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Sorbitol and sucrose are major products of photosynthesis distrib-
uted in apple trees (Malus domestica Borkh. cv. ‘‘Greensleeves’’)
that affect quality in fruit. Transgenic apple plants were silenced or
up-regulated for sorbitol-6-phosphate dehydrogenase by using
the CaMV35S promoter to define the role of sorbitol distribution in
fruit development. Transgenic plants with suppressed sorbitol-6-
phosphate dehydrogenase compensated by accumulating sucrose
and starch in leaves, and morning and midday net carbon assim-
ilation rates were significantly lower. The sorbitol to sucrose ratio
in leaves was reduced by �90% and in phloem exudates by �75%.
The fruit accumulated more glucose and less fructose, starch, and
malic acid, with no overall differences in weight and firmness.
Sorbitol dehydrogenase activity was reduced in silenced fruit, but
activities of neutral invertase, vacuolar invertase, cell wall-bound
invertase, fructose kinase, and hexokinase were unaffected. Anal-
yses of transcript levels and activity of enzymes involved in
carbohydrate metabolism throughout fruit development revealed
significant differences in pathways related to sorbitol transport
and breakdown. Together, these results suggest that sorbitol
distribution plays a key role in fruit carbon metabolism and
affects quality attributes such as sugar–acid balance and starch
accumulation.

gene silencing � sugar–acid balance � translocation � starch accumulation

Apples are in the family Rosaceae, which includes temperate
species with fleshy fruit. The family produces sorbitol, sucrose,

and starch as primary products of photosynthesis (Fig. 1). Sorbitol
is synthesized via reduction of glucose-6-phosphate to sorbitol-6-
phosphate by aldose-6-phosphate reductase (EC 1.1.1.200), also
called sorbitol-6-phosphate dehydrogenase (S6PDH). Sorbitol is
the main sugar present in apple leaves and is transported in phloem
with sucrose (Fig. 1) (1). Sugars are distributed through a network
of sieve elements to sink tissues such as developing fruit, seed, and
leaves in a complex process regulated by photosynthetic rate,
phloem loading, long-distance translocation and unloading, post-
phloem transport, and metabolism within sink tissues (2, 3). Trans-
porters of sugar alcohols like sorbitol and other structural compo-
nents involved in phloem unloading of sorbitol into the apoplast of
apple fruit have been identified (4–6).

In sink tissues such as fruit, sucrose is metabolized by inver-
tases and sucrose synthase, whereas sorbitol is converted to
fructose by sorbitol dehydrogenase (SDH, EC 1.1.1.14) (7, 8).
Expression of SDH in developing apple fruit is highest 2–3 weeks
after bloom, a period sensitive to carbon availability (9). Addi-
tionally, sorbitol and other sugars may regulate expression of
SDH mRNA and protein in pear fruit slices (10).

In this article, we describe how sorbitol distribution affects
fruit quality using transgenic apple plants with altered levels of
S6PDH. Understanding the relationship between sorbitol accu-
mulation and fruit quality is important not only for apple but
potentially for other fruits species within the family Rosaceae
that synthesize and accumulate sorbitol.

Results
S6PDH Expression and Photosynthate Levels in Leaves. S6PDH tran-
script levels were examined in transgenic 3-y-old field-grown
‘‘Greensleeves’’ trees on M26 rootstocks, which had set fruit. Three
trees each of three clones were selected for further analysis. Clone
GSS68 mildly overexpressed S6PDH, and antisense clones GSA27
and GSA04 had different levels of S6PDH suppression. S6PDH
transcription was reduced in GSA04 and GSA27, as were protein
concentration and activity, but was unexpectedly also reduced in
GSS68 (Fig. 2A). In GSA27 and GSA04, the concentration of
S6PDH protein was significantly reduced (Fig. 2B); GSS68 had a
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Fig. 1. Carbon metabolism in apple. Sorbitol (Sor) and sucrose (Suc) are
synthesized in leaf from G6P. Sorbitol is synthesized by S6PDH and sorbitol
dehydrogenase. S6PDH is the regulatory step. After translocation to the fruit
sink, sorbitol is converted to fructose (Fru) by SDH and sucrose is converted to
fructose and glucose (Glu) by invertases (NIN, VIN). Starch synthesis and
breakdown (SS) also occurs in fruit. Hex, hexose.
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slight increase in S6PDH (Fig. 2B). S6PDH activity in GSA27 and
GSA04 was 20% and 10% of the control, respectively (Fig. 2C).

Sorbitol accumulation in GSA27 was 30% of the control, and
only 22% in GSA04. However, sucrose increased 3.3- and 3.7-fold
in GSA27 and GSA04, respectively (Table 1). The ratio of sorbitol
to sucrose decreased from 3.4 in the control to 0.3 and 0.2 in GSA27
and GSA04, respectively. In GSS68, leaf sorbitol content was 109%
of the control, and the ratio of sorbitol to sucrose increased from
3.4 to 3.8. Starch content increased 1.6-fold for GSA27, 2.1-fold for
GSA04, and was unchanged in GSS68 (Table 1).

Characterization of Shoots and Leaves. The altered composition of
photoassimilates affected vegetative growth (Table 2), leading to
distinct phenotypic differences. Shoot lengths were �115% of
controls in line GSS68 and 90% in line GSA04. Similar trends were
seen for leaf area and leaf mass by area, but they were not
significant. Leaf net carbon assimilation was significantly lower in
both antisense clones at 8:20, 10:15, 12:30, and 14:20 h (Table 6,
which is published as supporting information on the PNAS web
site). At 16:30 h, only the GSA04 clone was significantly lower. Stem
water potential was significantly reduced in both antisense clones at
8:20 h, but only in GSA04 at 10:15 and 12:30 h. Stem water potential
and net carbon assimilation for clone GSS68 were similar to the
control at all sampling times (Table 6).

Analysis of Fruit Pedicel Phloem Exudates. We further assessed the
impact of altered leaf sorbitol concentration by examining phloem
exudates from fruit pedicels at 60, 90, and 120 days after full bloom
(DAFB). Table 3 shows sorbitol and sucrose extrusion rates during
24 h at 90 DAFB. The ratio of sorbitol to sucrose differed among

clones and was similar to the ratio found in leaves. The sorbitol
content was 108% of the control in GSS68, but only 60% and 81%,
respectively, in the suppressed GSA27 and GSA04. These two lines
also extruded �16% and 41% less total distributed carbohydrate
than the control, respectively (Table 3).

Determination of Nonstructural Carbohydrate Content in Fruit. Non-
structural carbohydrate concentrations in fruit were determined at
harvest (Table 4). In the sorbitol-suppressed lines GSA04 and
GSA27, glucose concentrations were 234% and 231% of the
control, respectively, but fructose was reduced to 82% in both lines.
There was also less sorbitol in these fruits but no significant
difference between the sense line and the control. In contrast,
sucrose concentrations were similar in all lines. Line GSA04 had
less starch than control fruit.

Determination of Fruit Characteristics. There were no significant
differences among lines in fruit fresh weight. Fruit from all
transgenic lines was significantly firmer (Table 5). Soluble solids
content was �10% higher in GSA04 and GSA27 than in control
or GSS68 apples (Table 5). Malic acid was significantly reduced
in GSA04 (Table 4), as was titratable acidity (TA) (Table 5).
GSA04 fruit juice pH at harvest was higher than the other lines
(Table 5). Juice from the sense line GSS68 had twice the TA of
GSA04, and lower pH than both antisense lines (Table 5).

Activities of Key Enzymes Regulating Sugar Metabolism. Key enzymes
in fruit sugar metabolism were measured to define pathways in fruit
affected by sorbitol (Fig. 3). In control fruit, SDH activity was
absent at 30 DAFB, peaked at 91 DAFB, and was very low by 118
DAFB. SDH activity of GSS68 was similar to the control, but
tended to be higher. Lines GSA04 and GSA27 had reduced SDH
activity, especially at 91 DAFB, and it was undetectable at harvest.

Sucrose synthase (SS) activity decreased during fruit develop-
ment in all lines (Fig. 3). Neutral invertase (NIN) activity in all lines
was lowest at 30 DAFB and then increased and remained roughly
constant thereafter (Fig. 3). Vacuolar invertase (VIN) and cell
wall-bound invertase (CIN; data not shown) had similar patterns.
Fructose kinase (FK) was most active in all lines at 30 DAFB and
then decreased gradually (data not shown). Hexokinase (HK)
activity in all lines was lowest at 30 DAFB and then increased
gradually (Fig. 3).

Table 2. Phenotypes of 10 shoots or 50 leaves from each of
three individual control or transgenic plants

Line
Shoot

length, cm
Leaf area,

cm2
Leaf mass area�2,

g�cm�2

GSS68 103.0 � 2.22* 30.74 � 0.66 14.44 � 0.04*
Control 88.8 � 3.62 28.79 � 2.60 17.01 � 0.78
GSA27 85.2 � 5.90 26.87 � 1.42 18.16 � 0.37
GSA04 80.4 � 0.87* 25.48 � 2.94 18.95 � 0.39

*Significant difference from control at P � 0.05.

Table 3. Sorbitol and sucrose in phloem exudates from four fruit
stalks per tree from four different trees at 90 DAFB

Line
Sorbitol,
mg�day�1

Sucrose,
mg�day�1

Sorbitol-to-
sucrose ratio

Sorbitol
plus sucrose

GSS68 41.2 � 4.8 12.8 � 1.1 3.2 54.0 � 4.9
Control 38.3 � 3.1 17.2 � 1.4 2.2 55.5 � 2.6
GSA27 15.2 � 3.7* 31.2 � 3.4* 0.5 46.4 � 5.0
GSA04 7.0 � 1.0* 25.8 � 3.4* 0.3 32.8 � 3.4*

*Significant difference from control at P � 0.05.

Fig. 2. S6PDH RNA expression, protein concentration, and activity in mature
leaves of control and transgenic clones. (A) Steady-state transcript levels of
S6PDH as revealed by real-time PCR (n � 3). Bars are means and standard errors
for each line. (B) Western blot analyses of 20 �g of crude protein extract from
each line. (C) S6PDH activity expressed as mmol NADPH�min�1�g�1 of fresh
weight (n � 3). Bars are means and standard errors for each line.

Table 1. Nonstructural carbohydrates in five mature, midshoot
leaves from each of three control and�or transgenic plants

Line
Sorbitol,

mg�g�1 FW
Sucrose,

mg�g�1 FW
Sorbitol-to-
sucrose ratio

Starch,
mg�g�1 DW

GSS68 34.98 � 1.43 9.19 � 1.14 3.8 39.60 � 1.47
Control 32.03 � 1.60 9.46 � 0.49 3.4 43.25 � 3.93
GSA27 9.58 � 0.47* 31.69 � 1.15 0.3 70.43 � 2.76*
GSA04 7.08 � 0.35* 35.07 � 4.16 0.2 89.29 � 14.76*

FW, fresh weight; DW, dry weight.
*Significant difference from control at P � 0.05.
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Expression of Genes for Key Proteins Regulating Sorbitol Metabolism.
We used real-time quantitative TaqMan PCR to analyze individual
alleles of sorbitol transport (SOT) and metabolism (SDH) proteins.
For each target gene, there was more than one sequence repre-
senting allelic forms; we analyzed 21 sequences corresponding to
the eight alleles used in this analysis (four SOT and four SDH). PCR
primers and TaqMan probes were designed based on sequence
information in the Malus � domestica (apple) unigene set at the
National Center for Biotechnology Information (www.ncbi.nlm.
nih.gov). Expression of four alleles each for sorbitol transport and
sorbitol dehydrogenase (SOT and SDH) was measured. Expression
of SDH2, SDH3, and SDH4 were higher than that of SDH5 (Fig. 4,
which is published as supporting information on the PNAS web
site). SDH2 expression in control and GSS68 lines was generally
higher than in GSA04 and GSA27, except at 54 and 70 DAFB. At
30 DAFB, expression of SDH2 was detected, but no enzyme activity
was detected (Figs. 3 and 4). SDH3 expression was higher in control
and GSS68 fruit than in GSA04 and GSA27 fruit, except at 30
DAFB.

At 30 DAFB, expression of SOT1, SOT3, and SOT4 was higher
in control and GSS68 apples than in GSA04 and GSA27,
although expression of SOT2 in GSA04 and GSA27 was higher
at 54 DAFB (Fig. 4). We did not detect prominent differences
in SOT expression among control, sense, and antisense clones.

Discussion
S6PDH Suppression and Carbon Partitioning in Leaves. S6PDH ex-
pression correlated well with S6PDH protein and enzyme activity,
confirming the role of S6PDH as a key limiting step in sorbitol
biosynthesis (Fig. 2) (11). S6PDH suppression decreased sorbitol in
both source and sink tissues. In mature leaves, sucrose accumulated
when sorbitol was suppressed (Table 1). Kanamaru et al. (12)
reported that increased sucrose accompanied decreased sorbitol in
transgenic apple leaves (Malus domestica Borkh. cv. ‘‘Orin’’) sup-
pressed for S6PDH. Cheng et al. (13) provide more comprehensive
evidence for a compensatory relationship between sorbitol and
sucrose in transgenic apple plants with suppressed S6PDH and
unchanged photosynthetic assimilation rate. A unique observation
here is that line GSS68, which mildly overexpressed S6PDH,
accumulated sucrose and starch at levels similar to untransformed
controls. Sorbitol-suppressed lines also accumulated more starch
(Table 1). Cheng et al. (13) showed that leaf photosynthetic rate in
young plants is similar at normal and saturating CO2 concentrations
and proposed that plants suppressed for sorbitol synthesis down-

regulate fructose 1, 6-bisphosphatase and increase starch accumu-
lation. However, they used young trees, and our trees were �4 years
old, growing in the field and bearing fruit. We propose that carbon
distribution into starch in leaves of antisense lines may indicate
slower translocation of photoassimilate to sinks in antisense trees
than in controls. The trees displayed distinct morphological changes
(Tables 2 and 6) easily seen in older trees. GSS68 trees were larger
than controls, whereas trees of both suppressed lines were more
compact. These morphological differences may be due to different
carbon assimilation rates (Table 6) and may only be apparent in
older, fruit-bearing trees under field conditions. In potato, down-
regulation of the sucrose transporter impaired root growth and
tuber yield (14). Leggewie et al. (15) found that overexpression of
the sucrose transporter altered leaf carbon partitioning and tuber
metabolism but not tuber morphology. Altered expression of
S6PDH in lines GSA04, GSA27, and GSS68 had little effect on
plant morphology in the first 2 years after grafting. Nevertheless,
lines with reduced S6PDH were smaller after 3 years, whereas
GSS68 trees were more vigorous. Transgenic tobacco and potato
plants with reduced expression of the sucrose: proton cotransporter
(16, 17) accumulated soluble carbohydrates and produced curled,
bleached leaves. In our lines, the leaf mass-to-area ratio increased
as the sorbitol-to-sucrose ratio decreased in transgenic clones, and
leaves tended to be smaller in the suppressed lines GSA27 and
GSA04. The higher leaf mass-to-area ratio in leaves of low sorbitol-
producing lines could be explained partly by the increased starch.

Suppression of Sorbitol Partitioning to Fruit. Altered sorbitol dis-
tribution to fruit reduced total carbohydrate in phloem exudates,
which were 84% and 59% of the control for GSA27 and GSA04,
respectively. Furthermore, the increased starch accumulation
and decreased sorbitol during the afternoon indicates that
carbon translocation may not proceed at the same rate in
antisense and control lines. Line GSS68 translocated less sucrose
and had a higher sorbitol-to-sucrose ratio (3.2) than the control
(2.2). Analyses of phloem exudates showed that the pattern of
distributed carbon resources (sorbitol and�or sucrose) closely
resembled that observed in photosynthetic leaves in all lines.

Nonstructural Carbohydrates in Fruit. Altered S6PDH expression
changed carbohydrate concentration in fruit, especially of glucose
and malic acid. In GSA04, glucose increased 2.4-fold and starch
decreased �60% (Table 4). Although the differences were not
significant, glucose tended to decrease in line GSS68, whereas

Table 4. Mean nonstructural carbohydrate and malic acid content of five apple fruits each from three
different trees

Line
Sucrose,
mg�g�1

Glucose,
mg�g�1

Fructose,
mg�g�1

Sorbitol,
mg�g�1

Total,
mg�g�1

Starch,
mg�g�1

Malic acid,
mg�g�1

GSS68 208.2 � 15.3 40.4 � 12.4 279.6 � 13.1 69.6 � 5.0 597.8 � 8.7 186.7 � 14.8 89.2 � 4.8
Control 197.1 � 20.8 62.1 � 16.4 317.0 � 20.1 65.6 � 7.9 641.8 � 12.7 151.3 � 19.3 64.5 � 5.4
GSA27 181.7 � 3.7 145.4 � 28.9* 260.3 � 9.3* 48.6 � 2.5* 636.0 � 29.5 121.1 � 6.3 54.7 � 1.1
GSA04 214.8 � 14.5 143.7 � 32.2* 260.7 � 10.8* 38.0 � 5.0* 657.2 � 42.6 104.8 � 4.7* 43.2 � 2.5*

*Significant difference from control at P � 0.05.

Table 5. Mean quality attributes of cortical tissue from five fruits each from three trees at
harvest (120 DAFB)

Line Weight, g Firmness, N
Soluble solids

content, % pH TA, %

GSS68 167.70 � 4.18 99.37 � 1.55* 13.23 � 0.34 3.355 � 0.015 0.82 � 0.03
Control 159.17 � 6.44 90.95 � 2.15 13.15 � 0.36 3.457 � 0.031 0.64 � 0.07
GSA27 158.90 � 4.43 99.18 � 0.51* 14.70 � 0.31* 3.531 � 0.037 0.50 � 0.05
GSA04 165.13 � 5.50 95.60 � 1.19* 14.65 � 0.11* 3.584 � 0.017* 0.42 � 0.03*

*Significant difference from control at P � 0.05.
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starch and malic acid increased (Table 4). Fruit analysis at different
developmental stages revealed less starch in line GSA04 as early as
40 DAFB (data not shown). This demonstrates that starch con-
centration differences were likely because of slower accumulation
rather than premature starch degradation. These results contradict
BerŸter et al. (7), who proposed that the glucose moiety of sucrose
contributes to starch synthesis in fruit. We do not know why the high
sucrose in leaves and glucose in fruit of our transgenic lines reduced
starch accumulation in fruit. However, we hypothesize that sorbitol
contributes to the hexose phosphate pool via fructose and the two
related enzymes, sorbitol dehydrogenase and fructokinase. This
pathway may be more efficient than the one regulated by sucrose,
which uses sucrose synthase and UDP-glucose pyrophosphorylase.
Alternatively, lower carbon availability to the fruit, evident from the
phloem exudate data, may lead to lower starch accumulation. TA
(Table 5) and malic acid concentration (Table 4) in line GSA04
were 33% lower than in control fruit, and �52% lower than line
GSS68 (Table 4). These data suggest that malic acid synthesis is
favored when sorbitol is the predominant sugar transported to the
fruit.

Overall Fruit Quality. Decreased leaf sorbitol to sucrose ratio in
antisense lines resulted in lower fresh fruit weight (data not shown).
BerŸter (18) showed a relationship between acidity and fresh
weight in ‘‘Usterapfel’’ (Malus domestica Borkh.), a mutant with
10-fold increased malic acid. We expected reduced firmness in
antisense lines, if anything, because of low starch, low acidity and
higher soluble solids (19). However, we found no unfavorable effect
of the ratio of sorbitol to sucrose on fruit firmness in any of the lines.
Soluble solid content over three years was higher in lines with low
sorbitol to sucrose ratio, suggesting that increased sucrose favors
soluble sugar rather than starch accumulation in fruit. This may be
due to sucrose contributing to glucose formation, which compen-
sated for reduced fructose. Acidity decreased as soluble solids
content increased, suggesting that sugar–acid balance was directly
correlated to sorbitol concentration or to the sorbitol�sucrose ratio
in leaves.

Sugar Metabolism and Fruit Quality. Of nine carbon-metabolizing
enzymes, only SDH had altered activity in transgenic fruit, and
this correlated with sorbitol content in phloem exudates (Table
3). Interrupting carbon assimilation by girdling decreased SDH
activity in apple fruit (20), and in vitro sorbitol treatment

reversed this effect (21). This suggests sorbitol supply may
regulate SDH activity in fruit. Our results provide more in vivo
evidence to support this hypothesis.

We detected no significant differences in activities of SS
(cleavage), VIN (vascular acid invertase), CIN, NIN, FK, HK, SS
(synthesis), SPS (sucrose phosphate synthase), and ADP-glucose
pyrophosphorylase, all crucial enzymes in sugar metabolism.
Activities of SS (cleavage), VIN, CIN, and NIN are also closely
related to sink strength, because they are the first enzymes to
catabolize translocated sucrose in apple. In general, they con-
tribute to sequential stages of sink initiation, expansion, storage
and�or maturation (22). Girdling decreased NIN activity during
active starch synthesis (20), which suggests that this enzyme is
important for sucrose unloading at that stage. These enzyme
activities were not altered in our transgenic fruit, despite
changed sucrose content in phloem exudates, so the differences
in sucrose may be too small to affect enzyme activities directly.

Sugars can act as signaling molecules (23), so sorbitol may
regulate gene expression. SDH activity, protein, and mRNA
were increased in sliced tissues of Asian pear fruit not only by
sorbitol but also by sucrose, glucose, and mannitol (10). Hexose
repressed gene expression of mannitol dehydrogenase in cul-
tured celery cells, and it was suggested that HK and sugar
phosphorylation were involved in signaling this repression (24).
Here, reduced sorbitol in phloem of antisense lines correlated
with suppressed expression of SDH2 and SDH3 in fruit.

No prominent differences in sorbitol transporters were ob-
served in lines with altered sorbitol synthesis, although sorbitol
transporters are an important component of sorbitol metabolism
(Fig. 4). SOT gene expression was low in tissues of watercored
fruit (25), and high sorbitol concentrations are associated with
this fruit disorder, suggesting that SOT expression may be
regulated by factors other than sugars. We detected no signifi-
cant changes in gene expression of AGPase, four hexose trans-
porters (HXT1, HXT2, HXT3, and HXT4), NIN1, NIN2, SS1, and
SS2 in our transgenic apple fruit (data not shown).

Conclusions
The allocation and distribution of carbon resources from leaves
plays a key role in how these resources are used in sink tissues like
fruit, where they can affect downstream traits like fruit quality. We
successfully reduced carbon allocation to sorbitol through the
transgenic suppression of sorbitol synthesis in leaves, increasing the
allocation to sucrose and affecting the composition of distributed
carbon in fruit, which gave insight into sorbitol’s role in apple fruit
metabolism. Changing sorbitol availability in leaves altered patterns
of glucose, fructose, starch, and malic acid accumulation in apple
fruit. Both glucose and malic acid content were affected by the
relative amounts of sucrose and sorbitol. The balance and interac-
tions between sweetness and acidity are more important than either
taken alone (26), so sorbitol metabolism is key to understanding
compositional changes in apple. Sorbitol metabolism in apple and
other sorbitol-accumulating members of the Rosaceae family could
be a good target for breeding and genetics to manipulate fruit
quality traits.

Experimental Procedures.
Plant Transformation and Selection of Transgenic Apple Plants. The
binaries pDU93.0305 with S6PDH cDNA (27) from apple in a sense
orientation and pDU93.0330 with S6PDH cDNA in an antisense
orientation were constructed as in Tao et al. (11) and introduced
into Agrobacterium strain EHA101 as in Wen-jun and Forde (28).
Apple transformation was similar to James et al. (29) and involved
Agrobacterium-mediated transformation of leaf discs from the
apple cultivar ‘‘Greensleeves’’ (30). Selection was achieved with the
antibiotic kanamycin. �-glucuronidase (GUS)-specific activity was
measured by using fluorometry (31). Selected GUS-positive shoots
were rooted in the presence of kanamycin. These plants were then

Fig. 3. Activities of sugar metabolism enzymes in control (E) and transgenic
apple fruit, GSS68 (�), GSS04 (F), and GSS27 (�) during development. Values
are means (�SE) of three replicates.
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acclimatized in the greenhouse, planted in the field, and allowed to
grow on their own roots.

Plant Materials, Experimental Design and Data Collection. Selected
transgenic lines were grafted on M26 rootstock and planted in a
randomized block design with 3 � 3-m spacing. Trees were irrigated
by using under-canopy microsprinklers and trained to a central
leader system. The orchard was managed with standard horticul-
tural practices regarding pruning, fertilization, and weed control.
Fruit were thinned to optimize and standardize fruit size.

Five apples were collected from each of three replicate trees
of each genotype when firmness of control fruit was between 90
and 95 Newtons. Fruit was transported on ice to the laboratory
for analyses. Apples were weighed and evaluated for carbohy-
drate content, firmness, soluble solids, TA, and pH. Immediately
after weighing, some cortical tissue was frozen and kept at
�80°C until needed for carbohydrate analysis. Firmness was
measured at two peeled points along the equatorial region of
each fruit by using a penetrometer with an 11-mm probe. Juice
from cortical tissue was used to measure soluble solids (°Brix) by
using a refractometer. TA and pH were measured with an
automatic titration system.

Ten mature midshoot leaves were chosen at random from each
tree and cut at the petiole base. Leaf area was estimated with a
Li-3100 leaf area meter (Li-Cor, Lincoln, NE). Leaf samples for
dry matter estimates were dried at 60°C to constant weight. Leaf
samples for carbohydrate analysis were frozen in liquid nitrogen
and kept at �80°C until needed. Carbon-assimilation rates and
stomatal conductance of leaves were measured with a portable
computerized open-system IRGA (LI-6400; LI-COR under am-
bient temperature and relative humidity. A cool light source
(6400–02 LED) under software control was used. Carbon as-
similation rates were measured on three different plants for each
transgenic or control line. Stem water potential was measured
with a pressure chamber (32) at midday 4 days later. Three to five
leaves were randomly selected from each replicate tree of each
genotype. Shoot length of current season growth was measured
at the end of the growing season.

Phloem Exudate Collection. Phloem exudates were collected from
randomly selected healthy growing fruit stalks as described by
Klages et al. (33). Fruit was removed, and the stalk was recut in
water and inserted into a 1.5-ml microfuge tube. The tube
contained 1.4 ml of 10 mM EDTA (pH 7) 20 �g�ml�1 chloram-
phenicol in 0.7% agarose. Exudates were collected every 6 h over
a 24-hour period. Zero EDTA controls were used at each
sampling time. Exudates were extracted overnight in methanol,
dried under a stream of nitrogen, and resuspended in sterile
water. Soluble carbohydrate was determined by HPLC as de-
scribed by Perez et al. (34).

Carbohydrates and Organic Acid Analyses. Fruit and leaf tissues (250
mg) were extracted twice in 10 ml of 80% hot ethanol, with 10 mg
of inositol as an internal standard. The extract was dried, resus-
pended in 1 ml of water, and loaded onto Sep-pack cartridges (34).
Soluble sugars were eluted with 4 ml of water. Soluble sugars
(sucrose, fructose, glucose, sorbitol, and inositol) and acids were
separated by using an Ion-300 (300 mm � 7.8 mm � 10 �m) and
a IonGuard GC-801 guard column on an HPLC (Model 1050;
Hewlett-Packard, Palo Alto, CA), and detected by using refractive
index and UV monitored at 195 nm and 245 nm. Extracts were also
analyzed by HPLC-MS: a PE Series 200 Quaternary HPLC with PE
(Sciex, Thornhill, ON, Canada) API 2000 mass spectrometer used
in the APCI negative-ion mode. The HPLC was equipped with
Phenonemex Luna NH2 column (250 mm � 4.6 mm � 5 �m) using
a isocratic program of 22% water and 78% acetonitrile at a flow rate
of 2.75 ml�min�1.

Starch was determined from the pellet of dry samples ex-

tracted twice in hot ethanol as above. The pellet was dried and
resuspended in 10 ml of sodium acetate buffer (pH 4.8). The
solution was boiled for 10 min to solubilize starch, digested with
50 units of amyloglucosidase, and quantified by HPLC-RI�UV.

Real-Time Quantitative TaqMan PCR. PCR primers and compatible
TaqMan probes were designed by using Primer Express (Applied
Biosystems, Foster City, CA). To prevent coamplification of
contaminating genomic DNA, primers were designed to cover
exon–exon junctions where possible (35).

Total cellular RNA was isolated by the hot borate method
(36). Genomic DNA (gDNA) contamination was digested by
using RNase-free DNase I (Invitrogen, Carlsbad, CA) for 15 min
at 37°C, followed by inactivation at 95°C for 5 min and chilling
on ice. Absence of gDNA contamination was confirmed by using
a universal 18S TaqMan PCR system on digested total RNA.
cDNA was synthesized by using 50 units of SuperScript III
reverse transcriptase, 600 ng of random hexadeoxyribonucle-
otide (pd(N)6) primers, 10 units of RNaseOut (RNase inhibitor),
and 1 mM dNTPs (all from Invitrogen) in a final volume of 40
�l. Reverse transcription proceeded for 120 min at 50°C, and
then 60 �l of water was added, and the reaction was stopped by
heating for 5 min to 95°C and cooling on ice.

Each PCR contained 20� Assay-on-Demand primer, probes
for the respective TaqMan system, and commercially available
PCR master mix (TaqMan Universal PCR Mastermix, Applied
Biosystems) containing 10 mM Tris�HCl (pH 8.3), 50 mM KCl,
5 mM MgCl2, 2.5 mM deoxynucleotide triphosphates, 0.625 unit
of AmpliTaq Gold DNA polymerase, 0.25 unit of AmpErase
UNG, and 5 �l of diluted cDNA sample in a final volume of 12
�l. Samples were amplified in 96-well plates in an automated
fluorometer (ABI PRISM 7700 Sequence Detection System,
Applied Biosystems). Amplification conditions were: 2 min at
50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C ,and 60 s at 60°C.
Fluorescent signals were collected during the annealing temper-
ature, and CT values were extracted with a threshold of 0.04 and
baseline values of 3–10.

Housekeeping Gene Validation Experiment. To determine the most
stably transcribed housekeeping gene, a validation experiment
was run on each cDNA sample from all tissue types. Three
housekeeping genes were used for this experiment: a TaqMan
PCR system recognizing plant 18S rRNA (ssrRNA), apple
glyceraldehyde 3-phosphate dehydrogenase, and apple ribo-
somal protein S19. 18S rRNA was transcribed most stably and
thus had the least standard deviation across all tissues.

Relative Quantification of Gene Transcription. Final quantification
was done by using the comparative CT method (User Bulletin
#2; Applied Biosystems) and reported as relative transcription
or the n-fold difference relative to a calibrator cDNA (i.e., lowest
target gene transcription). The housekeeping gene 18S rRNA
was used to normalize the CT values of the target genes (�CT).
The �CT was calibrated against the weakest signal within each
target gene. The linear amount of target molecules relative to the
calibrator was calculated by 2���Ct. All gene transcription was
expressed as an n-fold difference relative to the calibrator.

Enzyme Extraction. To extract S6PDH, mature leaves were col-
lected and frozen in liquid nitrogen. Proteins were extracted as
in Lo Bianco and Rieger (37). Tissue (0.5 g) was ground to a fine
powder with 0.5 g polyvinyl-pyrrolidone (PVPP) in liquid nitro-
gen by using a mortar and pestle and then homogenized in an
extraction buffer consisting of 50 mM Hepes�NaOH (pH 7.5), 10
mM MgCl2, 1 mM EDTA, 2.5 mM DTT, 1% Tween 20, and 5%
(wt�vol) glycerol. The slurry was filtered through Miracloth.
After centrifugation at 4,000 � g for 10 min, the supernatant was
used for enzyme assays and Western blot analyses.

18846 � www.pnas.org�cgi�doi�10.1073�pnas.0605873103 Teo et al.



Five fruits were collected from three trees of each line at 30, 54,
70, 91, and 118 DAFB. They were peeled, frozen in liquid nitrogen,
and kept at �80°C until analyses. Tissue for SDH analysis was
extracted and assayed with fresh samples after harvest according to
Yamaki and Ishikawa (38) with modifications. Cortical tissue was
homogenized in 200 mM potassium phosphate buffer (pH 7.8) with
1 mM EDTA, 10 mM sodium ascorbate, 1 mM DTT, 0.1% Tween
20, 5% PVPP, and 2 mM PMSF (Buffer A). The homogenate was
squeezed through four layers of Miracloth and centrifuged at
17,000 � g for 30 min. The supernatant was adjusted to 70%
ammonium sulfate and centrifuged at 17,000 � g for 30 min. The
precipitate was resuspended in Buffer A and applied to a PD10
column (GE Healthcare, Buckinghamshire, U.K.) preequilibrated
with 100 mM Tris�HCl (pH 8.0). The eluate was assayed for SDH
activity. SS, SPS, VIN, NIN, FK, HK, and ADP-glucose pyrophos-
phorylase were extracted as above, except that MgCl2 was added to
Buffer A, and the column was preequilibrated by 100 mM Tris�HCl
(pH 8.0) containing 1 mM MgCl2, 1 mM DTT, and 0.5 mM EDTA.
CIN was extracted according to Tanase and Yamaki (39). Cortical
tissue was homogenized in 200 mM potassium phosphate buffer
(pH 7.8) containing 10 mM 2-mercaptoethanol and centrifuged at
3,000 � g for 30 min. The pellet was washed with 20 mM Tris�HCl
(pH 8.0) containing 10 mM 2-mercaptoethanol (Buffer B) and
centrifuged at 3,000 � g for 30 min. This process was repeated three
times. The pellet was dialyzed against Buffer B, and the dialyzate
was assayed for CIN. All procedures were done at 4°C or on ice.
Protein concentration was estimated as in Bradford (40).

Enzyme Assay. S6PDH activity was determined as in Negm and
Loescher (41). Fifty microliters of protein extract were added to 950
�l of assay buffer with 0.1 M Tris�HCl (pH 9.0), 0.1 mM NADPH,
and 20 mM glucose-6-phosphate (G6P). Net rate was calculated by
subtracting the rate for a control with water instead of G6P. The
absorbance change at 340 nm over 2 min was recorded, and
NADPH oxidation was calculated with an absorption coefficient of
6.22 mM�1.

SDH activity was assayed as in Yamaki and Ishikawa (38), with
modifications. The reaction mixture contained 100 mM Tris�HCl
buffer (pH 9.5), 1 mM NAD�, 300 mM sorbitol, and the enzyme
solution. Enzyme activity was measured as change in absorbance at
340 nm at 25°C.

VIN and CIN activities were assayed according to Tanase and

Yamaki (39) in a mixture containing 30 mM potassium acetate
(pH 4.5), 200 mM sucrose, and enzyme solution. The reaction
was run for 1 h at 30°C and stopped by boiling in water for 3 min
before adding 0.75 M Tris�HCl buffer (pH 8.5). The amount of
glucose produced from sucrose was determined by the enzyme-
coupling method (42). The same process was used for NIN
activity, except that 30 mM Hepes-KOH (pH 7.0) was substituted
for 30 mM potassium acetate (pH 4.5).

SS and SPS activities were assayed according to Tanase and
Yamaki (39), with modification. For SPS, the reaction mixture
contained 15 mM Hepes-KOH (pH 8.5), 15 mM fructose-6-
phosphate, 2 mM UDP-glucose, 5 mM MgCl2, 50 mM NaF, 1 mM
sodium orthovanadate, and enzyme solution. For SS, the reaction
mixture contained 15 mM Hepes-KOH buffer (pH 8.5), 15 mM
fructose, 2 mM UDP-glucose, 5 mM MgCl2, and enzyme solution.
The reaction was incubated for 30 min at 30°C, and stopped by
addition of 2.5 N NaOH. Sucrose production was determined by
Roe’s method (43). For sucrose cleavage activity of SS, the reaction
contained 30 mM Hepes-KOH (pH 7.0), 200 mM sucrose, 5 mM
UDP, and enzyme solution and was stopped by boiling for 3 min.
Fructose production was determined by enzyme coupling (44).

FK and HK activities were assayed according to Kanayama et al.
(45) with modification. For HK, the reaction contained 30 mM
Hepes-NaOH (pH 7.5), 1 mM MgCl2, 0.6 mM EDTA, 9 mM KCl,
1 mM NAD�, 1 mM ATP, 2 units of G6P dehydrogenase, 30 mM
glucose, and enzyme solution. For FK, 2 units of phosphoglucosei-
somerase and 30 mM fructose were added. Enzyme activities were
determined by changes in absorbance at 340 nm at 25°C.

Protein Analysis. Twenty micrograms of protein extract was sep-
arated by SDS�PAGE according to Laemmli (46) and then
transferred to a nitrocellulose membrane as described by Towbin
et al. (47). S6PDH was detected by using rabbit anti-S6PDH
serum prepared against apple S6PDH. Primary antibodies were
visualized by using anti-rabbit serum with alkaline phosphatase.

Statistical Analysis. All parameters were compared separately in
each year by using one-way ANOVA with SAS software (SAS
Institute, Cary, NC).
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18. BerŸter J (1998) Acta Hort 466:23–28.
19. Knee M (1993) in Biochemistry of Fruit Ripening, eds Seymour G, Taylor J, Tucker G, eds

(Chapman & Hall, London), pp 325–346.
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