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ABSTRACT. Photosynthesis and carbohydrate metabolism in apple [Malus sylvestris (L.) Mill. var. domestica (Borkh.)
Mansf.] source leaves were monitored during a 7-day period after source–sink manipulations by girdling or partial
defoliation treatments. In the girdling treatment, sorbitol, sucrose, glucose, and starch accumulated in leaves, and net
photosynthetic rates (Pn) at 350 µL·L–1 CO2 decreased during a 7-day period. Pn measured at 1000 µL·L–1 [CO2] was also
decreased but the changes were less. Stomatal conductance and intracellular CO2 concentration decreased markedly in
leaves of girdled shoots. When shoots were partially defoliated, starch and glucose concentrations in remaining source
leaves declined steadily during the 7-day study period. Sorbitol and sucrose concentrations decreased during the first 2
days after defoliation, then increased the following 5 days. Pn of the remaining leaves measured at ambient and elevated
CO2 levels were enhanced markedly. Aldose-6-phosphate reductase activity in source leaves increased markedly from
27.5 to 39.2 µmol·h–1·g–1 fresh weight (FW) after partial defoliation but remained unchanged in leaves after girdling.
Selective and maximum sucrose phosphate synthase (SPS) activities increased following partial defoliation and decreased
following girdling. ADP-glucose pyrophosphorylase activity remained relatively unchanged in the partial defoliation
treatments but increased markedly in the girdled-shoot leaves. These results suggested that girdling-induced photosyn-
thetic inhibition is mainly due to stomatal limitation, however, the photosynthesis enhancement by partial defoliation may
be due primarily to acceleration of photosynthetic capacity per se. These studies showed that the metabolism of sorbitol,
sucrose and starch, three photosynthetic end products in mature apple leaves, was coordinately regulated in source leaves
in response to source–sink manipulations.

(Buchanan, 1998). Sink regulation of carbohydrate metabolism
in source leaves involves changes in metabolite levels, in the
activities of key enzymes for sucrose and starch biosynthesis, and
in the transcription of some specific photosynthetic and carbohy-
drate metabolism genes (Krapp and Stitt, 1995). One model was
proposed with respect to this sink regulation. Higher sink demand
removes sucrose and favors sucrose-phosphate synthesis cata-
lyzed by sucrose-phosphate synthase (SPS) and the hydrolysis of
sucrose-phosphate catalyzed by sucrose phosphatase. The result-
ing increase in phosphate release in the source cytoplasm leads to
increased efflux of triose phosphate from the chloroplast via the
triose-phosphate transporter. Glucose-6-phosphate, which is
formed from triose phosphate, stimulates the activity of SPS, thus
providing sucrose to meet the increased sink demand (Dunford,
1998).

Previously, most investigations on carbon allocation and car-
bohydrate metabolism have been conducted on plants with su-
crose and starch as final photosynthetic end products. In the
Rosaceae family, including apple, peach and many other tree
fruits, in addition to sucrose and starch, sorbitol is a primary
photosynthetic end product. Sorbitol is also the main translocatable
carbohydrate in these species (Bieleski, 1982; Loescher and
Everard, 1996). The allocation of newly fixed carbon in these
species is influenced by the leaf developmental stage (Bieleski
and Redgwell, 1985), and environmental conditions, such as
water stress (Wang and Stutte, 1992), light intensity (Escober-
Gutierrez and Gaudillere, 1997), photoperiod (Wang et al., 1997)
and CO2 concentration (Pan et al., 1998). Sink strength may also
regulate carbohydrate metabolism in the source leaves. Layne
and Flore (1995) reported that carbohydrate metabolism in the
source leaves of sour cherry changed significantly in response to
the source manipulation. As a strong sink organ in some develop-
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Photosynthetically fixed carbon in source leaves can be con-
verted to starch and sucrose in most plant species. Starch is
synthesized and stored within chloroplasts, and in most plants, it
is the primary storage form mobilized for translocation, usually
during the night. Sucrose is formed in the cytoplasm and acts as
the transport compound for export from source leaves to sink
tissues. In some plants, sucrose may also be a storage compound.
Carbon allocation between these two pathways not only deter-
mines the availability of carbon for export and storage in the
leaves, but also may control the rate of photosynthesis (Stitt and
Sonnewald, 1995). Reduced sucrose synthesis in spinach leaves
was shown to decrease the rate of photosynthesis (Battistelli et al.,
1991).

Photosynthesis and carbohydrate metabolism in source leaves
respond to sink activity (Aczon-Bieto, 1983; Goldschmidt and
Huber, 1992; Krapp and Stitt, 1995; Paul and Driscoll, 1997; Paul
and Foyer, 2001; Plaut et al., 1987; Rufty and Huber, 1983). In
general, when sink demand increases, photosynthesis is stimu-
lated and more carbon is partitioned to sucrose instead of starch.
This process facilitates carbon translocation. On the other hand,
when photosynthate transport of source leaves is blocked, photo-
synthesis is inhibited, sucrose synthesis is reduced, and starch
synthesis is stimulated (Dunford, 1998).

The regulation of sucrose and starch metabolism has been
extensively studied during the last 2 decades (Preiss and Sivak,
1996; Quick and Schaffer, 1996). Sucrose and starch synthesis
are competing reactions and are highly coordinated in vivo
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mental stages, fruit was also shown to alter the carbohydrate
concentrations of source leaves (Nii, 1997; Wibbe and Blanke,
1995). However, the biochemical mechanisms are still unknown
with respect to the regulation of carbon allocation in the leaves of
these sorbitol-producing plant species.

In the present study, girdling and partial defoliation treatments
were applied to young potted apple (Malus sylvestris var.
domestica) trees. Girdling, which blocks the photoassimilate
transport pathway, resulted in reduced sink demand for carbohy-
drates from the source leaves. Partial defoliation treatments, with
the removal of most source leaves and alteration of the source sink
ratio, can cause more carbohydrate demand upon the remaining
source leaves by the sink tissues and may allow more carbohy-
drate export out of the source leaves.  The objective of the current
studies was to investigate the effects of sink demand on photosyn-
thesis and the activities of key enzymes related to carbohydrate
metabolism in apple leaves.

Materials and Methods

PLANT MATERIALS. Young apple trees (‘Gala’ on M9 rootstock)
were cut 10 cm above the bud union in early spring and grown
outside of the University of Maryland greenhouse at College
Park, Md., under a natural environment from April to June in 20-
L pots filled with peat-based Professional Growing Medium 300-
S (Pro-Gro Products, Elizabeth City, N.C.). The trees were then
pruned to two shoots per plant with ≈30 leaves on each. The trees
were watered twice each day and fertilized weekly with Peters‚
water soluble 20N–20P–20K fertilizer at a nitrogen concentra-
tion of 470 mg·L–1. The trees were transferred to a growth
chamber (BDW36; Conviron, Canada) 3 weeks before the start of
the studies. The environmental growth chamber conditions were
15 h light/9 h darkness, and temperatures of 22 oC in the light and
18 oC in the dark. Light was provided with eight 400-W metal
halide lamps with 16 additional standard 75-W incandescence
lamps (GTE Products Corp., Danvers, Mass) and the light inten-
sity was ≈1000 µmol·m–2·s–1 at the studied leaf surface and the
relative humidity was kept at 60%.

SOURCE–SINK MANIPULATION. Twelve trees with uniform growth
were used for an experiment. Four plants were used for girdling
treatments, four for defoliation treatments and the other four were
used as control with neither girdling nor defoliation. In the
girdling treatment, shoots were girdled by removing ≈0.5 cm
width of bark (phloem) with a razor blade at the proximal and
basal section of the side branches. Five mature, fully expanded
leaves were included between the girdled rings. The cut areas
were immediately covered with Parafilm. In the partial defolia-
tion treatment ≈90% of the source leaves were removed from the
apple trees. The experiments were repeated twice in two separate
growth chambers.

PHOTOSYNTHESIS MEASUREMENTS. Net photosynthetic rates (Pn)
of 10 leaves for each treatment tree were measured using a
portable photosynthesis system (LI-6400; LI-COR, Lincoln,
Nebr.) at 25 oC, 1000 µmol·m–2·s–1 light intensity (400 to 700 nm)
and two CO2 levels (350 and 1000 µL·L–1). Data were pooled to
represent the experimental unit. The measurement time was at 6
to 7 h of the light cycle. Pn was calculated on a leaf area basis as
(µmol CO2/m2/s). Stomatal conductance and the estimated inter-
nal CO2 concentration (Ci) were recorded simultaneously. For the
determination of Pn–Ci curves, the leaf was held in the leaf
chamber and the CO2 level was modified from 0 to 1000 µL·L–1

at 50 to 100 µL·L–1 intervals. The smoothed lines of Pn against Ci

were generated as Pn–Ci curves. Three leaves per treatment were
measured for Pn–Ci curves and the typical curve was presented.

CARBOHYDRATE ANALYSIS. After the photosynthetic rates were
measured, the leaves were harvested and the midrib of each leaf
was removed. One half of the leaf was used for carbohydrate
analysis and the other half for enzyme extraction and biochemical
analyses. Leaf samples for carbohydrate analysis were weighed
and immediately frozen in liquid nitrogen, lyophilized and kept
at –80 oC until analysis. Carbohydrate analysis was conducted as
described by Wang et al. (1997). One hundred milligrams of the
dried sample was extracted three times, each 20 min, with 2 mL
of 80% (v/v) ethanol at 80 oC. The homogenates were centrifuged
at 15,000 gn for 10 min to give ethanol-soluble and ethanol-
insoluble fractions. The pellets were evaporated to dryness and
used for starch determination. The ethanol soluble fractions were
pooled and evaporated to dryness with a concentrator (SpeedVac;
Savant Instruments, Inc., Farmingdale, N.Y.), and resolublized in
1.5 mL of deionized water. The soluble fraction was then passed
through a Dowex 50H+ and a Dowex 1Cl– resin column. The
soluble neutral fraction eluted from the two columns with dis-
tilled water provided the soluble carbohydrate fraction. Sorbitol,
sucrose, glucose and fructose were separated with a high-perfor-
mance liquid chromatograph (HPLC) (Shimadzu Corp., Colum-
bia, Md.) on a carbohydrate column (HPX-87C; Bio-Rad, Rich-
mond, Calif.) (Wang et al., 1997). Degassed, distilled, deionized
water at 0.6 mL·min–1 at 80 oC was used as the mobile phase. A
refractive index detector (RID-10A; Shimadzu) at 30 oC was used
to quantify sugar content following the separation. Recovery rate
was determined with the standard samples of known concentra-
tion of glucose, fructose, sucrose and sorbitol. Results showed the
recovery rate was high (>80%).

For starch analysis, 4 mL of distilled water was added to the
ethanol insoluble fraction, and the resulting suspension was
boiled for 30 min to swell the starch granules. After cooling to
room temperature, 1 mL 0.1% (w/v) amyloglucosidase (EC
3.2.1.3) dissolved in 0.2 M NaAc-HAc buffer (pH4.8) was added
to hydrolyze the starch to glucose by incubation in a 55 oC water
bath overnight. The digest was centrifuged, the resulting superna-
tant filtered, and 10 mL of the filtrate was injected into a
Shimadzu HPLC for glucose determination as described above.
Spiked samples with the addition of corn soluble starch (0, 0.02,
and 0.2 mg·mL–1, respectively) in the apple leaf insoluble extracts
were run to estimate the percentage starch recovery. Apple starch
concentration was estimated from the concentration of externally
added corn starch (Zhou et al., 2001).

ENZYME EXTRACTION AND ASSAYS. Fresh leaf tissue (1 g) was
ground in an iced precooled mortar and pestle in 10 mL of
extraction buffer (50 mM HEPES-NaOH, pH 7.5, 10 mM MgCl2,
2.5 mM DTT, and 1 mM EDTA) plus 5% (w/v) insoluble PVPP and
2% (w/v) PEG20. The brei was then filtered through four layers
of cheesecloth and centrifuged at 20,000 gn for 10 min. The
supernatant was passed through a PD10 column (Pharmacia,
Sweden) and eluted with the extraction buffer. The protein
portion was collected for enzyme assays.

Aldose-6-phosphate reductase (A6PR, EC 1.1.1.200) was
assayed in the direction of sorbitol-6-phosphate synthesis by
following the oxidation of NADPH in the presence of glucose-6-
phosphate (G6P) as described by Negm and Loescher (1981) with
minor modifications. One milliliter of reaction mixture contained
0.1 M Tris-HCl (pH 9.0), 0.1 mM NADPH, 50 mM G6P and 50 µL
of the extract. The changes in the absorbance at 340 nm in the first
3 min were monitored and the reacted NADPH was calculated
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with an absorption coefficient of 6.22 mM–1.
Sucrose-phosphate synthase (SPS, EC 2.4.1.14) was assayed

according to Huber and Huber (1991) under limiting (selective)
and Vmax (maximum) substrate conditions as fructose-6-phos-
phate (F6P)-dependent formation of sucrose (plus sucrose-P)
from UDPG. Under limiting F6P conditions, 20 µL of the extract
was incubated for 15 min at 25 oC with 10 mM UDPG, 3 mM F6P,
10 mM Pi (an inhibitor), 50 mM HEPES-NaOH (pH 7.5), 15 mM

MgCl2, and 2.5 mM DTT in a total volume of 70 µL. Under Vmax
conditions, the assays contained 10 mM F6P, 40 mM G6P, and 10

mM UDPG, using identical buffers, volume and reaction time as
that of the limiting assays; in addition, the inorganic phosphate
was removed from the reaction mixture. All reactions were
terminated by the addition of 70 µL of 30% (w/v) KOH and the
unreacted F6P was destroyed by placing the tubes in boiling water
for 10 min. After cooling, 1.0 mL of 0.14% (w/v) anthrone in 13.8
M H2SO4 was added and the tubes incubated at 40 oC for 20 min
before measuring absorbance at 620 nm.

ADP-glucose pyrophosphorylase (AGPase, EC 2.7.7.27) ac-
tivity was assayed according to Sun et al. (1999) in a reaction
mixture containing 80 mM glycylglycine, pH 7.5, 5 mM MgCl2, 10
mM NaF, 2.5 mM DTT, 0.5 mM NADP, 1 unit of phosphogluco-
mutase, 1 unit of glucose-6-phosphate dehydrogenase, 2 mM

ADPG, 4 mM 3-PGA, and 1.5 mM sodium pyrophosphate. The
absorption of the formed NADPH at 340 nm was recorded
without the addition of sodium pyrophosphate (control) and with
the addition of sodium pyrophosphate at 25 oC for 15 min.

STATISTICAL ANALYSIS. Statistical analyses were performed
using SAS procedures (SAS Institute Inc., Cary, N.C.). Due to the
insignificant difference between the data from the two growth
chambers, data from the two experiments were pooled and
analyzed. The points presented in the figures represent means of
the eight replications of single tree experimental units. The
standard errors of the means for all the replications were calcu-
lated and are presented.

Results

EFFECTS OF SOURCE–SINK MANIPULATIONS ON PHOTOSYNTHESIS

IN APPLE LEAVES. The girdling treatments reduced Pn from 12.8 to
4.6 µmol CO2/m2/s under ambient [CO2] (350 µL·L–1) over a 7-d
period (Fig. 1A). Pn measured at 1000 µL·L–1 CO2 also decreased
but the relative change was less. Pn declined <10% during the first
4 d after treatment (from 20.6 to 18.8 µmol CO2/m2/s), and
decreased by ≈24% by the seventh day of the experimental period
in the girdling treatment compared to the initial Pn rate before the
girdling treatment.

Pn of apple leaves was significantly enhanced under ambient
and elevated CO2 concentrations with the partial defoliation
treatments (Fig. 1A). It increased from 13.6 to 19.8 at 350 µL·L–1

CO2 level and from 21.4 to 30.7 at 1000 µL·L–1 CO2 at the end of the
experimental period.

The internal CO2 concentration (Ci) (Fig. 1B) and stomatal
conductance (Fig. 1C) of the apple leaves also changed signifi-
cantly in response to source–sink manipulations. A decrease in Ci
was observed under ambient CO2 levels and higher CO2 levels in
the girdling treatments. The Ci level was reduced from 247.4 to
175.6 µL·L–1 in 7 d at 350 µL·L–1 CO2 concentration (Fig. 1B). In
contrast, Ci remained relatively unchanged at ambient CO2 levels
but increased slightly from 726 to 782 µL·L–1 at 1000 µL·L–1 CO2

level within one week in the partial defoliation treatments.
After shoot girdling the stomatal conductance declined from

0.320 to 0.131 mmol·m–2·s–1 2 d after treatments under ambient
CO2 levels and continued to decrease in the following days. The
changes in stomatal conductance under elevated CO2 showed
similar patterns as that of ambient CO2 conditions. On the other
hand, partial defoliation treatments significantly increased sto-
matal conductance of the remaining source leaves from 0.258 to
0.359 mmol·m–2·s–1 over the 7-d experimental period (Fig. 1C).

Girdling treatments inhibited and partial defoliation treat-
ments stimulated Pn as indicated in the Pn–Ci response curve
(Fig. 2). The maximum Pn rates were reduced ≈20% in the girdled

Fig. 1. Changes in net photosynthetic rates (Pn) (A), internal CO2 concentration (B),
and stomatal conductance (C) of fully developed apple leaves in response to
source–sink manipulations. The data for the untreated control did not change
during the experimental period and are not illustrated here. G350 represents
girdling treatment and 350 µL·L–1 CO2 concentration. G1000 represents girdling
treatment and 1000 µL·L–1 CO2 concentration. D350 represents defoliation
treatment and 350 µL·L–1 CO2 concentration. D1000 represents defoliation
treatment and 1000 µL·L–1 CO2 concentration. Each data point represents the
mean of two repeated experiments (n = 8). The vertical bar represents ±SE of each
mean.
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leaves and was enhanced 37% in the remaining source leaves of
partially defoliated trees.

EFFECTS OF GIRDLING AND PARTIAL DEFOLIATION ON

NONSTRUCTURAL CARBOHYDRATE LEVELS IN APPLE LEAVES. Gir-
dling treatments presumably inhibited photosynthate export and
thereby resulted in the accumulation of sorbitol, sucrose, glucose,
fructose and starch in leaves (Fig. 3A). The largest relative
changes occurred in starch concentration, which increased from
2.3 to 22.2 mg·g–1 FW over the 7-d experimental period. Sorbitol
and sucrose levels increased ≈57% and 21%, respectively, while
glucose levels increased significantly from 4.2 to 5.1 mg·g–1 FW.
No significant changes were observed for fructose levels.

Partial defoliation resulted in a decrease in sorbitol concentra-
tions from 16.3 to 11.8 mg·g–1 FW in the first 2 d after treatments
followed by recovery to 15.4 mg·g–1 FW by the 7th day (Fig. 3B).
Sucrose concentrations showed a similar pattern of change over
the 7-d experimental period. However, the concentrations of
starch and glucose decreased steadily by 48% and 27%, respec-
tively, compared to the untreated control (Fig. 3B).

CHANGES IN THE ACTIVITIES OF A6PR, SPS, AND AGPASE IN APPLE

LEAVES IN RESPONSE TO SOURCE–SINK MANIPULATIONS. After girdling
the shoot, AGPase activity in apple leaves increased significantly
from 42.9 to 56.0 µmol·h–1·g–1 FW over the experimental period
(Fig. 4A). A6PR activity was 28.6 µmol·h–1·g–1 FW during the first
day and remained relatively unchanged throughout the 7 experi-
mental days. Two kinds of SPS activities were determined in the
present study, one is maximal SPS activity, which is determined
with saturating substrate and activator conditions. Another is selec-
tive SPS activity, which is assayed with limiting substrate concen-
trations and the inhibitor, Pi (Huber and Huber 1991). Maximal SPS
activity decreased from 28.4 to 18.7 µmol·h–1·g–1 FW and selective
SPS activity declined from 18.6 to 11.8 µmol·h–1·g–1 FW over the
experimental period (Fig. 4A).

A6PR and SPS activities were enhanced
in the remaining source apple leaves with
the partial defoliation treatments (Fig. 4B).
A6PR activity increased from 27.6 to 37.2
µmol·h–1·g–1 FW during the 7-d experimen-
tal period. Maximum and selective SPS ac-
tivities increased 36% and 32%, respec-
tively, during that period. AGPase showed
no significant changes.

Discussion

SINK REGULATION OF PHOTOSYNTHESIS. In
this study, shoot girdling resulted in the accu-
mulation of carbohydrate in source leaves and
a concomitant decrease in photosynthetic rates,
while partial defoliation resulted in a decline
in source leaf carbohydrate concentration and
an increase in photosynthetic rates. These
results suggest an end-product control of pho-
tosynthesis in apple leaves.

The mechanism(s) for end-product regu-
lation of photosynthesis are controversial.
Our data suggest that the regulatory mecha-

Fig. 2. The calculated Pn–Ci response curves of fully developed apple leaves in
response to source sink manipulations. Each point represents the mean of the
typical results from the two repeated experiments.

Fig. 3. Changes in carbohydrate concentrations in fully developed apple leaves
after (A) girdling treatment and (B) after partial defoliation treatment. The data
for the untreated control did not change during the experimental period and are
not illustrated here. Each data point represents the mean of two repeated
experiments (n = 8). The vertical bar represents ±SE of each mean.
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nisms in apple leaves are different under the conditions of
carbohydrate accumulation and carbohydrate depletion. In the
girdling treatments, in parallel with the accumulation of carbohy-
drates, stomatal conductance and internal CO2 concentration
decreased, and Pn rates under ambient CO2 concentration de-
creased by 80% compared with the control. In contrast, maximum
Pn rates only decreased by ≈20%. Maximum Pn was measured at
1000 µL·L–1 CO2 concentration and the internal CO2 concentra-
tion under these conditions was shown to be higher than the
saturation point (Fig. 1B and Fig. 2), suggesting the stomatal
limitation was bypassed. These data indicated that the stomatal
limitation could account for most of the photosynthesis inhibition
observed under ambient CO2 conditions. Several reports demon-
strated that the decrease in Pn could be related to a decrease in
osmotic potential in photosynthetic leaf cells (Heineke et al.,
1992; Lee and Daie, 1997). The accumulation of soluble carbo-
hydrates including sorbitol, sucrose and glucose in the present
study suggested that there may be a decrease in osmotic potential
of mature apple leaves after the shoot girdling treatment.

The increase in maximum Pn of the remaining source leaves
in the partial defoliation treatment suggested that the photosyn-
thetic capacity was stimulated by the partial defoliation treat-
ments. The observed photosynthetic enhancement following
partial defoliation may have been due to the enhancement of
Rubisco activity. As shown in Fig 2, the initial slope of the Pn–

Ci curve of apple leaves in this treatment increased significantly
compared to that of the control plants. The initial slope was
reported to be related to in vivo Rubisco activity (Cheng and
Fuchigami, 2000; von Caemmerer and Farquhar, 1984).

Plant species vary greatly in susceptibility to photosynthesis
inhibition after hot-girdling or sink removal (Goldschmidt and
Huber, 1992; Plaut et al., 1987). Starch accumulators showed
serious Pn inhibition with a more than 50% decrease in maximum
Pn with hot-girdling treatments. In contrast, sucrose accumula-
tors showed almost no changes in maximum Pn in this case.
Intermediate plants responded to girdling treatments by moderate
inhibition of maximum Pn (Goldschmidt and Huber, 1992). Our
results indicate that apple leaf Pn responses to girdling treatments
are similar to that of intermediate plants.

The present study demonstrated that starch accumulated the
most among all the five investigated nonstructural carbohydrates
in mature apple leaves in response to shoot girdling. There are two
opposing theories for the function of starch in photosynthesis.
One proposes that starch accumulation is responsible for the
feedback inhibition of photosynthesis and the mechanism in-
volves possible mechanical damage of the chloroplast by large
starch grains (Grub and Machler, 1990; Nafziger and Koller,
1976). Recently more evidence indicates that starch synthesis is
essential for photosynthesis and is not responsible for inhibition
of photosynthesis (Ludewig et al., 1998; Sun et al., 1999). Our
results suggest starch accumulation in apple leaves may play a
role in apple leaf photosynthesis.

REGULATION OF STARCH SYNTHESIS. There are at least two
hypotheses reported for leaf starch synthesis, the overflow model
and the programmed model. The overflow model suggests that
starch is an overflow product when photosynthesis is high. As
photosynthesis increases, sucrose synthesis saturates first and the
starch synthesis system is triggered (Eichelmann and Laisk,
1994). Other studies suggested starch synthesis is programmed to
meet the increased demand for carbon (Geiger et al., 1985). Both
models may operate in the leaves depending on the environmental
conditions (Sun et al., 1999). Our results suggest that starch may
act as an overflow product for carbon flux in apple leaves. When
the carbohydrate export is blocked or reduced, more carbon is
partitioned into starch. This allows for carbon accumulation
without a dramatic accompanying decrease in osmotic potential
in leaves. Other studies in our laboratory also supported this
speculation (Pan et al., 1998; Wang et al., 1999).

The observed stimulation of starch accumulation by the block-
age of photoassimilate transport was related to increases in
AGPase activity (Fig. 4A). AGPase is a key enzyme for starch
biosynthesis in higher plants (Preiss and Sivak, 1996). Krapp and
Stitt (1995) reported that inhibition of photosynthate export may
regulate starch synthesis via changes in gene expression. Along
with the accumulation of starch, the transcript for the small
subunit of AGPase was shown to increase steadily in spinach
leaves after cold girdling was applied to spinach petioles. Similar
results were obtained in autotrophic Chenopodium rubrum cells,
and tobacco and spinach leaves with different methods to increase
the carbohydrate content (Krapp and Stitt, 1994).

REGULATION OF SUCROSE AND SORBITOL SYNTHESIS. In the
current study, the concentrations of soluble carbohydrates, in-
cluding sorbitol and sucrose, decreased in the first 2 d in the
source leaves after partial defoliation treatments and increased
thereafter. The variation in sugar level in leaves is the balance of
sugar synthesis, translocation and utilization. Immediately after
the partial defoliation treatment, the sudden increase in sink

Fig. 4. Changes in activities of A6PR, SPS, and AGPase in apple fully developed
leaves (A) after girdling treatment and (B) after partial defoliation treatment.
The data for the untreated control did not change during the experimental period
and are not illustrated here. Each data point represents the mean of two repeated
experiments (n = 8). The vertical bar represents ±SE of each mean.
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demand for carbohydrates from the remaining source leaves was
not accompanied by a simultaneous increase in sugar synthesis,
leading to decreases in both sorbitol and sucrose concentrations
in the source leaves. After 2 d, as the plants adjusted to the source–
sink manipulation, the activities of A6PR and SPS were stimu-
lated and leaf photosynthetic rates were significantly enhanced,
and more carbon may have subsequently been converted into
sorbitol and sucrose.

SPS is a key enzyme for sucrose synthesis, and its activity is
controlled by multiple mechanisms (Huber and Huber, 1996).
Apple SPS has been partially purified and characterized (Zhou et
al., 2002). In our current study, when demand for carbohydrates
from the remaining source leaves was increased by partial defo-
liation, both maximum SPS activity and selective SPS activity
increased. They declined when the demand for carbohydrate from
the source leaves was limited by shoot girdling. The alteration of
SPS activity to the changes in demand for carbohydrate suggests
that, as in other herbaceous species, SPS may be one of the control
points of carbon allocation between the various photosynthetic
end products in apple leaves.

The observed changes in sorbitol concentrations reported here
may be due to changes in sorbitol biosynthesis and/or export.
A6PR is a key enzyme for sorbitol biosynthesis (Loescher and
Everard, 1996). Developmental, diurnal and seasonal studies of
apple seedlings and leaves have shown that increased A6PR
activity is correlated with the development of photosynthetic
capacity and sorbitol accumulation in green tissues (Loescher et
al., 1982; Yamaki and Ishikawa, 1986; Zhou et al., 2001). Our
present results revealed that A6PR activity was associated with
the source sink manipulation in apple trees. Sorbitol is the
primary transport compound. Increased A6PR activity and accel-
eration of sorbitol synthesis in the remaining leaves is essential
for apple plant growth and development in the partial defoliation
treatment. The mechanism of the upregulation of A6PR activity
by sink demand needs to be investigated further.
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