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Plants possess two alternative biochemical pathways for sucrose (Suc) degradation. One involves hydrolysis by invertase
followed by phosphorylation via hexokinase and fructokinase, and the other route—which is unique to plants—involves a
UDP-dependent cleavage of Suc that is catalyzed by Suc synthase (SuSy). In the present work, we tested directly whether
a bypass of the endogenous SuSy route by ectopic overexpression of invertase or Suc phosphorylase affects internal oxygen
levels in growing tubers and whether this is responsible for their decreased starch content. (a) Oxygen tensions were lower
within transgenic tubers than in wild-type tubers. Oxygen tensions decreased within the first 10 mm of tuber tissue, and this
gradient was steeper in transgenic tubers. (b) Invertase-overexpressing tubers had higher activities of glyceraldehyde-3-
phosphate dehydrogenase, lactate dehydrogenase, and alcohol dehydrogenase, and (c) higher levels of lactate. (d) Expres-
sion of a low-oxygen-sensitive Adh1-�-glucuronidase reporter gene construct was more strongly induced in the invertase-
overexpressing background compared with wild-type background. (e) Intact transgenic tubers had lower ATP to ADP ratios
than the wild type. ATP to ADP ratio was restored to wild type, when discs of transgenic tubers were incubated at 21% (v/v)
oxygen. (f) Starch decreased from the periphery to the center of the tuber. This decrease was much steeper in the transgenic
lines, leading to lower starch content especially near the center of the tuber. (g) Metabolic fluxes (based on redistribution of
14C-glucose) and ATP to ADP ratios were analyzed in more detail, comparing discs incubated at various external oxygen
tensions (0%, 1%, 4%, 8%, 12%, and 21% [v/v]) with intact tubers. Discs of Suc phosphorylase-expressing lines had similar
ATP to ADP ratios and made starch as fast as wild type in high oxygen but had lower ATP to ADP ratios and lower rates
of starch synthesis than wild type at low-oxygen tensions typical to those found inside an intact tuber. (h) In discs of
wild-type tubers, subambient oxygen concentrations led to a selective increase in the mRNA levels of specific SuSy genes,
whereas the mRNA levels of genes encoding vacuolar and apoplastic invertases decreased. (i) These results imply that
repression of invertase and mobilization of Suc via the energetically less costly route provided by SuSy is important in
growing tubers because it conserves oxygen and allows higher internal oxygen tensions to be maintained than would
otherwise be possible.

Oxygen access to internal tissues can be a problem
in plants. Oxygen falls to low levels within metabol-
ically active, dense, or bulky plant tissues, even when
external oxygen concentrations are high. Low inter-
nal oxygen concentrations have been reported in
growing tubers (Geigenberger et al., 2000), develop-
ing seeds (Quebedeaux and Hardy, 1976; Porterfield
et al., 1999; Gibon et al., 2002; Rolletscheck et al.,
2002), fruits (Magness, 1920; Banks, 1983; Ke et al.,
1995), roots (Lushuk and Salveit, 1991; Thomson and
Greenway, 1991), and in phloem tissue (van Dongen

et al., 2003). Based on studies in growing wild-type
potato (Solanum tuberosum) tubers, Geigenberger et
al. (2000) concluded that falling internal oxygen leads
to: (a) a restriction of glycolysis and respiration and a
decrease in adenylate levels; (b) a widespread de-
crease in biosynthetic activity, which decreases ATP
consumption; and (c) a switch to pathways that con-
sume less ATP. They pointed out that saving ATP
could be an important metabolic adaptation to de-
crease oxygen consumption and prevent the tissue
from driving itself into anoxia.

There are two alternative routes of Suc degrada-
tion in plants. One involves irreversible hydrolysis
(�G0� � �29.3 kJ mol�1) into Glc and Fru via inver-
tase, with a low Km for Suc (7–15 mm; Avigad, 1982).
Glc and Fru are subsequently phosphorylated by
various hexo- and fructokinases (Renz and Stitt,
1993), using ATP or UTP as energy donors. The other
route is unique to plants and involves a UDP-
dependent cleavage of Suc to UDP-Glc and Fru that
is catalyzed by Suc synthase (SuSy; ap Rees, 1984;
Huber and Akazawa, 1986; Kruger, 1997) in a readily
reversible reaction in vivo (Geigenberger and Stitt,
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1993). The Km (Suc) of SuSy is relatively high (40–200
mm; Avigad, 1982), and the activity of the enzyme is
limited by the concentrations of Suc and UDP in the
cytosol (Loef et al., 1999). The UDP-Glc that is formed
by SuSy is converted to Glc1P and UTP in an inor-
ganic pyrophosphate (PPi)-dependent reaction, cata-
lyzed by UDP-Glc pyrophosphorylase (UGPase). The
energy conserved as UTP can be recycled for use to
drive the phosphorylation of Fru via fructokinase.

The two pathways of Suc degradation to hexose-
phosphates differ in their energy costs. Although
breakdown of a molecule of Suc via invertase re-
quires two molecules of ATP, breakdown via SuSy
and UGPase requires only one molecule of PPi (Hu-
ber and Akazawa, 1986; Stitt, 1998). The overall en-
ergy cost of the SuSy pathway is even lower if we
assume that it recycles PPi, which is produced as a
waste product in many biosynthetic reactions. Inter-
estingly, SuSy genes in maize (Zea mays) typically
show an up-regulation by low oxygen (Springer et
al., 1986; Sachs et al., 1996; Zeng et al., 1998), whereas
invertase genes are strongly repressed (Zeng et al.,
1999). During periods of low oxygen, SuSy activity
increases, whereas that of invertase declines
(Guglielminetti et al., 1995; Zeng et al., 1999), with
SuSy predominating as the main enzyme active in
Suc breakdown in roots (Ricard et al., 1998). Intrigu-
ingly, invertase is expressed early and SuSy later in
development of potato tubers (Appeldoorn et al.,
1997) and seeds of maize (Tsai et al., 1970) and bean
(Phaseolus vulgaris; Weber et al., 1997), when tissues
become larger. This is discussed in the literature in
respect to the role of Suc and Glc in signaling (Koch,
1996; Weber et al., 1997; Borisjuk et al., 1998, 2002).
The possible consequences for the oxygen balance in
the tissue have not been investigated.

In view of the possible implications for oxygen
consumption, we decided to investigate if Suc deg-
radation via SuSy allows maintenance of increased
internal oxygen levels and improved storage metab-
olism in tubers. Ectopic overexpression of invertase
(Sonnewald et al., 1997; Trethewey et al., 1998) or Suc
phosphorylase (Trethewey et al., 2001) has been ex-
plored as a strategy to improve Suc breakdown in
potato tubers. It was expected that substitution of
these enzymes, which catalyze an irreversible break-
down of Suc and have a lower Km for Suc than SuSy
(Avigad, 1982; Silverstein et al., 1967) would stimu-
late Suc breakdown. Their introduction led to in-
creased rates of Suc degradation and increased levels
of glycolytic intermediates but unexpectedly resulted
in a stimulation of respiration and lower starch con-
tent. One possible explanation for these changes is
that the altered levels of sugars, especially the de-
crease of Suc, disrupt sugar-signaling mechanisms
that are required to allow efficient starch synthesis
(Tiessen et al., 2002; Geigenberger, 2003a). However,
the rates of starch synthesis found in labeling exper-
iments with isolated tuber discs did not differ be-

tween wild type and transformants (Trethewey et al.,
1999; Fernie et al., 2002), indicating that this is not the
sole or major reason for the unexpectedly low starch
content of the transformant tubers. In the following
experiments, we show that overexpression of inver-
tase or Suc phosphorylase leads to a strong decrease
in the internal oxygen tension in growing tubers,
which has marked consequences for metabolism that
explain the decrease in their starch content.

RESULTS

Ectopic Expression of Invertase or Suc Phosphorylase
Leads to Steeper Oxygen Gradients within
Growing Tubers

To investigate whether the bypass of the endoge-
nous SuSy route affects internal oxygen tensions
in growing tubers, oxygen concentrations were
measured within tubers of the transgenic plants
expressing invertase or Suc phosphorylase via the
tuber-specific B33 patatin promoter (Fig. 1). At 2 and
10 mm below the periderm, oxygen concentrations
were measured directly by inserting an oxygen mi-
cro-electrode (tip diameter � 1 mm) along a trans-
verse axis into the tuber. In the wild type, oxygen
levels showed large gradients from the surface
toward the center of the tuber. Oxygen fell from 21%
(v/v) at the tuber surface to 9.7% (v/v) at 2 mm and
to 4.3% (v/v) at 10 mm below the periderm (Fig. 1).
Similar gradients were seen in tubers of different
sizes (approximately 10–30 g fresh weight), but
absolute values for oxygen concentrations were gen-
erally lower when tuber size increased (data not
shown). This is probably due to a decrease in
the surface to volume ratio under these conditions.

Figure 1. Oxygen gradients within invertase or Suc phosphorylase-
expressing potato tubers analyzed using a microelectrode. Oxygen
tensions were measured at the tuber surface and at different depth
below the tuber periderm (2 and 10 mm). Oxygen tensions are
plotted in relation to the distance from the tuber surface. Data are
means � SE of separate tubers from different plants (n � 6 for wild
type, n � 6 for INV2-30, n � 4 for INV2-33, n � 3 for SP-2, and n �
3 for SP-29). Error bars are not shown when they are smaller than the
symbol.
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The results are similar to the oxygen gradients re-
ported earlier in growing wild-type tubers (Geigen-
berger et al., 2000). Expression of invertase led to
significantly steeper gradients, with oxygen falling
from 21% (v/v) at the tuber surface to 2% to 3% (v/v)
at 2 mm and to 1% to 2% (v/v) at 10 mm below the
periderm (P � 0.05 using the Student’s t test). Ex-
pression of Suc phosphorylase also led to signifi-
cantly steeper oxygen gradients compared with the
wild type, falling from 21% (v/v) at the surface to
approximately 4% (v/v) at 2 mm and approximately
2% (v/v) at 10 mm below the tuber periderm (P �
0.05 using the Student’s t test).

Ectopic Expression of Invertase or Suc Phosphorylase
Leads to Induction of Anaerobic Proteins like Alcohol
Dehydrogenase (ADH) and Lactate Dehydrogenase
(LDH) in Growing Tubers

Because oxygen concentrations fell to very low lev-
els within transgenic tubers, almost approaching
zero, we investigated whether this was accompanied
by increased expression of fermentative enzymes or
accumulation of the respective fermentation prod-
ucts (Fig. 2). The activities of ADH (Fig. 2D) and LDH
(Fig. 2E), representing enzymes involved in ethanolic
and lactic fermentation, respectively, were present in
wild-type tubers, which confirms previous findings
(Geigenberger et al., 2000) and were further increased

in invertase (up to 3-fold) and Suc phosphorylase-
expressing tubers (up to 1.7-fold) of similar size
(approximately 18–20 g fresh weight). The larger in-
crease in invertase-expressing lines is consistent with
the stronger decrease in oxygen in these tubers (com-
pare with Fig. 1). Also GAP-DH, which is a well-
known anaerobic protein (Sachs et al., 1980; Dennis et
al., 2000), showed increased activity in the transgenic
tubers (Fig. 2C), following a similar pattern to ADH
and LDH. Because it is well known that these en-
zymes are induced by low-oxygen concentrations
(Dennis et al., 2000; Klok et al., 2002), these findings
provide independent evidence for a decrease in in-
ternal oxygen levels in the transgenic tubers.

The induction of LDH was accompanied by an
increase in lactate levels in the transgenic tubers,
which was, however, only significant for line Inv2-30
(Fig. 2F). There were only slight changes in ethanol
levels in the transformants; however, these were not
consistent across lines—a fact that may be due to
very large fluctuations in ethanol concentrations be-
tween individual tubers (data not shown).

Ectopic Expression of Invertase Leads to Enhanced
Expression of a Low-Oxygen-Responsive ADH-�-
Glucuronidase (GUS) Reporter Gene Construct in
Growing Tubers

Detailed studies demonstrate that Adh1 is progres-
sively induced when oxygen is decreased over a wide
range of subambient concentrations in Arabidopsis
(Dolferus et al., 1994), in maize root tips (Saglio et al.,
1988; Johnston et al., 1989), seedlings (Andrews et al.,
1993), and protoplasts (Howard et al., 1987; Walker et
al., 1987). Taking advantage of this, a non-invasive
approach was used to provide independent evidence
that expression of invertase leads to decreased oxy-
gen levels within potato tubers. In this approach, a
construct containing the low-oxygen-sensitive pro-
moter of the Arabidopsis Adh1 gene fused to a re-
porter gene encoding GUS (Dolferus et al., 1994) was
introduced into wild-type and Inv2-30 potato plants.
Line Inv2-30 was chosen for super-transformation
because it showed the highest invertase expression
(Fig. 2A) and a strong decrease in internal oxygen
levels (see Fig. 1). From each genotype, 11 indepen-
dent transgenic lines were selected showing expres-
sion of the reporter gene construct.

Figure 3 shows GUS staining in representative lines
when smaller tubers (approximately 5–10 g fresh
weight) were compared. In lines expressing GUS in
the wild-type background, GUS activity was highest
in the vascular bundles of stems and tubers, and
much weaker staining was observed in tuber paren-
chyma tissue. This contrasts with lines expressing
GUS in the Inv2-30 background, which showed
strong GUS staining also in the tuber parenchyma
tissue in addition to the vascular bundles. Similar
results were obtained across all transformant lines.

Figure 2. Enzyme activities and lactate levels in invertase and Suc
phosphorylase-expressing tubers. Activities of: A, invertase; B, Suc
phosphorylase; C, GAP-DH; D, ADH; E, LDH; and levels of: F,
lactate. Results are means � SE (n � 4 separate tubers from different
plants). Error bars are not shown when they are smaller than the
symbol. Significant changes from the wild type are marked with an
asterisk (P � 0.05 using the Student’s t test).
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When tubers became larger (20–40 g fresh weight),
GUS staining increased in the tuber parenchyma of
wild-type GUS lines, whereas no further increase
was observed in Inv-GUS transformants (data not
shown). Independently of the genetic background,
GUS staining was similar in the parenchyma and
vascular tissues of the stems (Fig. 3). The specific
induction of GUS expression in the parenchyma tis-
sue of small tubers in lines with an Inv2-30 back-
ground is consistent with oxygen being decreased in
these lines as a consequence of overexpression of
invertase via the B33 promoter. Surprisingly, no clear
gradient in GUS staining was observed within tuber
transects; however, this could be due to bleeding of
the product of the GUS reaction across cells.

At the moment, we cannot exclude that factors
other than low oxygen led to increased GUS expres-
sion in the transgenic lines. The Arabidopsis Adh1-
gene is also induced by low temperature, dehydra-
tion, and wounding (Dolferus et al., 1994). Despite
these possibilities, the strong staining of vascular
tissues in stems and tubers (Fig. 3) is in agreement
with recent studies documenting low-oxygen con-
centrations in the vascular bundles of stems (van
Dongen et al., 2003).

Ectopic Expression of Invertase or Suc Phosphorylase
Leads to a Decrease in the ATP to ADP Ratio inside
Growing Tubers, Which Can Be Reversed by
Incubating Discs in 21% (v/v) Oxygen

To investigate whether the decrease in internal ox-
ygen levels affects energy metabolism in transgenic
tubers, ATP to ADP ratios were analyzed in tissue
sampled rapidly (within 2 s) from the center of an
intact tuber. The ATP to ADP ratio was relatively low
in growing wild-type tubers (see also Geigenberger
et al., 2000) and decreased further after expression of
invertase (Fig. 4A) or Suc phosphorylase (Fig. 4B).
The UTP to UDP ratio decreased in parallel (data not
shown). The wild-type values differ between Figure
4, A and B, because the data of these two figures
derive from two different experiments with different
batches of plants. A similar decrease in ATP to ADP
ratio was observed in a second experiment with

invertase-expressing tubers (data not shown) and Suc
phosphorylase-expressing tubers (see below).

The decrease in adenylate energy state could be
reversed by incubating freshly cut discs from inver-
tase (Fig. 4A) and Suc phosphorylase-expressing (Fig.
4B) tubers (1 mm thick, 8-mm diameter) in aerated
buffer solutions for 2 h. Addition of 100 mm Suc had
no substantial effect on ATP to ADP ratios. This
confirms that the low cellular energy state in intact
tubers and the additional decrease of the energy state
in the transformant tubers is due to low internal
oxygen levels.

We used line SP-2 to investigate in more detail the
short-term changes in ATP to ADP ratios after expo-
sure of discs to air (results are means � se, n � 3): In
discs frozen in liquid nitrogen within 2 s of harvesting,
the ATP to ADP ratio was lower in the transformant
(1.4 � 0.1) than wild-type (2.1 � 0.2) material. With 2
min of exposure to air after cutting the discs, the ATP
to ADP ratio recovered, reaching higher values in SP-2
(3.8 � 0.5) than in wild type (3.0 � 0.3). After 10 min,
ATP to ADP ratios increased further to 4.5 � 0.5 in
SP-2 and 4.2 � 0.5 in the wild type. These results
demonstrate that tissue has to be quenched immedi-
ately after sampling from potato tubers to allow accu-
rate measurements of adenine nucleotide levels.

Ectopic Expression of Invertase or Suc Phosphorylase
Leads to a Particularly Marked Inhibition of Starch
Accumulation in the Center of Growing Tubers

Previous studies showed that ectopic expression of
invertase (Trethewey et al., 1998) or Suc phosphory-
lase (Trethewey et al., 2001) led to a decrease in
starch content in tubers. In these earlier studies, over-
all starch levels were analyzed without taking into
account possible gradients within tubers. Therefore,
we analyzed starch profiles within tuber transects
along a transverse axis (fresh weight of tubers of
approximately 30 g). Even in wild-type tubers (Fig.
5A), starch levels decreased by 40% from the periph-
ery (approximately 1,000 �mol g fresh weight�1) to
the center of the tuber (approximately 600 �mol g
fresh weight�1). Internal starch gradients were more
marked in invertase (lines Inv2-30 and Inv2-33, cor-
responding to Fig. 5, B and C), or Suc phosphorylase-
expressing tubers (lines SP-2 and SP-29, correspond-
ing to Fig. 5, D and E), decreasing 3- to 4-fold from
the periphery (500–1,000 �mol g fresh weight�1)
to the center (100–300 �mol g fresh weight�1). There
is some scatter between individual graphs (especially
in Fig. 5C) because the graphs show individual tu-
bers from different plants.

Inhibition of Starch Synthesis in Response to Suc
Phosphorylase Expression Is Dependent on the Oxygen
Concentration in Tuber Discs

The above results show a striking similarity be-
tween internal oxygen and starch gradients, which

Figure 3. Expression of an ADH1-GUS reporter-gene construct in-
troduced into INV2-30 and wild-type potato plants. Whole tubers
(approximately 5–10 g fresh weight) were cut into 1-mm-thick slices
from top to base, which were subsequently stained for GUS activity.
A typical example is shown. Staining of the respective stem slices is
shown in parallel.

Suc Degradation Affects Internal Oxygen Tensions
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suggest a link between starch synthesis and oxygen
tension in tubers. We used line SP-2 to investigate in
more detail whether the decrease in starch levels in
the transgenic tubers is an indirect effect due to the
lower oxygen concentrations. Thin tissue discs (1 mm
thick, 8-mm diameter) were prepared from the center
of wild-type and Suc phosphorylase-expressing tu-
bers and incubated in 1 mm [U-14C]Glc in the pres-
ence of 0%, 1%, 4%, 8%, 12%, or 21% (v/v) oxygen by
bubbling premixed gases through the medium. After
2 h, redistribution of radiolabel into starch, phos-
phoester, organic acids, amino acids, and Suc was
analyzed, and starch synthetic, glycolytic, and Suc
synthetic fluxes calculated (Fig. 6, A–J). For compar-
ison, distribution of radiolabel and metabolic fluxes
was also investigated after injection of [U-14C] Glc
into intact tubers in planta. Previous studies have
shown that this approach cannot be used for
invertase-expressing tubers because in this case, in-
coming 14C-Glc is mixing with large endogenous
pools, leading to complex and massive isotopic dilu-

tion effects (Trethewey et al., 1999). Therefore, we did
not use invertase lines in this experiment.

There were no significant changes in the uptake of
[U-14C]Glc between wild type and transformant or in
response to changes in external oxygen tension (data
not shown). Figure 6, A to E, show the percentage
distribution of radiolabel that was metabolized to
other compounds. In wild-type discs incubated at
21% (v/v) oxygen, the largest portion of label was
converted to starch (approximately 60%; Fig. 6A),
which is consistent with earlier studies (see Geigen-
berger et al., 1997). Label allocation to starch re-
mained at a constant high level as the oxygen con-
centration was decreased from 21% to 1% (v/v) and
decreased sharply as the oxygen concentration was
decreased to zero, where only 20% (v/v) of the label
was incorporated into starch (Fig. 6A). The propor-
tion recovered in phosphoesters (mainly hexose-
phosphates; Fig. 6B), organic acids (Fig. 6C), and
amino acids (Fig. 6D) decreased only marginally
when oxygen was decreased from 21% to 1% (v/v)

Figure 4. Ectopic expression of invertase (A) or
Suc phosphorylase (B) affects ATP to ADP ratios
in growing tubers. Freshly cut slices of growing
potato tubers were either immediately (within
2 s) quenched in liquid nitrogen (intact tuber) or
incubated in aerated buffer with or without 100
mM Suc for 2 h before rapid quenching in liquid
nitrogen, and then extracted to measure nucle-
otide levels. Data in A and B derive from two
different experiments with different batches of
plants. Data are means � SE (n � 3–4). Error bars
are not shown when they are smaller than the
symbol. Significant changes from the wild-type
are marked with an asterisk (P � 0.05 using the
Student’s t test).

Bologa et al.
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and increased in zero oxygen. The increase in zero
oxygen was especially marked in the case of organic
acids, which rose 4-fold from approximately 8% to
32% (v/v; Fig. 6C). Redistribution of label into Suc
decreased slightly when oxygen was decreased to 4%
(v/v) and more dramatically when oxygen was de-
creased to zero (Fig. 6E).

In discs of Suc phosphorylase-expressing tubers in-
cubated at 21% (v/v) oxygen, less of the label was
distributed to starch (Fig. 6A) and more of the label
was distributed to phosphoesters (Fig. 6B) and Suc
(Fig. 6E) than in wild-type discs (see also Fernie et al.,
2002). When oxygen was decreased, there was a stron-
ger decrease of starch labeling in the transformant
than in the wild type. In the transgenic line, label
incorporation into starch started to decrease at 8%
(v/v) oxygen and decreased dramatically at 1% (v/v)
and zero oxygen, where there was almost no labeling
of starch. Low oxygen also led to differential effects in
the labeling of phosphoesters between wild type and
transformants, with label in phosphoesters decreasing
in the wild type and increasing in line SP-2 (Fig. 2B).
Although in the wild type oxygen had to be decreased
to zero before label in organic acids and amino acids
increased, this occurred at 1% (v/v) oxygen in the
transformant.

In Figure 6, A to E, label distribution in intact
tubers also was analyzed. Expression of Suc phos-
phorylase led to similar changes in label distribution
between starch, organic acids, and amino acids as in
discs incubated at low (1%–4% [v/v]) external oxy-
gen. Labeling of phosphoesters and Suc was different
in discs compared with intact tubers. This could be
due to changes in the internal Suc and hexose-
phosphate pools during incubation of discs, which
have been frequently observed in earlier experiments
(Geigenberger et al., 1997).

The absorbed [U-14C] Glc will mix with internal
unlabeled pools, so movement of label will not neces-
sarily reflect fluxes into the various pools (Geigen-
berger et al., 1997). Label in the phosphoester fraction
(see Fig. 6B) was divided by the total carbon found in
hexose phosphates (data not shown) to calculate the
specific activity of the hexose phosphate pool (Fig. 6F;
for a discussion of the assumptions involved in these
calculations, see Geigenberger et al., 1997). Expression
of Suc phosphorylase led to a strong increase in the
size of the internal hexose-phosphate pool (data not
shown) and a lower specific activity of the hexose-
phosphates (Fig. 6F). This reflects a higher rate of
mobilization of internal unlabeled carbohydrates, pre-
sumably due to more effective breakdown of Suc via
Suc phosphorylase. To estimate the absolute rate of
starch synthesis (Fig. 6G), label in starch was divided
by the specific activity of the hexose-phosphate pool.
In discs incubated with oxygen concentrations in the
range between 8% and 21% (v/v), the rate of starch
synthesis was slightly faster in the transformant discs
than in wild-type discs. When oxygen was decreased

Figure 5. Starch profiles across invertase or Suc phosphorylase-
expressing tubers. To investigate starch levels in tuber transects, a cork
borer was forced through the middle, removed, and the tissue plug
rapidly forced out and simultaneously sliced into approximately 1-mm-
thick discs, which fell directly into liquid nitrogen. A, Wild-type; B,
Inv2-30; C, Inv2-33; D, SP-2; and E, SP-29. Data are from four individ-
ual tubers per line. Total transects lengths were 3.3, 3.2, 3.4, 3.5, and
3.2 cm for wild type, Inv2-30, Inv2.-33, SP-2, and SP-29, respectively.

Suc Degradation Affects Internal Oxygen Tensions
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below 8% (v/v), starch synthesis was more severely
inhibited in Suc phosphorylase-expressing tuber discs
than in wild-type discs. The flux to starch was also
estimated from the labeling experiment with intact
tubers. In the case of intact tubers, the rates of starch
synthesis resembled those in tuber discs incubated at
low (approximately 1%) external oxygen, and expres-
sion of Suc phosphorylase led to a strong decrease of
the rate of starch synthesis.

To estimate glycolytic flux (Fig. 6H), label in or-
ganic acids and amino acids was summed and di-
vided by the specific activity of the hexose-phosphate
pool. Compared with the wild type, Suc
phosphorylase-expressing tuber discs had higher
rates of glycolysis at 21% (v/v) external oxygen. De-
creasing oxygen in the range between 20% and 1%
(v/v) did not lead to a restriction of glycolysis in
discs of the transformants. When oxygen was de-
creased to 1% (v/v) or below, there was a stronger
increase of glycolytic flux in the transformant than in
wild-type discs in absolute terms, probably reflecting
increased fermentative activity. Again, the results
obtained in intact tubers resembled those for discs
incubated in low oxygen (Fig. 6H). Expression of Suc
phosphorylase led to a dramatic increase in the rate
of Suc synthesis in discs at high external oxygen
levels, which was less marked at low oxygen (Fig. 6I).

The ratio between the rate of starch synthesis and
the rate of glycolysis is shown in Figure 6J. Expression
of Suc phosphorylase led to a general decrease in
starch synthesis relative to glycolysis, but the decrease
was much stronger in discs incubated at low oxygen
or in intact tubers. At 0% to 1% (v/v) external oxygen,
the decrease was dramatic, leading to starch to glyco-
lysis ratios of almost zero in the transformant.

The Decrease in Adenylate Energy State in Response to
Suc Phosphorylase Expression Is Dependent on the
Oxygen Concentration in Tuber Discs

The labeling studies presented in Figure 6, A to J,
show that Suc phosphorylase expression leads to a

Figure 6. Metabolism of [U-14C]Glc and nucleotide levels in wild-
type (white symbols) and Suc phosphorylase-expressing (black sym-
bols) tubers and tuber discs. [U-14C]Glc was either injected directly
into intact tubers (in planta) or was supplied to tuber slices incubated
at different oxygen tensions. Freshly cut slices of growing potato
tubers were incubated in a medium containing 1 mM Glc under

continuous aeration using a stream of premixed gases containing 0%,
1%, 4%, 8%, 12%, or 21% (v/v) oxygen for 2 h as in Geigenberger et
al. (2000) before slices were washed and extracted to determine label
distribution into different fractions (A–E) or frozen rapidly to determine
nucleotide levels (K–N). Percentages of label metabolized to starch (A),
phosphorylated esters (B), organic acids (C), amino acids (D), and Suc
(E) are shown. The specific activity of the hexose phosphate pool (F)
was estimated by dividing the label retained in the phosphate ester
pool by the summed carbon of the hexose phosphates (data not
shown). The specific activity of the hexose phosphate pool and label
incorporation into the relevant fractions were used to calculate the
absolute rate of starch synthesis (G), glycolytic flux (the sum of the flux
to the organic acids and amino acids; H), and the rate of Suc synthesis
(I). J, Relative rates of starch synthesis and glycolysis. Nucleotide data
are summarized in ATP (K), ADP (L), ATP to ADP ratio (M), and sum of
ATP and ADP (N). Freshly cut slices of growing potato tubers imme-
diately (within 2 s) quenched in liquid nitrogen (t0) are shown for
comparison. The results are means � SE (n � 4). Error bars are not
shown when they are smaller than the symbol.

Bologa et al.

2064 Plant Physiol. Vol. 132, 2003



decreased rate of starch synthesis in the presence of
low-oxygen tensions but not at high oxygen. To in-
vestigate whether this could be due to changes in the
adenylate energy state under these conditions, we
analyzed ATP and ADP levels in samples taken in
parallel (Fig. 6, K–N).

Expression of Suc phosphorylase led to signifi-
cantly higher ATP levels (Fig. 6K) and a higher ATP
to ADP ratio in discs incubated at high external ox-
ygen (12% and 21% [v/v]). However, when oxygen
was decreased below 8% (v/v), ATP level and ATP to
ADP ratio were more severely reduced in Suc
phosphorylase-expressing tuber tissue than in the
wild type, leading to a progressively lower adenylate
energy state. Expression of Suc phosphorylase led to
a similar decrease of the ATP to ADP ratio of intact
tubers, which resembled discs incubated at 1% to 4%
(v/v) external oxygen. These changes in adenylate
energy state reflect the changes in the rate of starch
synthesis (compare Fig. 6, G with M), indicating that
the low-oxygen-induced inhibition of starch synthe-
sis in the transformant is attributable to a decrease in
the cellular energy state under these conditions.

Invertase Is Repressed and Specific SuSy Genes and
Adh1 Are Induced When Discs from Wild-Type Tubers
Are Incubated at Low External Oxygen Concentrations

The results presented so far suggest that a bypass
of the endogenous SuSy route leads to impaired met-
abolic performance in hypoxic conditions. This oc-
curs because: (a) Increased oxygen consumption
leads to lower tissue oxygen levels, and (b) The trans-
formants perform less effectively than wild-type tu-
bers at low tissue oxygen tensions. The question is
raised of whether expression of the endogenous
genes encoding SuSy and invertase in tubers is reg-
ulated to allow SuSy to substitute for invertase when
the oxygen concentration decreases.

Recent studies with maize roots demonstrate that
specific SuSy genes are induced and invertase gene
repressed upon hypoxia (Zeng et al., 1999). To inves-
tigate whether there is a similar response in growing
potato tubers, we incubated wild-type tuber discs in
various oxygen concentrations (0%, 1%, 4%, 8%, 12%,
and 21% [v/v]) for 45 min or 2 h and analyzed
steady-state mRNA levels of the potato SuSy genes
Sus1 (Salanoubat and Belliard, 1989), Sus2 (Ehlers
Loureiro, 1999), and Sus3 (Fu and Park, 1995), and
the genes encoding vacuolar (Zrenner et al., 1996)
and apoplastic invertase in potato tubers (Hedley et
al., 1993). For comparison, expression of the low-
oxygen-sensitive potato Adh1 gene (Matton et al.,
1990) was monitored. The changes in transcript levels
are documented in Figure 7A (showing the northern
blot) and are also expressed as relative intensities on
an arbitrary scale after densitometric spot analysis
(Fig. 7, B–G).

Low oxygen led to a selective increase in the
mRNA levels of Sus2 and Sus3, which resembled the

increase of Adh1 (Fig. 7, A, C, D, G). Sus1 mRNA
levels were not substantially altered (Fig. 7, A, B),
except an approximately 2-fold increase at 45 min in
zero oxygen. Induction of Sus2 and Sus3 was already
evident after 45 min of incubation and increased
progressively with decreasing oxygen tensions. The
mRNA levels of Sus2 and Sus3 were also high in
intact tubers, resembling discs under low oxygen
(Fig. 7A). Both Sus2 and Sus3 mRNA levels showed a
further dramatic increase when intact tubers were
submerged for 24 h (data not shown). We do not
think that these changes in gene expression reflect
wound responses because: (a) Expression of wound-
inducible Sus1 was largely unchanged, and (b) Ex-
pression of Sus2 and Sus3 also increased in intact
tubers under low oxygen.

Low oxygen led to a reciprocal decrease in mRNA
levels, down to the limits of detection, of genes en-
coding vacuolar and apoplastic invertase (Fig. 7, A,
E, and F). Expression of invertase was not detectable
in intact tubers and in discs incubated at low oxygen
but was clearly induced upon incubation of discs in
8% to 21% (v/v) external oxygen.

Analysis of enzyme activities revealed a 2-fold de-
crease of invertase activity in response to low oxygen
after 8 h, whereas total SuSy activity was unaltered
(Fig. 8A). However, there were changes in the sub-
cellular distribution of SuSy activity. When oxygen
was decreased, less SuSy activity was found in the
microsomal fraction, whereas more SuSy activity was
found in the soluble fraction (Fig. 8B). Binding of
SuSy to the microsomal fraction has been found pre-
viously to be involved in the channeling of carbon
toward cell wall synthesis (Winter et al., 1997), prob-
ably by interacting with membrane-bound cellulose
synthase (Amor et al., 1995). Decreased SuSy mem-
brane association at low-oxygen concentrations is in
confirmation with an inhibition of cell wall biosyn-
thesis under these conditions, which could be part of
an adaptive response leading to an inhibition of bio-
synthetic processes to save ATP when oxygen is low
(see Geigenberger et al., 2000).

DISCUSSION

Our results show that overexpression of invertase
or Suc phosphorylase to bypass the energetically less
expensive SuSy route leads to a strong decrease in
internal oxygen tensions in growing tubers, a marked
decrease in their energy state, and an inhibition of
starch synthesis. These marked changes in metabo-
lism are due to: (a) increased oxygen consumption,
leading to lower tissue oxygen levels; and (b) a less
effective metabolic performance at low tissue oxygen
tension. It implies an important role for the plant-
specific SuSy pathway in reducing the degree to
which internal oxygen falls and in allowing better
maintenance of metabolism under the low-oxygen
tensions present within plant tissues.
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Ectopic Overexpression of Invertase or Suc
Phosphorylase to Bypass the Endogenous SuSy Route
Leads to Steeper Oxygen Gradients within Tubers

We provide several independent lines of evidence
that overexpression of Suc phosphorylase or inver-
tase leads to lower oxygen tensions within growing
tubers. First, direct measurements of oxygen concen-
trations within growing tubers reveal decreased ox-
ygen levels compared with the wild type (Fig. 1).
Second, analyses of enzyme activities reveal that en-
zymes that are known to be induced by low-oxygen
conditions (anaerobic proteins; see Dennis et al.,
2000) are increased relative to the wild type. The

increase is stronger in invertase than in Suc
phosphorylase-expressing lines and includes GAP-
DH, ADH, and LDH (Fig. 2, C–E). Expression of
SuSy, which is another anaerobic protein, is also
increased in these lines (Trethewey et al., 1999; Fernie
et al., 2002). Third, products of various fermentative
pathways accumulate in the transgenic tubers. There
is an increase in lactate levels in the line with the
strongest invertase expression (Fig. 2D). The levels of
Ala, which is known to accumulate as an early re-
sponse to anoxia (Davies, 1980), increased 5-fold in
invertase (Trethewey et al., 1998) and 3- to 4-fold in
Suc phosphorylase-expressing tubers (Fernie et al.,

Figure 7. Steady-state mRNA levels of Adh1
and specific SuSy and invertase genes in intact
wild-type tubers (t0) and wild-type tuber slices
incubated in buffer under continuous aeration
using premixed gases as in Figure 6. Freshly cut
slices of growing potato tubers were either im-
mediately (within 2 s) quenched in liquid nitro-
gen (intact tuber) or incubated in aerated buffer
for 45 min (black bars) or 2 h (gray bars) before
rapidly quenching in liquid nitrogen, and RNA
was extracted. A, Northern blot. B to G, Densi-
tometric spot analysis of: B, Sus1; C, Sus2; D,
Sus3; E, vacInv; F, apoInv; and G, Adh1. B to G,
Relative intensities on an arbitrary scale which
are corrected for the UV signal of the rRNA on
the blotted membrane.
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2002). Also, succinate, a major end product of fer-
mentative metabolism in plants (Davies, 1980), is
strongly increased in invertase-expressing tubers
(Roessner et al., 2001). Fourth, when the low-oxygen-
responsive promoter of the Arabidopsis Adh1 gene
was fused to a reporter gene encoding GUS (Dolferus
et al., 1994) and transformed into wild-type and
invertase-expressing potato plants, expression was
highest in the tubers of invertase-expressing plants
(Fig. 3). Although each approach clearly has its lim-
itations, taken together, these different approaches
provide cumulative evidence that oxygen is de-
creased in the transgenic tubers.

We propose that the decrease in internal oxygen
levels is a direct consequence of increased oxygen
consumption within the transgenic tubers. Expres-
sion of Suc phosphorylase or invertase leads to a 2- or
3-fold increase in respiration rates, respectively (Tre-
thewey et al., 1998, 2001). Three factors could be
responsible for this: (a) There is an increased energy
cost when Suc is degraded via invertase (2 mol ATP
mol Suc�1) or Suc phosphorylase (1 mol ATP mol
Suc�1), compared with the endogenous SuSy route (1
mol PPi mol Suc�1). The energy cost of the SuSy
pathway is actually zero when PPi is delivered as

waste product from biosynthetic reactions, which
does not need extra ATP (Stitt, 1998). (b) Expression
of Suc phosphorylase (Fernie et al., 2002) or invertase
(Trethewey et al., 1999) leads to increased rates of Suc
degradation, activation of SPS, and an increase in Suc
cycling, leading to an additional energy demand in
tubers. In the case of Suc phosphorylase-expressing
tubers, this energy demand has been calculated to be
approximately 30% of the total ATP produced during
respiration, compared with only 3% to 4% in the wild
type (Fernie et al., 2002). (c) Suc phosphorylase and
invertase-expressing tubers contain higher levels of
glycolytic metabolites and increased activities of gly-
colytic enzymes (Trethewey et al., 1998, 2001; see also
Fig. 3), which will support increased respiration
rates.

A further interesting possibility is that the heterol-
ogous invertase and Suc phosphorylase proteins are
not susceptible to feedback mechanisms that regulate
the rate of Suc degradation in wild-type tubers, in
particular, mechanisms that decrease Suc degrada-
tion when oxygen levels fall. In wild-type tubers,
falling ATP and rising ADP may restrict fructokinase
activity, leading to an increase of Fru and feedback
inhibition of SuSy when oxygen is low (Geigenberger
et al., 2000). The continued high rates of Suc degra-
dation leading to high levels of glycolytic intermedi-
ates may interfere with the regulation network that
allows the rate of respiration and metabolism to be
reduced in low oxygen.

The Low-Oxygen Tensions within Transgenic Tubers
Lead to a Decrease in Their Energy State and an
Inhibition of Starch Synthesis

There was a marked decrease in the adenylate en-
ergy state in transgenic tubers compared with wild
type (Figs. 4 and 6; Fernie et al., 2002), which was
stronger in invertase than in Suc phosphorylase-
expressing tubers. The low adenylate energy state in
intact tubers was rapidly reversed when tuber slices
were exposed to air or aerated solutions, providing
evidence that it was due to the lower internal oxygen
levels present within transgenic tubers. A strong cor-
relation between oxygen levels and adenylate energy
state has been demonstrated in earlier experiments
with wild-type tubers (Geigenberger et al., 2000) and
in the phloem (van Dongen et al., 2003).

There were steep starch gradients from the periph-
ery toward the center of transgenic tubers (Fig. 5),
similar to the gradients in oxygen concentration (Fig.
1). The spatial decrease in starch content was much
steeper in the transformants than in wild-type tubers.
The decrease in starch content in the transformants
relative to the wild type was highest near the tuber
center, where tissue oxygen levels fall below 2% (v/
v). This is broadly in agreement with the measure-
ments of the effect of low oxygen on the rate of starch
synthesis in tuber discs, in which a marked inhibition

Figure 8. Changes in invertase and SuSy activities in tuber discs in
response to low oxygen. A, Overall activities of acid invertase (black
symbols) and SuSy (white symbols) after 8 h of incubation of discs at
the different oxygen concentrations indicated in Figure 7. B, SuSy
activity in the microsomal (black symbols) and soluble fraction
(white symbols) of tuber discs incubated for 2 h at the different
oxygen concentrations. The results are means � SE (n � 4). Error bars
are not shown when they are smaller than the symbol.
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was not found until oxygen dropped to about 4% and
1% (v/v) in discs from Suc phosphorylase and wild-
type tubers, respectively (Fig. 6). Further, these label-
ing experiments showed that expression of Suc phos-
phorylase leads to a decreased rate of starch
synthesis in intact tubers, which is reversed if the
tuber discs are incubated at 21% (v/v) oxygen. This
provides evidence that the inhibition of starch syn-
thesis in intact transgenic tubers is attributable to
decreased tissue oxygen tensions.

The immediate cause of the inhibition of starch
synthesis in low oxygen is probably the low adenyl-
ate energy state. It has been demonstrated recently
that antisense inhibition of the plastidic ATP to ADP
translocator leads to an inhibition of starch accumu-
lation in potato tubers (Tjaden et al., 1998), despite
a large accumulation of Suc, Glc, and hexose-
phosphates (Geigenberger et al., 2001). Conversely,
incubation of discs with adenine to increase ATP
levels leads to a stimulation of starch synthesis (Loef
et al., 2001). These results imply that starch synthesis
is restricted by the supply of ATP.

Previous studies show that low oxygen also leads
to an increased sensitivity of potato tubers toward
pathogens (Butler et al., 1990), with rotting starting in
the center of the tuber where oxygen concentrations
are low. This is probably due to repression of phe-
nylalanine ammonium lyase and subsequent inhibi-
tion of phenylpropanoid synthesis in response to low
oxygen (Geigenberger, 2003b; Geigenberger et al.,
2000). Invertase overexpression in the cytosol also led
to consistently lower oxygen levels within stored
tubers (data not shown). When batches of harvested
tubers were stored for 8 weeks at 20°C, all of the
invertase-expressing tubers were irreversibly dam-
aged due to pathogen attack and rotting, whereas all
of the wild-type tubers survived without visible im-
pairment (data not shown). Recent studies demon-
strate that invertase-expressing tubers (Inv2-30 and
Inv2-33) exhibit drastic susceptibility to Erwinia caro-
tovora attack (Conrath et al., 2003).

Falling Internal Oxygen Leads to a Switch to the
Plant-Specific SuSy Pathway of Suc Degradation,
Which Consumes Less ATP and Utilizes Oxygen
More Efficiently

In contrast to animals, plants lack specialized cir-
culation systems, and oxygen falls to low levels
within many plant tissues (see above). Based on stud-
ies in potato tubers, Geigenberger et al. (2000) con-
cluded that saving ATP and oxygen by restricting
metabolic activity provides an important metabolic
strategy to defend a fall in internal oxygen levels and
to avoid internal anoxia. A complementary strategy
to a decrease in the rate of metabolism would be to
prioritize metabolic pathways that conserve energy
and, hence, reduce oxygen consumption. Our results
imply that the use of the plant-specific SuSy pathway

for Suc degradation is an important part of this de-
fense strategy because it leads to improved energy
efficiency, saving of ATP, and reduction of respira-
tion, allowing higher internal oxygen tensions to be
maintained than would otherwise be possible. This is
consistent with invertase being repressed and SuSy
being induced in response to low oxygen in maize
roots (Zeng et al., 1999) and potato tubers (see Fig. 7).

These results further imply a specific role of PPi in
conserving oxygen. The cytosol of the plant cell con-
tains significant levels of PPi (Weiner et al., 1987;
Geigenberger et al., 1993; Tiessen et al., 2002), which
are maintained at high levels in hypoxic tissues
(Dancer and ap Rees, 1989; Geigenberger et al., 2000;
Gibon et al., 2002). PPi is utilized as an energy donor
for Suc mobilization via SuSy and UGPase, for gly-
colysis via PFP, and for tonoplast energization via a
PPi-dependent proton pump, each of these enzymes
being induced by low oxygen (see Dennis et al., 2000,
and refs. therein). Each PPi-dependent reaction actu-
ally duplicates an ATP-consuming reaction (Stitt,
1998), which in the case of invertase (see Fig. 7; Zeng
et al., 1998) and the ATP-dependent proton pump
(Gout et al., 2001) are repressed under low oxygen.
When SuSy is bypassed by a route that utilizes ATP
instead of PPi, tissue oxygen tension (Fig. 1) and
cellular energy state decreased (Fig. 4). This provides
evidence for an important role of PPi in recycling
waste energy to fuel important central metabolic and
cellular functions, thereby allowing both ATP and
oxygen consumption to be decreased.

Suc Degradation via the SuSy Pathway Improves
Metabolic Performance at Low Tissue Oxygen Levels

Experiments with tuber slices show that the reduc-
tions in cellular energy state and starch synthetic
rates in response to Suc phosphorylase expression
are also present in isolated tuber discs incubated in
low external oxygen (0%, 1%, or 4% [v/v]). In these
instances, changes in energy state and starch flux in
transgenic versus wild-type tuber discs are unlikely
to be due to differences in tissue oxygen concentra-
tions. This indicates that a bypass of the SuSy path-
way also leads to less effective metabolic perfor-
mance at a given low tissue oxygen level, probably
due to a decrease in the energy efficiency of Suc
degradation (Fig. 6M). Interestingly, this is accompa-
nied by an increased glycolytic flux and fermentative
activity in zero oxygen (Fig. 6H) and is consistent
with earlier studies on an Sus1:Sh1 double mutant in
maize and an Sus1 antisense line in potato, indicating
that decreased SuSy leads to impaired anoxic and
postanoxic resistance in roots (Ricard et al., 1998;
Biemelt et al., 1999).

Our results imply that a shift in the pathway of Suc
degradation from invertase to SuSy allows a higher
cellular energy state to be established in the presence
of a lower respiratory or fermentative activity at a
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given low-oxygen tension. A reduction of cellular
energy requirements and a concomitant suppression
of ATP-generating pathways have been identified
previously as important adaptive responses to low
oxygen, both in animals (Hochachka et al., 1997) and
plants (Geigenberger et al., 2000; Colmer et al., 2001).
Crucially, recent reports in rice (Oryza sativa) docu-
ment that prolonged anoxia leads to a decrease in the
energy requirements for maintenance, including di-
minished ion transport presumably by closed K�

channels and a down-regulation of fermentation
(Colmer et al., 2001). Furthermore, in potato tubers,
falling internal oxygen led to a widespread decrease
in biosynthetic activities and a restriction of respira-
tion (Geigenberger et al., 2000). This general decrease
in cellular energy requirements will be beneficial at
low tissue oxygen levels because it primarily allows
oxygen consumption to be decreased to avoid or
delay internal anoxia and, second, because it de-
presses fermentation and accumulation of toxic inter-
mediates when anoxic conditions develop.

MATERIALS AND METHODS

Plant Material

Potato plants (Solanum tuberosum L. cv Desirée, Saatzucht Fritz Lange,
Bad Schwartau, Germany) were grown in well-aerated soil (3-L pots) sup-
plemented with Hakaphos grün slow-release fertilizer (100 g per 230 L of
soil; BASF, Ludwigshafen, Germany) in a growth chamber (350 �mol pho-
tons m�2 s�1 irradiance, 14-h day/10-h night regime, 20°C, 50% relative
humidity), or in a greenhouse during the summer (16 h of light/8 h of dark,
20°C/18°C day/night, 60% relative humidity) with supplementing light as
in Tiessen et al. (2002). Growing tubers from 10-week-old daily watered
plants with high activities of SuSy, which is taken as an indicator for rapidly
growing tubers (Merlo et al., 1993), were used for the experiments.

Generation of GUS Reporter Gene-Expressing Potato
Plants and Analysis of Expression Patterns

Transformation of wild-type potato cv Desirée and the yeast (Saccharo-
myces cerevisiae) invertase-expressing line U-INV2-30 (Sonnewald et al.,
1997) with the constructs ADH1-GUS (Dolferus et al., 1994) was performed
as described by Rocha-Sosa et al. (1989). Transformants were selected on
kanamycin-containing media (Dietze et al., 1995) before transfer to 2-L pots
in the greenhouse. Initial screening of approximately 80 plants per parental
line was carried out by slicing whole tubers into 1-mm-thick slices from top
to base; these were subsequently stained, overnight at 37°C, for GUS activity
in six-well macrotiter plates containing GUS staining buffer (Jefferson et al.,
1987). From this initial screen, 11 lines were selected that showed reproduc-
ible GUS expression across similar-sized tubers. Potato stems were stained
following the same protocol.

Analysis of Starch Transects

A cork borer (8-mm diameter) was forced through the middle, removed,
and the tissue plug rapidly forced out and simultaneously sliced into
approximately 1-mm-thick discs, which fell directly into liquid nitrogen
(Geigenberger et al., 2000). For each sample, a single disc was taken every 5
mm down the transect (i.e. every fifth disc was taken), extracted, and starch
levels analyzed as in Geigenberger et al. (1999).

Analysis of Oxygen Tensions in Potato Tubers

Intact tubers growing near the surface of the pot (where the oxygen
concentration of the soil was above 18% [v/v]; data not shown) were

excavated. The internal oxygen tension was measured 1 to 2 min later by
introducing an O2 microelectrode (diameter of the tip � 1 mm; Toepffer Lab
Systems, Goeppingen, Germany) into the tuber tissue.

Labeling Experiments with Tuber Slices

Tuber discs (8-mm diameter, 1-mm thickness) were cut directly from the
center of growing tubers attached to the fully photosynthesizing mother
plant, washed quickly with 10 mm MES (pH 6.5; KOH), pre-incubated for 45
min in buffer containing 2 mm Glc and 20 mm mannitol using 50-mL Falcon
tubes in a water bath at 20°C (approximately eight discs in 20 mL), and
[U-14C]Glc (final specific activity 18.5 KBq �mol�1; Amersham-Buchler,
Freiburg, Germany) was added, and incubation was continued for another
2 h (Geigenberger et al., 2000). During the whole incubation and pre-
incubation time, discs were aerated by a continuous stream of premixed
gases containing 0%, 1%, 4%, 8%, 12%, and 21% (v/v) oxygen. The oxygen
concentration in the solution was routinely checked using an oxygen elec-
trode. After 2 h, discs were rapidly washed three times with buffer to
remove external radioactivity and frozen in liquid nitrogen to analyze label
distribution.

In Planta Labeling Experiments with Intact Tubers

Labeling experiments with intact tubers were performed as in Geigen-
berger and Stitt (2000). Tubers were excavated, taking care not to bend the
stolons, a fine canal (1–2-mm diameter) was bored through the middle of
each tuber using a metal hypodermic needle, and filled with 2 �m
[U-14C]Glc (specific activity 7 MBq �mol�1), equivalent to approximately 40
to 50 kBq per tuber. After 2 h of incubation, a concentric ring of tissue
(0.8-cm diameter) was removed for radiolabel analysis. During the whole
experiment, tubers remained attached to their mother plants via their
stolons.

Fractionation of 14C-Labeled Tissue Extracts

Discs were extracted with 80% (v/v) ethanol at 80°C (1 mL per two discs),
re-extracted in two subsequent steps with 50% (v/v) ethanol (1 mL per two
discs for each step), the combined supernatants dried under an air stream at
35°C, taken up in 1 mL of water (“soluble fraction”), and separated into
neutral, anionic, and basic fractions by ion-exchange chromatography; the
neutral fraction (2.5 mL) was freeze dried, taken up in 100 �L of water, and
further analyzed by thin-layer chromatography (Geigenberger et al., 1997).
To measure phosphate esters, samples (250 �L) of the soluble fraction were
incubated in 50 �L of buffer (10 mm MES-KOH [pH 6.0]) with or without 1
unit of potato acid phosphatase (Grade II, Boehringer, Mannheim) for 3 h at
37°C, boiled for 2 min, and analyzed by ion-exchange chromatography
(Geigenberger et al.,. 1997). The insoluble material left after ethanol extrac-
tion was homogenized, taken up in 1 mL of water, and counted for starch.
In discs from growing tubers, starch accounts for over 90% of the label in the
insoluble fraction (Geigenberger et al., 1994).

Metabolite and Nucleotide Analysis

Tissue slices (30 discs in approximately 80 mL of medium) were incu-
bated using glass vessels allowing continuous aeration with premixed gases
(see above). Slices were harvested as in Geigenberger et al. (2000) by
pouring the medium immediately through a strainer and throwing the slices
into liquid nitrogen within 1 s. Tissue slices from intact tubers were har-
vested using a cork borer and by quenching the slices immediately in liquid
nitrogen. The frozen material was extracted with trichloroacetic acid, and
metabolites and nucleotides were measured as in Geigenberger et al. (1998).
The recovery of small, representative amounts of each metabolite through
the extraction, storage, and assay procedures has been documented previ-
ously (see Hajirezaei and Stitt, 1991; Jelitto et al., 1992; Merlo et al., 1993;
Geigenberger et al., 1994; Farré et al., 2001). Lactate and ethanol were
measured according to Bergmeyer (1987).
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Analysis of RNA

Total RNA was extracted from potato tubers according to Logemann et
al. (1987) and blotted to a nylon membrane following standard procedures
(Sambrook et al., 1989). Radioactive hybridization probes were prepared by
the random priming labeling system of Amersham-Buchler using P32-dCTP
according to the manufacturer’s instructions. The following hybridization
probes were used: (a) a 430-bp EcoRI-StyI fragment of StSus1 (Fu and Park,
1995), (b) a 2.1-kb Asp718-Asp718 fragment of StSus2 (Ehlers Loureiro 1999),
(c) a 185-bp EcoRI-EcoRI fragment of StSus3 (Fu and Park 1995), (d) a
2,063-bp EcoRI-NotI fragment of the potato gene encoding vacuolar inver-
tase (Zrenner et al., 1996), (e) a 630-bp BamHI-BamHI fragment of the
apoplastic potato invertase gene (Hedley et al., 1993), and (f) a 250-bp
EcoRI-EcoRI fragment from the potato gene encoding the hypoxia-inducible
ADH (Matton et al., 1990). Quantification was performed with an imaging
system (Herolab, Wiesloch, Germany), and the signal of the specific tran-
script was normalized to the UV signal of the rRNA on the blotted
membrane.

Analysis of Enzyme Activities

Enzymes were extracted according to Geigenberger and Stitt (1993), ADH
and LDH were measured as in Geigenberger et al. (2000), and GAP-DH,
soluble acid invertase, and SuSy were measured as in Geigenberger et al.
(2001). Binding of SuSy activity to microsomal membranes was analyzed as
in Winter et al. (1997).
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