dependent phosphorylation
of fructose-6-phosphate (Fru6P) by phosphofructokinase
(PFK), the reaction can also be catalysed by the PPi-
dependent pyrophosphate-fructose-6-phosphate-phospho-
transferase (PFP) to form fructose-1,6-bisphosphate (Fru1,
6BP; Fig. 1). The latter reaction is reversible, and the
enzyme is strongly activated by fructose-2,6-bisphosphate
(Fru2,6BP) (Stitt, 1990; Plaxton, 1996). PFP activity was
shown to be induced in anoxic rice seedlings (Mertens et al.,
1990), rice coleoptiles (Gibbs et al., 2000; Kato-Noguchi,
2002) and rice suspension cells (Mohanty et al., 1993).

In addition, increased PFP activity was also measured dur-
ing Pi deficiency (Theodorou et al., 1992, 1996). The
increase in PFP activity was paralleled by an accumulation
of Fru2,6BP during Pi deficiency (Theodoru and Plaxton,
1996) and low oxygen stress (Mertens et al., 1990;
Kato-Noguchi and Watada, 1996).

Thirdly, PPi can serve as an alternative energy donor for
proton pumping across the tonoplast, which can be driven
by the tonoplastic H+ pyrophosphatase (PPase) in addition
to the proton-pumping V-ATPase (Stitt, 1998). Indeed,
Carystinos et al. (1995) found a clear increase in tonoplastic
PPase activity and protein amount in anoxic rice seedlings,
supporting this hypothesis.

Direct evidence for the importance of PPi for plant
growth and metabolism was provided by Sonnewald
(1992) who transformed tobacco and potato plants with
inorganic PPase from Escherichia coli in order to reduce
the cytosolic PPi content. The resulting plants contained less
PPi and were strongly affected in carbohydrate metabolism
and allocation (Jelitto et al., 1992; Sonnewald, 1992). The
authors suggested that sucrose mobilization via SuSy and
UGPase represents one key step at which PPi is required.
Consistently, removal of PPi favours sucrose synthesis
in source leaves and inhibits sucrose degradation in sink
tissues. In further studies, it could also be demons-
trated that long-distance transport of sucrose seems to be
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particularly dependent on cytosolic PPi (Lerchl et al., 1995;
Geigenberger et al., 1996).

The aim of the present study was to investigate the impor-
tance of PPi to sustain glycolytic metabolism and cellular
function under oxygen deficiency stress. Therefore, we
made use of transgenic potato plants expressing a cytosolic
PPase from E. coli under control of the chimeric STLS1/35S
cauliflower mosaic virus (CaMV) promoter (UPPa II)
(Hajirezaei and Sonnewald, 1999). The detectable amount
of PPase protein was much higher in these lines compared
with potato plants expressing the E. coli PPase under control
of the unmodified 35S CaMV promoter (UPPa I) (Jelitto
et al., 1992; Sonnewald, 1992). In UPPa II lines, the impact
on tuber metabolism was characterized in detail, indicating
impaired sucrose loading into the phloem and utilization,
causing an inhibition of tuber sprouting (Hajirezaei and
Sonnewald, 1999). In our studies, we mainly focused on
changes in root metabolism during oxygen deficiency, since
mainly roots experience this stress during flooding under
field conditions.

MATERIALS AND METHODS

Transgenic plants, plant growth and treatment

Potato plants (Solanum tuberosum L. ‘Desiree’) were main-
tained and propagated on Murashige and Skoog medium
containing 2% sucrose (Murashige and Skoog, 1962) at
22 �C under a 16 h light/8 h dark regime. Transgenic potato
plants expressing an E. coli inorganic PPase under the con-
trol of the chimeric STLS1/35S CaMV promoter (UPPa II)
were described in Hajirezaei and Sonnewald (1999). For our
analysis, we selected the transgenic line UPPa II-2.

Plants were transferred to vessels containing 5 L of
aerated half-strength Knop nutrient solution (Biemelt
et al., 1999) and cultivated under a 16 h light/8 h dark
regime at 22 �C/19 �C and 350 mmol m�2 s�1 PAR in a
growth chamber. The nutrient solution of control plants
was continuously flushed with air. Plants were subjected
to hypoxia by flushing the nutrient solution with nitrogen
for 4 d. Shoots remained in air to allow restricted oxygen
transport to the roots, as described earlier (Mustroph and
Albrecht, 2003; Albrecht et al., 2004). Roots of wild-type
and transgenic plants from both treatments were harvested
after 96 h, rinsed briefly in water, weighed and immediately
frozen in liquid nitrogen (a process taking in total 30–120 s).

The ability to resume growth was assessed by re-aeration
of plants. Growth rates were determined by measuring the
increase in fresh weight of roots and shoots.

Northern blot analysis

Total RNA was extracted from roots as described by
Logemann et al. (1987). For northern blot analysis,
20–30 mg of total RNA were separated on 1�5% formalde-
hyde-containing agarose gels and transferred onto a nylon
membrane (GeneScreen, NEN, Boston, MA, USA) by
capillary blotting overnight.

The membranes were pre-hybridized and hybridized at
65 �C. As a probe, the E. coli PPase was excised from the

binary construct using the EcoRI cleavage site and labelled
with [32P]dCTP by means of the High Prime Kit (Roche,
Basel, Switzerland). After stringent washing, radioactive
membranes were exposed to X-Ray film (Kodak) overnight
at �70 �C.

Metabolite measurements

To determine concentrations of ATP, PPi, pyruvate,
phosphoenolpyruvate (PEP), 3-phosphoglycerate (3PGA),
UDP-glucose (UDPGlc), glucose-6-phosphate (Glc6P) and
Fru6P, 200 mg of root material was ground to a fine powder
in liquid nitrogen and was extracted in trichloroacetic acid
as described by Weiner et al. (1987). For Fru1,6BP,
Fru2,6BP and glucose-1-phosphate (Glc1P), 200mg of
root material was extracted in 0�5mL of 50mM NaOH
containing 0�1% Triton X-100 and neutralized with
20mM HEPES containing 1 M acetic acid (van Schaftingen,
1984). Soluble sugars and starch were extracted and mea-
sured as described by Mustroph and Albrecht (2003).

Most metabolite concentrations were determined by
enzyme-linked reduction of NAD or oxidation of NADH,
monitored at 340 nm using a dual-wavelength spectropho-
tometer (Sigma-ZWS II). UDPGlc, Glc6P, Glc1P, Fru6P,
Fru1,6BP and 3PGA were measured as described by Stitt
et al. (1984). ATP was assayed according to Stitt (1982).
Pyruvate and PEP were determined as described in Hatzfeld
(1989), and PPi as in Weiner et al. (1987). The reliability of
extraction and assay methods for potato roots was shown
previously by Biemelt et al. (1999).

Fru2,6BP measurement was carried out using ion chro-
matography coupled to mass spectrometry, consisting of a
Dionex HPLC system (Dionex; Idstein, Germany) with an
MSQ mass detector (Dionex) as described in detail by Chen
et al. (2005). The recovery was between 90 and 110%.

Enzyme activities

Samples of 200mg of root tissue were ground to a
fine powder in liquid nitrogen and extracted in 50mM

HEPES-KOH, pH 6�8 containing 5mM Mg acetate, 5mM

b-mercaptoethanol, 15% (v/v) glycerine, 1 mM EDTA,
1 mM EGTA, 5mM dithiothreitol (DTT) and 0�1mM

Pefabloc proteinase inhibitor (Boehringer Mannheim,
Germany), essentially as described by Biemelt et al.
(1999). The homogenate was centrifuged at 13 000 g at
4 �C for 15 min. The resulting supernatant was used for
spectrophotometric determination of the activities of the
different enzymes at 340 nm.

Activities of acid and alkaline invertase (EC 3.2.1.26),
SuSy (EC 2.4.1.13) fructokinase (EC 2.7.1.1.), glucokinase
(EC 2.7.1.2.), UGPase (EC 2.7.7.9), phosphoglucomutase
(PGM, EC 5.4.2.2), ATP-dependent PFK (EC 2.7.1.11),
PPi-dependent PFP (EC 2.7.1.90), aldolase (EC 4.1.2.13),
enolase (EC 4.2.1.11), alcohol dehydrogenase (ADH, EC
1.1.1.1), pyruvate decarboxylase (PDC, EC 4.1.1.1) and
lactate dehydrogenase (LDH, EC 1.1.1.27) were measured
as described by Mustroph and Albrecht (2003). Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12)
was measured according to Biemelt et al. (1999).
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To measure PPase activity, 10 mL of protein extract
was incubated with 190mL of 50mM Tris–HCl (pH 8�0)
containing 10mM MgCl2 and 1�3mM Na4PPi for 10min
at 25 �C. Released Pi was determined in a colorimetric reac-
tion containing 0�1 M ascorbate, 4mM ammonium molyb-
date and 1�2 N H2SO4 according to Chen et al. (1956).
Colour development was for 2 h at 37 �C, and subsequently
extinction was measured at 820 nm. Amounts of Pi were
calculated by means of a standard curve.

In vivo measurement of respiration and glycolytic activity
under aerated conditions

CO2 production was measured manometrically with a
Warburg respirometer to monitor the glycolytic activity of
excised roots under aerated conditions. Warburg flasks were
filled with 5mL of water and 200mg of freshly harvested
roots. Additionally, flasks either contained 300 mL of 20%
KOH in a separate chamber for CO2 absorption in order to
measure O2 uptake or contained water to measure CO2

release. Decarboxylation and CO2 production are considered
to be a measure for the activity of the glycolytic pathway.

Flasks without roots were used to correct the obtained
values for temperature and air pressure changes. Measure-
ments were performed in air for 1 h at 21 �C (while shaking).
Calculations were carried out according to Umbreit et al.
(1951).

In vivo production of ethanol in excised roots

For determination of the glycolytic activity under anaero-
bic conditions, the fermentation rate was measured in a
closed system, since most of the produced ethanol diffuses
from the roots into the surrounding medium (Bertani et al.,
1980). Fresh root material of aerated and hypoxic-treated
plants was carefully rinsed with water, dried with filter
paper and placed into 2mL vessels filled with nitrogen-
flushed water. Vessels were carefully closed avoiding any
air bubbles. After shaking the samples for 2 h at 23 �C in the
dark, root material and solution were separated and frozen
rapidly in liquid nitrogen, and ethanol content was detected
in the solution as described by Albrecht et al. (2004).

RESULTS

Changes in root primary metabolism due to
decreased PPi concentration

In order to elucidate the impact of a reduced concentration
of cytosolic PPi on root metabolism in response to oxygen
deficiency, we used transgenic potato plants in which the
concentration of cytosolic PPi was reduced by expressing
the E. coli PPase under control of the chimeric STLS1/35S
CaMV promoter (Hajirezaei and Sonnewald, 1999). For our
experiments, we have chosen the line UPPa II-2 with a
decreased concentration of PPi due to a strong increase in
PPase activity as previously shown in potato tubers
(Hajirezaei and Sonnewald, 1999). Since the experiments
in the earlier study were only performed with tubers, we
initially confirmed that the E. coli PPase is also expressed
in roots.

Northern blot analysis revealed a strong accumulation
of E. coli PPase mRNA in roots of the transgenic line
UPPa II-2 (Fig. 2B). The expression of E. coli PPase was
paralleled by a 3�6 times higher PPase activity (Fig. 2C) as
compared with the wild type. In agreement with the results
obtained for tubers (Hajirezaei and Sonnewald, 1999), PPi
concentration was 40% lower in roots of the transgenic line
compared with the wild type (Table 1).

To investigate the impact of reduced concentration of PPi
on root primary metabolism, the concentration of sugars,
hexose phosphates and glycolytic intermediates as well as
the activities of several glycolytic enzymes were deter-
mined in roots of transgenic potato plants and compared
with wild-type plants (Tables 1 and 2).

Under aerated conditions, hexose concentration was
lower in roots of transgenic plants, whereas the amounts of
sucrose and starch were not significantly altered (Table 1).
The UPPa II-2 line showed increases in UDPGlc and Glc1P,
which were 2�0- and 1�4-fold, respectively. The amounts of
Glc6P and Fru6P were reduced in UPPa II-2 plants down to
60 and 48% of the wild-type level, respectively. The clear
decreases in the amounts of the glycolytic intermediates
Fru1,6BP and 3PGA were not paralleled by changes in
concentrations of PEP and pyruvate (Table 1). While in
UPPa II-2 tubers an �10-fold accumulation of Fru2,6BP
was observed (Hajirezaei and Sonnewald, 1999), only a
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small increase (40%) was found in roots of the transgenic
plants compared with the wild type (Table 1). Interestingly,
the ATP concentration was diminished in transgenic roots to
60% of the wild-type level (Table 1). These metabolic
changes observed indicate a reduced flux through glycolysis
causing a lack of energy in the UPPa II-2 line. Accordingly,
growth of the transgenic lines was found to be inhibited
compared with the wild type under aerated conditions, as
shown by the lower increase in fresh weight monitored over
a 4 d period (Table 3).

Although an increase in UDPGlc was observed in the
transgenic line, the activities of SuSy and UGPase did

not differ significantly between wild-type and UPPa II-2
plants (Table 2). The activity of glucokinase, however,
showed a 40% decrease in the transgenic line as compared
with the wild type. Activities of the other glycolytic
enzymes investigated were not altered in the transgenic
line compared with the wild type (Table 3).

Influence of oxygen deficiency stress on primary
metabolism in roots of plants with reduced cytosolic PPi

Growth and metabolite concentrations. To evaluate the
metabolic consequences of oxygen deficiency in roots of

TABLE 1. Concentration of soluble sugars (mmol g FW�1), starch (mmol hexose equivalents g FW�1) and glycolytic intermediates
(nmol g FW�1) in roots of wild-type (Desiree WT) and transgenic potato plants (UPPa II-2) following 4 d of hypoxia (H) compared

with aerated controls (C)

Desiree WT UPPa II-2

C H C % of WT H % of WT

PPi 82.09 6 5.65 99.93 6 14.41 49.75 6 4.63 61** 50.72 6 13.02 51**
ATP 104.35 6 13.60 53.01 6 5.78* 66.65 6 8.91 64** 41.05 6 7.10* 77
Glucose (mmol) 1.72 6 0.22 11.20 6 0.77* 1.55 6 0.18 90 12.13 6 1.08* 108
Fructose (mmol) 2.50 6 0.28 14.55 6 0.82* 2.08 6 0.21 83** 13.63 6 0.93* 94
Sucrose (mmol) 3.91 6 0.31 8.88 6 0.48* 4.28 6 0.42 110 13.60 6 0.93* 153**
Starch (mmol) 5.55 6 0.51 9.64 6 1.02* 6.25 6 0.97 113 10.21 6 1.68* 106
Sucrose/hexose 0.93 0.34 1.18 0.53
UDPGlc 48.54 6 4.75 67.76 6 6.90* 104.67 6 9.37 216** 97.78 6 15.03 144**
Glc1P 45.69 6 10.44 26.51 6 4.80* 63.07 6 11.09 138** 45.61 6 11.05 172**
Glc6P 163.61 6 16.40 168.25 6 20.63 97.86 6 15.25 60** 78.91 6 8.96* 47**
Fru6P 33.52 6 2.49 34.52 6 2.36 16.15 6 1.41 48** 15.70 6 1.37 45**
Fru1,6BP 7.82 6 1.06 6.42 6 0.74 3.92 6 0.86 50** 2.74 6 0.55 43**
3PGA 47.75 6 7.57 40.41 6 6.95 10.42 6 1.30 22** 17.02 6 2.69* 42**
PEP 8.73 6 1.94 6.66 6 1.47 5.27 6 0.72 60 6.02 6 0.87 90
Pyruvate 7.70 6 1.28 10.63 6 0.61* 11.33 6 2.53 147 11.41 6 3.30 107
Fru6P/3PGA 0.70 0.85 1.55 0.92
Fru2,6BP (pmol) 210.97 6 18.22 157.70 6 6.58* 295.76 6 8.43 140** 155.88 6 18.89* 99

Asterisks show significant changes between aeration and hypoxia (*) and between wild-type and transgenic plants (**) at the 5% level (t-test). Results are
means of 6–12 samples 6 SE from four independent experiments.

TABLE 2. Enzyme activities (nmol mg prot�1 min�1) in roots of wild-type (Desiree WT) and transgenic potato plants (UPPa II-2)
following 4 d of hypoxia (H) compared with aerated controls (C)

Desiree WT UPPa II-2

C H C % of WT H % of WT

PPase 60 6 7 17 6 5* 214 6 42 356** 177 6 6 1031**
SuSy 28 6 3 73 6 4* 27 6 3 98 57 6 5* 77**
Alkaline invertase 60 6 4 46 6 9 56 6 4 95 41 6 4 88
Acid invertase 117 6 32 38 6 5* 118 6 26 101 45 6 8* 121
UGPase 1964 6 285 1514 6 103* 2098 6 262 107 1589 6 140* 105
PGM 845 6 29 667 6 47* 847 6 53 100 699 6 60* 105
Fructokinase 50 6 6 18 6 6* 56 6 10 111 15 6 6* 84
Glucokinase 53 6 11 46 6 4 33 6 4 63 25 6 5 55**
PFK 153 6 19 184 6 8 156 6 13 102 190 6 18 103
PFP 224 6 25 185 6 10 215 6 23 96 186 6 15 100
Aldolase 110 6 9 97 6 9 114 6 10 103 83 6 9 85**
Enolase 324 6 56 375 6 45 311 6 48 96 352 6 36 94
ADH 121 6 16 3770 6 491* 129 6 36 106 3378 6 303* 90
PDC 1.7 6 1.1 10.8 6 1.5* 0.5 6 0.3 31 13.1 6 1.6* 121
LDH 36 6 9 80 6 14* 44 6 9 120 82 6 13* 103

Asterisks show significant changes between aeration and hypoxia (*) and between wild-type and transgenic plants (**) at the 5% level (t-test). Results are
means of at least 8–12 samples 6 SE from four independent experiments.
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potato plants with reduced PPi levels, plants were
hypoxically treated for 4 d by flushing the nutrient solution
with nitrogen. This treatment caused a growth retardation in
both wild type and transgenic plants (Table 3). Roots were
much more affected than shoots (Table 3). The retardation
of root growth was accompanied by a strong accumulation
of soluble sugars in roots of wild type as well as of UPPa
II-2 (Table 1). Whereas hexose levels increased to similar
levels in wild-type and transgenic plants, sucrose accumu-
lation was more pronounced in the transgenic line. This
resulted in a 30% higher sucrose/hexose ratio compared
with the wild type. In addition, starch concentration
increased by �50% in both the wild type and transgenic
line (Table 1).

Hypoxic treatment of wild-type plants resulted in a 40%
increase of UDPGlc, whereas there was no significant
change in the transgenic line. Nevertheless, the total amount
of UPDGlc was also higher under low oxygen than in wild-
type plants (Table 1). The level of Glc1P decreased in wild-
type and in UPPa II-2 roots, but remained on a higher level
in the transgenic line. The amounts of Glc6P, Fru6P and
Fru1,6BP were not significantly altered due to hypoxic
treatment; however, the absolute levels in the UPPa II-2
plants were only half of those of wild-type plants. While
the amount of 3PGA was stable in wild-type plants, there
was an increase by about 60% in transgenic plants in
response to oxygen deficiency. Nevertheless, wild-type
plants still contained twice as much 3PGA as the transgenic
plants. The concentrations of PEP and pyruvate remained
nearly unaltered in UPPa II-2 plants under hypoxic condi-
tions, whereas in wild type the pyruvate concentration
increased. Surprisingly, Fru2,6BP concentration decreased
in both types of plants by �40% as compared with aerated
controls (Table 1).

The PPi concentration in wild-type plants did not change
significantly during the hypoxic stress (Table 1), even
though a decrease in PPase activity to one-third of the
aerated control level was observed (Table 2). The PPi con-
centration of UPPa II-2 being reduced to about half of the
wild-type level also remained stable in aerated and hypoxi-
cally stressed roots (Table 1). As a consequence of the
inhibited mitochondrial respiration caused by a lack of

oxygen, both wild type and UPPa II-2 exhibited a lower
ATP concentration after 4 d of hypoxia, with a stronger
decline in wild-type plants (47%) than in transgenic plants
(23%). However, the total ATP level was 15% lower in
roots of hypoxia-stressed transgenic plants than in wild-type
plants (Table 1).

The observed differences described above in levels of
several metabolites between wild-type plants and UPPa
II-2 plants in response to hypoxic stress suggest that the
glycolytic pathway seems to be more severely impaired
during oxygen deficiency in roots low in PPi. To test this
hypothesis in more detail, enzyme activities and the in vivo
glycolytic rate were investigated.

Enzyme activities. A strong induction of fermentative
enzyme activities (ADH, PDC and LDH) was observed
for both wild-type and UPPa II-2 plants (Table 2). While
ADH and PDC activity increased 30 and 10 times, respec-
tively, LDH activity was only doubled. The PPi-dependent
sucrolytic pathwayvia SuSywas proposed to be the predomi-
nating one under hypoxia because of its ATP-savingmode of
sucrose breakdown (Perata et al., 1996, 1997). In fact, SuSy
activity was enhanced 2�7 times in wild-type plants and
2�1-fold in transgenic plants (Table 2) after 4 d of hypoxia
compared with aerated controls. In contrast, activities of
acid as well as of alkaline invertase decreased during
hypoxia, by 65 and 25% in wild-type and UPPa II-2 plants,
respectively. PGMandUGPase activities showed a tendency
to decrease by �20% during hypoxia, but their activities
seem not to be limiting since total activities were very high.

Most of the glycolytic enzymes did not show significant
changes in response to hypoxic treatment in wild-type or in
transgenic plants (Table 2). Only fructokinase showed a
60% lower activity under hypoxia in both types of plants
compared with during aeration, and glucokinase activity
was reduced by 10% in wild-type and 25% in UPPa II-2
plants. Hypoxic treatment did not lead to clear changes in the
activities of the ATP-dependent PFK and the PPi-dependent
PFP either in wild-type or in transgenic plants (Table 2).

Glycolytic activity. CO2 production from aerobic roots
was determined using a Warburg respirometer in order to
estimate whether or not a reduced concentration of cytosolic

TABLE 3. Impact of hypoxic treatment on root and shoot growth of potato plants

Desiree WT UPPa II-2

Shoot Root Shoot Root

0 d 0.97 6 0.16 0.39 6 0.08 0.52 6 0.07** 0.26 6 0.05
4 d aeration 2.43 6 0.34 1.01 6 0.16 1.05 6 0.16** 0.54 6 0.08**
Increase during 4 d 1.46 0.62 0.54 0.28
4 d hypoxia 1.51 6 0.20* 0.42 6 0.05* 0.82 6 0.08** 0.29 6 0.04*
Increase during 4 d 0.54 0.03 0.30 0.03
8 d aeration 4.20 6 0.26 1.71 6 0.13 2.19 6 0.24** 1.24 6 0.16**
Increase during 4 d 1.77 0.70 1.14 0.69
4 d hypoxia + 4 d re-aeration 2.81 6 0.38* 1.30 6 0.20 1.33 6 0.11*/** 0.69 6 0.06*/**
Increase during 4 d 1.31 0.88 0.51 0.40

Three-week-old wild-type (Desiree WT) and transgenic potato plants (UPPa II-2) either were subjected for 4 d to hypoxia or were continuously aerated.
Subsequently, hypoxia-treated plants were re-aerated for a further 4 d. The fresh weight (g) of shoots and roots was determined at the start of the experiment
(0 d) and after 4 and 8 d.We choose out of three, one representative experiment, and show themean6SEof 8–10 individual values.Asterisks show significant
changes between aeration and hypoxia (*) and between wild-type and transgenic plants (**) at the 5 % level (t-test).
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PPi has an impact on glycolytic activity. CO2 formation did
not differ in aerated roots of transgenic and wild-type plants
(Fig. 3A). In wild-type plants, CO2 production by hypoxi-
cally pre-treated roots was similar to that by the aerated
ones. In contrast, CO2 production by transgenic roots was
40% less after hypoxic stress, compared with non-stressed
controls (Fig. 3A).

In order to measure the glycolytic activity under oxygen
deficiency, the amount of ethanol produced was determined
in a closed anoxic system as described in Materials and
Methods. Ethanol formation was very low in roots of
both wild-type and UPPa II-2 plants grown under aerated
conditions prior to transfer into anoxia for the measure-
ments (Fig. 3B). In accordance with the strong induction
of ADH and PDC activities (Table 2), ethanol production
was increased after 4 d of root hypoxia (Fig. 3B). In wild
type, there was a 6�8-fold increase in ethanol production, but
only a 3�9-fold increase in the hypoxia-stressed transgenic
roots, which is significantly lower than in wild type
(Fig. 3B). This was despite higher amounts of soluble sugars
in the transgenic plants (Table 2), indicating an impaired
utilization of substrates via glycolysis, which is, however,
consistent with lower ATP levels in roots of UPPa II-2
plants compared with the wild type.

Growth during the re-aeration phase. As a consequence
of the introduced PPase activity, the glycolytic activity in
roots of hypoxia-treated transgenic plants seemed to be
reduced under aerated and oxygen-deficient conditions
indicated by measurements of metabolites, gas exchange
and ethanol formation (Table 1, Fig. 3). To test whether
the ability to recover after hypoxia was altered in UPPa II-2
plants, plants were re-aerated for 4 d, and the increase in
fresh weight was determined (Table 1). Roots of wild-type
plants increased in fresh weight as high as unstressed roots.
In contrast, shoot growth was still inhibited by �40% dur-
ing the 4 d re-aeration period (Table 3). The fresh weight
increase in roots and shoots of transgenic plants transferred
from hypoxic to aerated conditions was clearly reduced
compared with continuously aerated control plants, and

was lower than in wild-type plants (Table 3). This indicates
that the ability to resume growth upon re-aeration was
impaired in UPPa II-2 plants.

DISCUSSION

It has been postulated by Stitt (1998), that PPi could be used
as an alternative energy source in plants under ATP-limiting
conditions (e.g. under oxygen deficiency). To investigate
the importance of PPi for maintaining plant metabolism and
growth under low oxygen availability, we analysed changes
in transgenic potato plants with decreased levels of cytoso-
lic PPi in response to root hypoxia and compared them with
the wild-type plants.

Low levels of PPi negatively affect sucrose mobilization

Expression of PPase from E. coli in the cytosol was
shown to result in dramatic alterations in carbohydrate
metabolism and allocation in transgenic tobacco and potato
plants (Jelitto et al., 1992; Sonnewald, 1992). The trans-
genic plants were characterized by an increased ratio
between soluble sugars and starch, pointing towards a
shift of photoassimilate distribution (Sonnewald, 1992).
Whereas transgenic tobacco plants exhibited stunted
growth, potato plants expressing the PPase gene under
control of either the unmodified CaMV 35S (UPPa I) or
of the chimeric STLS1/CaMV 35S promoter (UPPa II) were
less affected, showing only a slightly reduced plant height
(Sonnewald, 1992; Hajirezaei and Sonnewald, 1999). Apart
from the changes in carbohydrate metabolism in leaves, a
perturbation in sink metabolism was also shown in potato
tubers (Jelitto et al., 1992; Hajirezaei and Sonnewald,
1999). The authors showed that starch accumulation in
transgenic tubers was inhibited even though sucrose con-
centration increased, which indicated that sucrose mobiliza-
tion was impaired.

In our study, we were interested in metabolic changes
occurring in roots. To investigate these, we used a
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hydroponic system. In aerated conditions (nutrient solution
flushed with air), growth of shoots and roots of the UPPa
II-2 was retarded compared with wild-type plants. Similar to
the changes observed in tubers, the most dramatic metabolic
effect of reduced PPi concentration in potato roots was
observed in sucrose cleavage. Overexpression of E. coli
PPase in roots caused an increased UDPGlc concentration,
whereas the contents of Glc6P and Fru6P were diminished
(Table 1). Similar changes have been described for potato
tubers containing less PPi (Jelitto et al., 1992; Geigenberger
et al., 1998; Hajirezaei and Sonnewald, 1999). However,
they also detected an increased concentration of sucrose as
well as a higher SuSy activity (Geigenberger et al., 1998),
which was not found for roots in the present experiments
(Tables 1 and 2). However, as in tubers, the amounts
of glycolytic intermediates (Fru1,6BP and 3PGA) were
decreased in roots of the transgenic line. These data
imply an inhibition of sucrose breakdown via SuSy due
to PPi deficiency, and consequently less substrates being
available to fuel glycolysis. This eventually could be the
cause for lower formation of ATP and reduced plant growth.

During low oxygen stress, oxidative phosphorylation
ceases, with severe consequences for plant growth and
metabolism (recently reviewed by Gibbs and Greenway,
2003). However, PPi content remained stable during this
time (Table 1). This result is in accordance with previous
reports, also showing no changes in PPi level in response
to oxygen deficiency (Dancer and ap Rees, 1989; Mohanty
et al., 1993; Geigenberger et al., 2000). Despite the strong
induction of ethanolic fermentation, carbohydrates accumu-
lated in both wild-type and transgenic potato plants in
response to hypoxia, which indicates that the supply of
carbohydrates is not limiting metabolism under these con-
ditions (Table 1). The observed accumulation of soluble
sugars was also described for other hypoxically treated
plants (Atwell et al., 1985; Setter et al., 1987; Albrecht
et al., 1993; Biemelt et al., 1999; Mustroph and Albrecht,
2003) and is thought to be brought about by a reduced
growth rate and a lower rate of consumption of sugars,
whereas the photosynthesis rate remains stable (Mustroph
and Albrecht, 2003).

Roots with lower PPi concentration, however, showed
during hypoxia a stronger accumulation of sucrose than
of hexoses compared with wild-type roots (Table 1).
Together with the increased UDPGlc concentration as
well as the decrease in the hexose-6-phosphate pool, the
low level of glycolytic intermediates and the more dramatic
decrease in ATP level, the data suggest that sucrose break-
down via the PPi-dependent pathway is more severely
inhibited in the UPPa II-2 plants during hypoxic stress
than in wild-type plants. An additional hint for that
comes from the lower induction of SuSy activity in the
transgenic line (Table 2). The importance of SuSy for main-
taining metabolism under oxygen deprivation was shown
using maize mutants (Ricard et al., 1998).

The significant increase in UDPGlc forces us to consider
how PPi metabolism interacts with specific reactions using
UDPGlc as substrate, such as the synthesis of cellulose and
other cell wall components. Recently, it was demonstrated
that the hypoxically induced increase in SuSy activity in

wheat roots was associated with an increased cellulose
content leading to a strengthening of the cell wall (Albrecht
and Mustroph, 2003). However, in the UPPa II-2 plants, no
significant increase in cellulose content could be detected
(data not shown) although the UDPGlc concentration was
already increased under aerated conditions and remained
high during hypoxia. It seems that the structural strength-
ening of roots by cellulose deposition is a feature of more
flooding-tolerant plants, e.g. wheat and barley (Albrecht and
Mustroph, 2003), and may not occur in susceptible plants
such as potato.

No clear impact of low PPi level on
phosphofructokinase activities

While over-expression of E. coli PPase impeded sucrose
cleavage in the roots, especially during conditions of low
oxygen availability, the activity of enzymes involved in the
phosphorylation of Fru6P were not significantly altered in
aerated roots of transgenic plants compared with wild-type
plants (Table 2). Our result is in contrast to earlier studies
with tubers of UPPa I plants revealing that activities of
PFP and PFK were induced compared with the wild type
(Geigenberger et al., 1998). The induction of these enzymes
was thought to partly compensate for the lack of PPi for the
phosphorylation of Fru6P (Geigenberger et al., 1998). Addi-
tionally, previous results also showed a large accumulation
of Fru2,6BP in UPPa I as well as in UPPa II lines, which is a
potent activator of PFP (Jelitto et al., 1992; Hajirezaei and
Sonnewald, 1999). In our experiments, we only observed a
slightly higher concentration of Fru2,6BP in roots of aerated
transgenic plants compared with the wild type (Table 1).
This increase is most likely to be a consequence of the
decreased 3PGA concentration leading to an activation of
phosphofructo-2-kinase (Stitt, 1990) and indicates a further
adaptation mechanism of plants to compensate for PPi
deficiency, because Fru2,6BP may activate the glycolytic
reaction of PFP.

The PPi-deficient roots contained a higher Fru6P/3PGA
ratio compared with the wild type under aerated conditions
(Table 1). This finding could be an indication that PFP is
active in the gluconeogenetic direction in the aerated PPi-
deficient roots. Thus, plants could use a PFK/PFP cycle
to generate PPi from ATP (Geigenberger et al. 1998).
Thereby, Fru1,6BP would be formed by PFK being the
substrate for PFP to generate PPi. A hint for this hypothesis
is the finding that UPPa II-2 roots contained less ATP
than the wild type (Table 1). One possible function of
this cycle could be the generation of PPi used for sucrose
mobilization via SuSy and UGPase. A comparable mecha-
nism was suggested in maize plants (Costa dos Santos et al.,
2003). Here the authors provided evidence for the gluco-
neogenetic direction of PFP to produce PPi used by the
tonoplast PPase. During hypoxia, however, the proposed
mechanism is apparently inhibited by severely decreased
ATP amounts.

The activities of PFK and PFP were only slightly changed
in response to hypoxic stress in wild-type and transgenic
potato plants, providing no evidence for the hypothesis that
the PPi-dependent formation of Fru1,6BP is the preferred

724 Mustroph et al. — Pyrophosphate Under Oxygen Deficiency



route under oxygen deficiency. This result is consistent with
our previous study (Biemelt et al., 1999), but contrasts with
results obtained with shoots of anoxia-tolerant rice seed-
lings showing an enormous induction of PFP during low
oxygen stress (Mertens et al., 1990; Mohanty et al., 1993;
Gibbs et al., 2000; Kato-Noguchi, 2002). While in rice, PFP
activation was accompanied by an increase of Fru2,6BP, in
our study the concentration was even lower under hypoxia.
Thus, one might speculate that rice plants have evolved
strategies allowing them to cope with low oxygen stress
by using the energy-saving mode of action of PFP for hex-
ose phosphate phosphorylation. In general, plants seem to
be able tightly to regulate the phosphorylation of Fru6P.
This assumption is supported by PFP antisense potato plants
showing no clear effects on plant primary metabolism and
growth, although PFP activity was drastically diminished
(Hajirezaei et al., 1994).

Glycolysis and growth are severely affected by
PPi deficiency under low oxygen stress

Our results provide some evidence that sucrose cleavage
was inhibited in the transgenic potato line, and consequently
concentrations of many glycolytic intermediates decreased
probably due to lower flow through glycolysis (Table 1).
However, CO2 release was not affected in aerated UPPa II-2
roots (Fig. 3), although ATP formation and root growth
were inhibited compared with the wild type (Table 3).
Thus, it seems that the plants can compensate for the low
PPi level under aerated conditions by decelerating plant
growth.

During oxygen deficiency stress, the transgenic plants
were no longer able to maintain the glycolytic activity on
a wild-type level (Fig. 3). The amount of CO2 released and
ethanol produced was less in roots of the transgenic plants
than for the wild type, reflecting a lower glycolytic activity
under anoxia and also re-aeration. Nevertheless, anoxic
incubation resulted in a strongly induced rate of ethanol
production compared with aerated roots, which is also
reflected by a strong increase in the activities of PDC
and ADH (Table 2). The induction of the ethanolic fermen-
tative pathway is a common response to low oxygen (Drew
et al., 1997;Gibbs andGreenway, 2003). LDHactivity, how-
ever, was only doubled in response to hypoxia (Table 2). It
has been shown that for the majority of plant species,
lactic acid fermentation is only active in the early phase
of plant response to oxygen deficiency stress, whereas
ethanolic fermentation prevails during long-lasting
hypoxic periods (Muench et al., 1993; Greenway and
Gibbs, 2003).

Hypoxic treatment resulted in a retardation of root growth
due to a lack of energy in both transgenic and wild-type
plants, as was also shown previously for potato and other
plants (Biemelt et al., 1999; Mustroph and Albrecht, 2003).
In plants expressing an E. coli PPase, however, the com-
bination of both PPi deficiency and low oxygen stress
resulted in a strongly impaired ability to resume growth
during re-aeration following hypoxic treatment (Table 3).
It seems that the slow down of glycolysis as a consequence

of PPi and ATP shortage cannot be compensated by the
plants. These results emphasize the importance of PPi for
maintaining plant growth and metabolism under oxygen
deficiency and for re-activation of metabolic function
during the post-hypoxic phase.

CONCLUSIONS

Taking all the data together, it could be demonstrated that
PPi has an important function in maintaining glycolysis,
especially during the initial step of sucrose cleavage. Inhibi-
tion of the SuSy pathway by decreased cytosolic PPi nega-
tively affected primary metabolism under aeration, but had
a more severe effect on plant metabolism under low oxygen
conditions. In our study, we could not detect changes in
activity of the PPi-dependent PFP in the transgenic line,
neither under aerated nor under hypoxic conditions.
Thus, it still remains to be elucidated whether or not PFP
contributes to adaptation of plants to low oxygen.

Although our experiments provide considerable evidence
for the importance of PPi metabolism during low oxygen
stress, the role of PPi in anaerobic conditions still requires
critical examination, for example by using genetically
modified plants with lower activity of cytosolic PPase in
order to evaluate if a higher PPi concentration can con-
tribute to higher tolerance to oxygen deficiency.
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