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This study was undertaken to determine the role of sucrose-
metabolizing enzymes in altered carbohydrate partitioning caused
by heat stress. Potato (Solanum tuberosum L.) genotypes character-
ized as susceptible and tolerant to heat stress were grown at 19/
17°C, and a subset was transferred to 31/29°C. Data were obtained
for plant growth and photosynthesis. Enzyme activity was deter-
mined for sucrose-6-phosphate synthase (SPS) in mature leaves and
for sucrose synthase, ADP-glucose pyrophosphorylase, and UDP-
glucose pyrophosphorylase in developing tubers of plants. High
temperatures reduced growth of tubers more than of shoots. Pho-
tosynthetic rates were unaffected or increased slightly at the higher
temperature. Heat stress increased accumulation of foliar sucrose
and decreased starch accumulation in mature leaves but did not
affect glucose. SPS activity increased significantly in mature leaves
of plants subjected to high temperature. Changes in SPS activity
were probably not due to altered enzyme kinetics. The activity of
sucrose synthase and ADP-glucose pyrophosphorylase was reduced
in tubers, albeit less quickly than leaf SPS activity. There was no
interaction of temperature and genotype with regard to the en-
zymes examined; therefore, observed differences do not account for
differences between genotypes in heat susceptibility.

Suc is the main form of translocated sugar in most plants.
Its synthesis is catalyzed by SPS and Suc-6-P and its deg-
radation is catalyzed by SS or invertase (Preiss, 1982). A
major control point for the partitioning of photosynthate
between Suc and starch in the leaves is SPS (Huber, 1983;
Huber et al., 1984; Kalt-Torres et al., 1987, Huber and
Huber, 1992). This postulate was confirmed when overex-
pression of maize SPS in tomato leaves was shown to
increase foliar Suc concentration but reduce starch (Worrell
et al., 1991; Galtier et al., 1993). Some species, such as
soybean, have been reported to have endogenous rhythms
of SPS activity (Kerr et al., 1985), whereas the enzyme
appears to respond directly to the light cycle in other
species (Kalt-Torres et al., 1987).

Environmental factors such as water stress and temper-
ature influence SPS activity. SPS activity in mature leaves
was reduced in plants subjected to water stress (Vassey and
Sharkey, 1989; Vassey et al., 1991; Castrillo, 1992). This
decrease in SPS activity was attributed to inhibition of
photosynthesis as a result of stomatal closure (Vassey et al.,
1991). However, pigeonpea and soybean plants exposed to
water stress had increased SPS activity (Cheikh and Bren-
ner, 1992; Keller and Ludlow, 1993). Soybean leaves had
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lower SPS activity under cool conditions (18/14°C) than
under warm conditions (26/22°C; Rufty et al., 1985). Spin-
ach plants acclimated to cold temperature (10°C) had
higher SPS activity than plants grown at 24°C (Holaday et
al., 1992). Khayat and Zieslin (1987) exposed rose plants to
12 and 18°C night temperatures and found higher SPS
activity in shoots exposed to the higher night temperature.

SS is considered the main catalytic enzyme for Suc cleav-
age in many tissues, and its activity can be used as a
biochemical marker for sink strength in plants (Sung et al.,
1989; Xu et al., 1989). Growing tubers have high activity of
SS and AGPase that declines as tubers mature (Pressey,
1969; Sowokinos, 1976).

Heat stress alters carbohydrate partitioning in potato
(Solanum tuberosum L.) plants from tubers to shoots and
reduces overall plant yield (Borah and Milthorpe, 1962;
Ewing, 1981; Wolf et al., 1990). The role of enzymes that
control Suc metabolism in potato plants under heat stress
has not been well characterized. This study was conducted
to investigate the relationship between activity of enzymes
involved in Suc metabolism to source-sink relationships of
heat-stressed potato plants. Genotypes reported as heat
tolerant and heat susceptible (Wolf et al., 1990) were in-
cluded in this study to ascertain whether observed changes
in enzyme activity were associated with susceptibility to
heat stress. In a subsequent paper we will discuss the
effects of heat stress on other enzymes of carbohydrate
metabolism in developing shoots.

MATERIALS AND METHODS
Plant Material and Sampling

Source plants of two potato (Solanum tuberosum L.) cul-
tivars, Norchip and Up-to-Date, were micropropagated
from nodal cuttings and transferred to a peat-vermiculite
soil mixture in 15-cm pots. Plants were kept at 19/17°C,
day/night, and a 14-h photoperiod in controlled environ-
ment chambers that provided 475 pumol photons m™2 s™!
PPFD. There were four replications of two plants per cul-
tivar in each experiment; plants were randomized in a
complete block design. The microcomputer package
MSTAT (Michigan State University, East Lansing) was uti-
lized for statistical analysis.

Temperature treatments in experiment 1 were imposed
when plants had approximately eight leaves and a total

Abbreviations: AGPase, ADP-Glc pyrophosphorylase; SPS, Suc-
6-P synthase; 5SS, Suc synthase; UGPase, UDP-Glc pyrophospho-
rylase.
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mass of approximately 30 g fresh weight plant™. At this
time, half of the plants (eight plants of each cultivar) were
subjected to high temperaure (31/29°C day/night) in an
identical growth chamber. The second experiment was con-
ducted in the same chambers and utilized the same type of
experimental design, but temperature treatments were im-
posed after tubers were initiated and had grown to approx-
imately 30 g plant™". The high temperature in experiment
2 was 29/27°C (day/night). RH in the warm chamber was
adjusted to maintain a similar vapor pressure deficit in
both treatments. It was not possible to maintain this hu-
midity during gas-exchange measurements in the reach-in
chambers. Gas-exchange measurements were determined
for the most recently matured leaves with a Li-Cor (Lin-
coln, NE) 6200 instrument. Recently matured leaves were
defined as the most recently fully expanded leaves, typi-
cally the sixth and seventh leaf (>25 mm) from the apex. At
the indicated harvest date, plants were divided into leaves,
stems, and stolons and tubers for determination of fresh
and dry weights.

Activity of SPS in recently matured leaves was deter-
mined after 3 d of heat treatment. Activity of SS, AGPase,
and UGPase was determined in growing tubers after 3 and
14 d. Samples consisted of 12 to 14 leaf discs of 9.0 mm
diameter for mature leaves and 0.6 g of tissue for tubers.
Each replicate sample was a composite sample of tissue
from at least two leaves or tubers from each of two plants.
Samples for carbohydrate analysis were taken at the end of
the light period (pM) and at the end of the dark period (am)
after 3 and 8 d of heat treatment. Samples for determination
of enzyme activity were taken 4 h after the beginning of the
photoperiod. Samples for carbohydrates and enzyme assay
were frozen immediately in liquid nitrogen and kept at
—80°C until assayed.

Enzyme Extraction and Assay

Crude enzyme extracts were prepared by homogenizing
frozen plant tissue in 3.0 mL of extraction buffer containing
50 mM Mops-NaOH buffer (pH 7.5), 10 mm MgSO,, 0.1 m
Cys, and 2% polyvinylpolypyrrolidone. The homogenate
was strained through Miracloth (Calbiochem) before cen-
trifugation at 20,000g for 15 min. The supernatant was
desalted through a minicolumn packed with Sephadex
G-50. Extraction steps were conducted over ice in a cold
room (2°C).

SPS (EC 2.4.1.14) activity was assayed as described by
Huber et al. (1989) with some modifications. The reaction
mixture for the saturated substrate assay (V_,,,) contained
50 mMm Mops-NaOH buffer (pH 7.5), 15 mm MgSO,, 10 mm
UDP-Glc, 40 mm Glc-6-P, 10 mmM Fru-6-P, and 50 pL of
enzyme extract in a total volume of 75 uL. Conditions for
the SPS assay with limiting substrate were the same as for
the V .., assay, except Glc-6-P and Fru-6-P were 12 and 3
mw, respectively, and 10 mm of Pi was added for this assay
(Huber et al., 1989). The reaction mixture was incubated at
25°C for 15 min and terminated by adding 75 uL of 30%
KOH. Samples were boiled for 10 min to destroy residual
hexoses. Suc formed by the reaction was determined by the
anthrone method (Van Handel, 1968).
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5SS (EC 2.4.1.13) activity was assayed in the direction of
Suc synthesis (Miron and Schaffer, 1991), as optimized for
potato in our laboratory. The reaction mixture contained 50
mmM Mops-NaOH (pH 7.5), 15 mm MgSO,, 25 mm UDP-Glc,
25 mMm Fru, and 50 pL of enzyme extract in a total volume
of 75 pL. The reaction mixture was incubated at 37°C for 30
min and terminated by adding 75 uL of 30% KOH. Samples
were boiled for 10 min to destroy residual hexoses, and
released Suc was determined as described above. The re-
action mixture for AGPase (EC 2.7.7.27) contained 80 mm
glycylglycine (pH 7.5), 5 mm MgCl,, 0.6 mm NADP, 2 mm
3-phosphoglycerate, 20 mm Cys, 0.75 unit phosphoglu-
comutase, 1 mMm ADP-Glc, 0.02 mMm Gle-1,6-bisP, 0.75 unit
Glc-6-P dehydrogenase, 2.5 mm PPi, 0.15 mg BSA, and
diluted enzyme extract in a total volume of 750 pL
{Sowokinos, 1976). The production of NADPH was moni-
tored continuously at 340 nm at 25°C with a Beckman
DU-640 spectrophotometer. The reaction mixture for
UGPase (EC 2.7.7.9) was similar to the AGPase assay,
except the pH was 8.5, UDP-Glc was substituted for ADP-
Glc, and 3-phosphoglycerate and BSA were omitted.

Carbohydrate Extraction and Assay

Sugars and starch were extracted and analyzed by a
method modified from that of Ou-Lee and Setter (1985).
Lyophilized leaf samples were extracted with 80% ethanol
for 48 h at 25°C. Glc was determined colorimetrically in a
Glc oxidase-coupled reaction. The reagent contained 1 mm
aminoantipyrine, 44 mmMm p-hydroxybenzoic acid, 7
units/mL Glc oxidase, and 0.5 unit/mL peroxidase ir. 100
mM phosphate buffer (pH 7.0). The A 4, was measured in
a total volume of 180 pL in a microplate reader. Suc was
determined as Glc released following hydrolysis with in-
vertase (10 units/mL in 100 mm acetate buffer, pH 4.5) for
1 h at 40°C. Starch was determined from the insoluble
residue after ethanol extraction. The residue was dried and
rehydrated in 1.0 mL of water and heated at 90°C for 1 h to
gelatinize starch. Starch samples were incubated with 1 mL
of amyloglucosidase solution (10 units/mL, 20 mm NaF,
100 mmMm acetate buffer, pH 4.5) for 48 h at 40°C. The Glc
released from starch was determined as described above.

RESULTS

Plant growth was reduced at the high temperature. Tu-
ber growth was more affected than shoot growth. This was
particularly evident in experiment 1 (Table I), in which
tuber initiation had just started at the time plants were
separated into different temperature regimes. Total dry
mass was reduced 44% in cv Norchip and 72% in cv Up-
to-Date. Plants in the warmer regime were significantly
taller (Table I). In experiment 2, total dry weights after 2
weeks of heat treatment were reduced by 24% for cv Nor-
chip and by 29% for cv Up-to-Date subjected to high tem-
peratures (Table II).

The transfer of plants from 19/17 to 31/29°C had no
immediate effect on photosynthesis, although recorded
transpiration rates were increased at the higher tempera-
ture (Table III). However, after 8 d, plants in the warmer
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Table I. Growth parameters of potato plants after 4 weeks of heat treatment in experiment 1

Different temperature treatments were imposed at the time of tuber initiation. Values are means * SE.

Tissue Cultivar Temp m Plant Height
Leaf Stem Shoot Tuber Total
oC g/plant cm
Fresh Norchip 19/17 169 = 3 75*+3 244 £ 6 134 =3 378 + 4 35x1
31/29 135£3 118 £3 253+ 4 5*x3 258 £ 4 45 £ 2
Up-to-Date 19/17 157 = 11 41 =7 197 £17 131 £ 14 328 £13 42 £ 1
31/29 49 £ 3 47 £ 1 96 * 2 0.6 £ 0.6 96 * 3 57+ 0.5
Dry Norchip 19/17 13.7 £ 0.3 45 *03 18.2 £ 0.5 19.4 £ 0.8 37.7 0.9
31/29 13.4 +0.2 7.6 +0.3 21.0x 0.5 0.3 £0.1 21.3+0.5
Up-to-Date 19/17 14.2 £ 0.9 3404 176 = 1.3 19.7 £ 2.6 373 %20
31/29 6.3 *+0.3 4.2 * 0.1 10.5 £ 0.3 0.03 £ 0.03 10.5 £ 0.3

chamber had significantly higher rates of photosynthesis
than the control plants. This relationship was still apparent
after 21 d, at which time respiration rates were lower at the
higher temperature (data not presented). The change in
photosynthetic rates was not due to a reduction in specific
leaf area, which changed much less than the change in
photosynthesis (data not presented). Leaf expansion was
affected by temperature; leaves at the higher temperature
were smaller than control leaves (data not shown).

Temperature had little effect on Glc levels of mature
leaves after 3 or 8 days (Table IV). Leaves from the high-
temperature treatment had elevated levels of Suc at the end
of the photoperiod compared to leaves from the cool treat-
ment, whereas starch levels were reduced in the leaves
from the warm treatment. This was true of both Norchip
and Up-to-Date. At the end of the dark period, Suc content
was similar for leaves from both temperature treatments,
whereas starch levels were greatly reduced at high temper-
ature. Therefore, foliar starch accumulation was reduced at
high temperature in mature leaves.

Exposure to 31/29°C for 3 d resulted in increased SPS
activity in mature leaves when assayed with saturating
levels of substrate (Fig. 1). The temperature X cultivar
interaction was not significant at P < 0.05, but SPS activity
at high temperature was 48 and 24% higher than at the
normal temperature in Norchip and Up-to-Date, respec-
tively. A similar increase in activity was observed in both
cultivars when assayed with limiting substrate and Pi
(Fig. 1).

Activity of tuber enzymes was reduced by the elevated
temperature (Table V). Activity of SS was reduced 59% in
cv Norchip and 72% in cv Up-to-Date after 2 weeks of
treatment (Table V). Activity of AGPase was reduced ap-
proximately 25% in both cultivars. Activity of UGPase was
much higher than that of S5 or AGPase and was not af-
fected by temperature. There was no difference in activity
of AGPase, SS, or UGPase between the two temperatures
after 3 d of treatment (data not presented). Total invertase
activity was less than 10% of SS activity and was not
significantly affected by temperature (data not presented).

DISCUSSION

The two potato cultivars, Norchip and Up-to-Date, were
selected for this study because of their sensitivity to high-
temperature stress (Wolf et al., 1990). Norchip was less
sensitive to heat stress than was Up-to-Date. Plant growth
was severely affected by the warmer temperature in both
cultivars, but as has been previously reported (Wolf et al.,
1990), accumulation of dry mass was affected more for cv
Up-to-Date than for cv Norchip (Tables I and II). Tuber
growth was reduced under high temperatures in both cul-
tivars. As has been observed by numerous other authors,
leaves were smaller and internodes were longer at the
warmer temperature.

Photosynthetic rates of newly matured leaves were not
inhibited by the higher temperature during the observed
interval but were higher on a per unit leaf area basis than

Table 1l. Growth parameters of potato plants after 2 weeks of heat treatment in experiment 2

Different temperature treatments were imposed approximately 10 d after tuber initiation. Values are means * sk.

Parameter Cultivar Temp Leaf Stem Shoot Tuber Total
OC g
Fresh wt Norchip 19/17 174.8 £ 8.4 472 £ 2.5 2220x7.2 118.5 £ 10.4 340.5 +12.2
29/27 1439 £ 6.4 556 7.8 199.4 + 12.7 63.3 =+ 8.0 262.7 = 9.3
Up-to-Date 19/17 146.5 = 4.4 522 +38 198.7 £ 7.2 62.7 £ 54 261474
29/27 954 *6.7 262+ 2.2 121.5 + 8.2 38.1 = 18.2 159.6 £ 11.6
Dry wt Norchip 19/17 11.8 £ 0.8 2.4 +0.2 14.2 £ 0.6 163 +1.3 30511
29/27 109 0.3 3.2*x03 14.1 = 0.5 9.0x 15 23.2*+14
Up-to-Date 19/17 11.9 £0.5 32+0.2 15.1 £ 0.7 8307 23.4+0.9
29/27 9304 2.0 0.1 11.3 £ 0.5 53x27 16.6 2.3
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Table I1l. Fffect of temperature on leaf photosynthesis and transpiration of potato plants in experiment 1

Values are means * st.

Photosynthesis

Transpiration

Cultivar Temp
3 8 3 8
°C wmol m™? s7! mmol m=2 s77
Norchip 19/17 10.8 = 1.7 9.5 +1.0 1.7 0.3 1.5 0.1
31/29 11.2 £0.4 14.4 £ 0.2 8.8 =04 8.8 £ 0.5
Up-to-Date 19/17 12.3 £ 0.2 10.7 £ 0.7 23*+03 2.0=%0.2
31/29 10.7 = 1.1 14.6 £ 0.2 9.9 +0.9 9.7 +1.0

photosynthetic rates of equivalent leaves on control plants.
Although leaves of heat-stressed plants were smaller, the
increase in photosynthetic rates was not related to a change
in specific leaf area. Chl concentration was not determined,
nor were the photosynthetic rates of older leaves.

The increase in foliar SPS activity at higher temperature
(Fig. 1) is similar to that observed by Rufty et al. (1985),
who found higher SPS activity in soybean plants accli-
mated to 26/22°C than in plants acclimated to 18/14°C.
The increase in SPS activity in source leaves of potato
plants transferred to high temperature coincided with al-
tered carbohydrate-partitioning patterns at the whole-plant
level. As has been reported in other studies (Ewing, 1981;
Wolf et al., 1991), partitioning to tubers was reduced rela-
tive to shoots. The changes in SPS activity at high temper-
ature in this experiment were coordinated with changes in
enzymes of carbohydrate metabolism in young, growing
tissues that were associated with increased partitioning to
young leaves and stems (J.H. Lorenzen and A.M. Lafta,
unpublished data).

The comparison of SPS activity under saturated and
limiting conditions would be expected to show changes in
the activation level of this enzyme (Stitt et al., 1988; Huber
et al., 1989). Such changes were not observed in our study.
The increase in SPS activity in mature potato leaves at high
temperature is more likely due to an increase in the amount

of the enzyme rather than to altered kinetic properties of
pre-existing SPS molecules. Covalent modification of SPS
has been reported in some plant species in response to light
(Huber et al., 1989). During ripening of bananas, the kinetic
properties of SPS were changed (Hubbard et al.,, 1990).
Changes in SPS activity of potato leaves at high tempera-
ture in the present study were apparently not related to
covalent modification of SPS protein, since increases in SPS
activity at high temperature were similar in both saturat-
ing- and limiting-substrate assays. Western blots also
showed a small increase in SPS antigen at the warmer
temperature (data not shown). Guy et al. (1992) observed
that increased SPS activity in cold-acclimated spinach was
associated with an increase in SPS protein.

Water stress can affect foliar SPS activity (Quick et al.,
1989; Vassey et al., 1991). In the present experiments, RH
was maintained to keep a similar vapor-pressure deficit in
both chambers. Plants were watered frequently to mini-
mize water stress. Therefore, it is likely that the observed
difference in SPS activity was related to the elevated tem-
perature and were not related to water stress.

Accumulation of starch in recently matured leaves was
reduced at the higher temperature (Table IV). Similar re-
ductions in foliar starch have been reported for mature
leaves of plants subjected to water stress (Huber et al.,
1984; Zrenner and Stitt, 1991; Keller and Ludlow, 1993).

Table IV. Effect of temperature on carbohydrate levels in recently matured potato leaves in experiment 1

Values are means * SE.

3d 8d
Carbohydrate Cultivar Temp
PM AM PM AM
°C
Glc (mg g7 dry wt) Norchip 19/17 3.3*0.2 2.8 = 0.1 5.2 *09 3.8 0.3
31/29 53 =*1.1 25+*00 6.2+ 0.9 3.0 £0.1
Up-to-Date 19/17 3.0 0.1 29+03 3.5*0.0 2.9 %0.2
31/29 4.2 +0.2 2.6 0.2 6.2+ 0.6 3.1 £0.7
Suc (mg g~" dry wt) Norchip 19/17 10.6 = 0.1 6.4 + 0.8 10.1 1.0 34*x02
31/29 13.1£1.4 38+x1.0 17.6 = 0.9 4.8 +0.6
Up-to-Date 19/17 9.8 £0.3 52=*0.8 12.5 +0.8 4.6 *+*0.3
31/29 129*+1.3 3603 17.0*x 1.2 4.5*09
Starch (mg Glc g™ dry wt) Norchip 19/17 294 *+ 2 195+ 9 290 = 9 180 + 12
31/29 202 = 14 929 129 £ 2 723
Up-to-Date 19/17 222 *+ 32 117 =19 242 + 14 126 =17
31/29 168 = 16 64 = 1 99 £ 12 50*+6
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Figure 1. Effect of temperature on SPS activity in mature leaves of cv
Norchip and cv Up-to-Date after 3 d of temperature treatment in
experiment 1. The temperature in the cool treatment was 19/17°C
and the temperature in the warm treatment was 31/29°C. Enzyme
activity was assayed with V, . and limiting-substrate conditions as
described in “Materials and Methods.” The temperature difference
was statistically significant for both assays. There was no temperature
X genotype interaction. Each data point represents the mean of eight
composite samples from each of the cultivars. FW, Fresh weight.
Error bars indicate sE.

The decrease in starch and the increase in Suc levels at high
temperature in the present study coincided with an in-
crease in SPS activity. The results support a significant role
of SPS in stimulating the pathway of Suc synthesis at high
temperature and diverting current photosynthate from fo-
liar starch to Suc in mature leaves of potato plants.
Maximal SPS levels were similar in the two genotypes,
although Norchip had more SPS activity than Up-to-Date
in the limiting assay. The trend is similar to that observed
by Basu and Minhas (1991), who reported that “heat-toler-
ant” potato cultivars had more SPS activity than “heat-
susceptible” genotypes. However, it is difficult to make a
comparison with that study, since their tolerant group was
composed of potato genotypes adapted to long days,
whereas the susceptible group was composed of genotypes
adapted to SD, winter production in the plains of India.
SPS activity is often higher under conditions of greater
sink strength (Claussen and Lenz, 1983; Rufty and Huber,
1983). However, the conditions in this study that promoted
SPS activity would be expected to reduce biomass accumu-
lation in potato (Ewing, 1981; Ben Khedhar and Ewing,
1985). In fact, overall plant biomass accumulation was re-

duced in the high-temperature treatment (Tables I and II).
Therefore, as was the case with photoperiod in other ex-
periments (J.H. Lorenzen and E.E. Ewing, unpublished
data), conditions that promoted SPS activity in potato
leaves led to reduced overall sink strength in potato, as
indicated by a reduction in growth before photosynthesis
was affected. The coordinate control of diurnal starch ac-
cumulation in potato leaves appears to be related to pro-
pensity to tuberize and partition biomass to potato tubers.
Tubers have been reported to be a strong sink that stimu-
lates photosynthesis and biomass accumulation (Moorby,
1968; Oparka et al., 1987).

Overexpression of maize SPS in tomato leaves resulted in
altered partitioning and an increased shoot:root ratio (Gal-
tier et al., 1993). In that study, SPS activity was also ele-
vated in root tissue, and interpretation of the relative im-
pact of foliar versus root SPS on whole-plant partitioning
was somewhat ambiguous. In the present study, SPS activ-
ity of tubers was slightly reduced at the higher temperature
treatment (data not presented); therefore, elevated SPS ac-
tivity in that sink was not a factor. Since Suc is implicated
in controlling the expression of several tuber-specific genes
in potato (Wenzler et al., 1989; Miiller-Réber et al., 1990), it
is intriguing to speculate that leaf starch metabolism may
be involved in controlling whole-plant partitioning and
that night export of foliar carbohydrates may be preferen-
tially directed to roots and tubers.

Both SS and AGPase have been shown to be important
enzymes that are associated with tuber growth and starch
synthesis. The activity of both enzymes declines as tubers
mature (Pressey, 1969; Sowokinos, 1976). Detachment of
growing tubers reduces activity of SS and AGPase (Oparka
et al., 1990; Geigenberger et al., 1994). Transgenic mutants
with tuber-specific expression of an AGPase clone insensi-
tive to allosteric regulation accumulate more tuber starch
(Stark et al., 1992). The activity of SS was approximately
equivalent to AGPase in the present study, but SS activity
was more temperature sensitive than was AGPase (Table
V). Activity of SS in tubers of cv Up-to-Date was affected
more by heat stress (72% reduction) than was SS activity in
cv Norchip (59% reduction). The reduction in tuber growth
was greater under heat stress in cv Up-to-Date than in cv
Norchip (Table II), as would be predicted by earlier studies
(Wolf et al., 1990). Therefore, although AGPase activity has
been previously shown to be reduced by heat stress
(Krauss and Marschner, 1984), reduction in SS may be more
important in determining import of Suc under these con-
ditions. Sugar levels in potato tubers were not affected by
temperature in these experiments (data not shown), which

Table V. Enzyme activity of potato tubers after 2 weeks of heat treatment in experiment 2
Different temperature treatments were imposed approximately 10 d after tuber initiation. Values are means * st.

Cultivar Temp SS AGPase UGPase
°C mgg ' h! wmol g~ min™7 pmol g7" min~!
Norchip 19117 334119 1.20 = 0.11 40.2 = 5.1
29/27 13.7 £ 3.8 0.93 + 0.05 399 £ 5.2
Up-to-Date 19/17 15.0 x 4.2 1.17 = 0.12 27.8 £ 3.1
29/27 4.2+23 0.84 = 0.08 24.4 + 3.1
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likely indicates coordinate control of sugar metabolism
under stress.

The lack of a significant temperature X cultivar interac-
tion for the enzymes investigated suggests that these en-
zymes do not have a significant involvement in the differ-
ence between these cultivars with respect to susceptibility
to heat stress.

In summary, we observed an increase in foliar SPS ac-
tivity in source leaves of potato subjected to heat stress. The
changes in SPS activity in source leaves preceded a reduc-
tion in activity of SS and AGPase in tubers. Associated with
the increase in SPS activity was an increase in foliar Suc
and decrease in foliar starch under high temperature in
source leaves. This supports a physiological role of SPS in
potato leaves with respect to diurnal partitioning of current
photosynthate to Suc at high temperature. In light of the
sugar-responsive nature of several enzymes related to de-
velopment, it remains to be determined whether increased
foliar partitioning to Suc under heat stress is involved in
signal transduction or is merely coordinately regulated
with other changes in whole-plant partitioning.

Received April 27, 1995; accepted June 26, 1995.
Copyright Clearance Center: 0032-0889/95/109/0637/07.

LITERATURE CITED

Basu PS, Minhas JS (1991) Heat tolerance and assimilate transport
in different potato genotypes. ] Exp Bot 42: 861-866

Ben Khedhar M, Ewing EE (1985) Growth analyses of eleven
potato cultivars grown in the greenhouse under long photope-
riods with and without heat stress. Am Potato ] 62: 537-544

Borah MN, Milthorpe FL (1962) Growth of the potato as influ-
enced by temperature. Indian ] Plant Physiol 5: 53-72

Castrillo M (1992) Sucrose metabolism in bean plants under water
deficit. ] Exp Bot 43: 1557-1561

Cheikh N, Brenner ML (1992) Regulation of key enzymes of
sucrose biosynthesis in soybean leaves. Plant Physiol 100: 1230—
1237

Claussen W, Lenz F (1983) Untersuchungen iiber den Zusammen-
hang zwischen der Aktivitdt der Saccharose-6-Phosphat-Syn-
thetase und den Nettophotosyntheseraten sowie den Saccarose-
und Starkegehalten der Blétter von Solanum melongena L. Z
Pflanzenphysiol 109: 459-468

Ewing EE (1981) Heat stress and the tuberization stimulus. Am
Potato J 58: 3149

Galtier N, Foyer CH, Huber ], Voelker TA, Huber SC (1993)
Effect of elevated sucrose phosphate synthase activity on pho-
tosynthesis, assimilate partitioning, and growth in tomato (Ly-
copersicon esculentum var UC82B). Plant Physiol 101: 535-543

Geigenberger P, Merlo L, Reimholz R, Stitt M (1994) When
growing potato tubers are detached from their mother plant
there is a rapid inhibition of starch synthesis, involving inhibi-
tion of ADP-glucose pyrophosphorylase. Planta 193: 486-493

Guy CL, Huber JLA, Huber SC (1992) Sucrose phosphate synthase
and sucrose accumulation at low temperature. Plant Physiol 100:
502-508

Holaday AS, Martindale W, Alred R, Brooks AL, Leegood RC
(1992) Changes in activities of enzymes of carbon metabolism in
leaves during exposure of plants to low temperature. Plant
Physiol 98: 1105-1114

Hubbard NL, Pharr DM, Huber SC (1990) Role of sucrose phos-
phate synthase in sucrose biosynthesis in ripening bananas and
its relationship to the respiratory climacteric. Plant Physiol 94:
201-208

Plant Physiol. Vol. 109, 1995

Huber SC (1983) Role of sucrose-phosphate synthase in partition-
ing of carbon in leaves. Plant Physiol 71: 818-821

Huber SC, Huber JL (1992) Role of sucrose-phosphate synthase in
sucrose metabolism in leaves. Plant Physiol 99: 1275-1278

Huber SC, Nielsen TH, Huber JLA, Pharr DM (1989) Variation
among species in light activation of sucrose-phosphate synthase.
Plant Cell Physiol 30: 277-285

Huber SC, Rufty TW, Kerr PS (1984) Effect of photoperiod on
photosynthate partitioning and diurnal rhythms in sucrose
phosphate synthase in leaves of soybean (Glycine max L. [merr.]
and tobacco (Nicotiana tabacum L.). Plant Physiol 75: 1080-1084

Kalt-Torres W, Kerr PS, Usuda H, Huber SC (1987) Diurnal
changes in maize leaf photosynthesis. Plant Physiol 83: 283-288

Keller F, Ludlow MM (1993) Carbohydrate metabolism in
drought-stressed leaves of pigeonpea (Cajanus cajan). ] Exp Bot
44: 1351-1359

Kerr PS, Rufty TW, Huber SC (1985) Endogenous rhythms in
photosynthesis, sucrose-phosphate synthase activity, and sto-
matal resistance in leaves of soybean Glycine max [L.] Merr. Plant
Physiol 77: 275-280

Khayat E, Zieslin N (1987) Effect of night temperature on the
activity of sucrose phosphate synthase, acid invertase, and su-
crose synthase in source and sink tissues of Rosa hybrida cv
Golden Times. Plant Physiol 84: 447-449

Krauss A, Marschner H (1984) Growth rate and carbohydrate
metabolism of potato tubers exposed to high temperatures. Po-
tato Res 27: 297-303

Miron D, Schaffer AA (1991) Sucrose-phosphate synthase, sucrose
synthase, and invertase activities in developing fruit of Lycoper-
sicon esculentum Mill. and the sucrose accumulating Lycopersicon
hirsutum Humb. and Bonpl. Plant Physiol 95: 623-627

Moorby J (1968) The influence of carbohydrate and mineral nu-
trient supply on the growth of potato tubers. Ann Bot 32: 57-68

Miiller-Réber B, Kossman ], Hannah LC, Willmitzer L, Son-
newald U (1990) One of two different ADP-glucose pyrophos-
phorylase genes from potato responds strongly to elevated lev-
els of sucrose. Mol Gen Genet 224: 136-146

Oparka K], Davies HV, Prior DAM (1987) The influence of ap-
plied nitrogen on export and partitioning of current assimilate
by field-grown potato plants. Ann Bot 59: 311-323

Oparka K], Davies HV, Wright KM, Viola R, Prior DAM (1990)
Effect of sink isolation on sugar uptake and starch synthesis by
potato-tuber storage parenchyma. Planta 182: 113-117

Ou-Lee T-M, Setter TL (1985) Enzyme activities of starch and
sucrose pathways and growth of apical and basal maize kernels.
Plant Physiol 79: 848-851

Preiss J (1982) Regulation of the biosynthesis and degradation of
starch. Annu Rev Plant Physiol 33: 431-454

Pressey R (1969) Potato sucrose synthetase. Purification, proper-
ties and changes in activity associated with maturation. Plant
Physiol 44: 759-764

Quick WP, Siegl G, Neuhaus HE, Feil R, Stitt M (1989) Short-term
water stress leads to a stimulation of sucrose synthesis by acti-
vation of sucrose-phosphate synthase. Planta 177: 535-546

Rufty TW, Huber SC (1983) Changes in starch formation and
activities of sucrose-phosphate synthase and cytoplasmic fruc-
tose-1,6-bisphosphatase in response to source-sink alterations.
Plant Physiol 72: 474-480

Rufty TW, Huber SC, Kerr PS (1985) Association between su-
crose-phosphate synthase activity in leaves and plant growth
rate in response to altered aerial temperature. Plant Sci 39: 7-12

Sowokinos JR (1976) Pyrophosphorylases in Solanum tuberosum. I.
Changes in ADP-glucose pyrophosphorylase activities associ-
ated with starch biosynthesis during tuberization, maturation,
and storage of potatoes. Plant Physiol 57: 63-68

Stark DM, Timmerman KP, Barry GF, Preiss J, Kishore G (1992)
Regulation of the amount of starch in plant tissues by ADP
glucose pyrophosphorylase. Science 258: 287-292

Stitt M, Wilke I, Feil R, Heldt HW (1988) Coarse control of
sucrose-phosphate synthase in leaves: alteration of the kinetic
properties in response to the rate of photosynthesis and the
accumulation of sucrose. Planta 174: 217-230



Heat Effects on Potato Carbohydrate Metabolism 643

Sung SS, Xu D-P, Black CC (1989) Identification of actively filling
sucrose sinks. Plant Physiol 89: 1117-1121

Van Handel E (1968) Direct microdetermination of sucrose. Anal
Biochem 22: 280283

Vassey TL, Quick WP, Sharkey TD, Stitt M (1991) Water stress,
carbon dioxide, and light effects on sucrose-phosphate synthase
activity in Phaseolus vulgaris. Physiol Plant 81: 37-44

Vassey TL, Sharkey TD (1989) Mild water stress of Phaseolus
vulgaris plants leads to reduced starch synthesis and extractible
sucrose-phosphate synthase activity. Plant Physiol 89: 1066-1070

Wenzler H, Mignery G, Fisher L, Park W (1989) Analysis of a
chimeric class-1 patatin-GUS gene in transgenic potato plants:
high level expression in tubers and sucrose-inducible expression
in cultured leaf and stem explants. Plant Mol Biol 12: 41-50

Wolf S, Marani A, Rudich J (1990) Effects of temperature and
photoperiod on assimilate partitioning in potato plants Ann Bot
66: 513-520

Wolf S, Marani A, Rudich J (1991) Effect of temperature on
carbohydrate metabolism in potato plants. ] Exp Bot 42: 619-625

Worrell AC, Bruneau JM, Summerfelt K, Boersig M, Voelker TA
(1991) Expression of a maize sucrose phosphate synthase in
tomato alters leaf carbohydrate partitioning. Plant Cell 3: 1121-
1130

Xu D-P, Sun SS, Black CC (1989) Sucrose metabolism in lima bean
seeds. Plant Physiol 89: 1106-1116

Zrenner R, Stitt M (1991) Comparison of the effect of rapidly and
gradually developing water-stress on carbohydrate metabolism
in spinach leaves. Plant Cell Environ 14: 939-946



