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The role of sucrose synthase (SuSy) in tomato fruit was studied in transgenic tomato (

 

Lycopersicon esculentum

 

) plants
expressing an antisense fragment of fruit-specific SuSy RNA (

 

TOMSSF

 

) under the control of the cauliflower mosaic vi-
rus 35S promoter. Constitutive expression of the antisense RNA markedly inhibited SuSy activity in flowers and fruit
pericarp tissues. However, inhibition was only slight in the endosperm and was undetectable in the embryo, shoot, pet-
iole, and leaf tissues. The activity of sucrose phosphate synthase decreased in parallel with that of SuSy, but acid inver-
tase activity did not increase in response to the reduced SuSy activity. The only effect on the carbohydrate content of
young fruit was a slight reduction in starch accumulation. The in vitro sucrose import capacity of fruits was not reduced
by SuSy inhibition at 23 days after anthesis, and the rate of starch synthesized from the imported sucrose was not less-
ened even when SuSy activity was decreased by 98%. However, the sucrose unloading capacity of 7-day-old fruit was
substantially decreased in lines with low SuSy activity. In addition, the SuSy antisense fruit from the first week of flow-
ering had a slower growth rate. A reduced fruit set, leading to markedly less fruit per plant at maturity, was observed for
the plants with the least SuSy activity. These results suggest that SuSy participates in the control of sucrose import ca-
pacity of young tomato fruit, which is a determinant for fruit set and development.

INTRODUCTION

 

Sucrose synthase (SuSy; EC 2.4.1.13) and acid invertase
(AI; EC 3.2.1.26) catalyze the cleavage of sucrose in rapidly
growing tomato fruit. During the past decade, evidence has
increasingly indicated that SuSy is responsible for the cleav-
age of newly imported sucrose, controlling the import ca-
pacity of the fruit (N’tchobo et al., 1999) and the rate of
starch synthesis (Wang et al., 1993a). The proposal for a
central role of SuSy in rapidly growing tomato fruit is based
on the profile of activity of the enzyme in the course of fruit
development. Early in fruit development, SuSy activity in-
creases, reaches a maximum at 20 to 25 days after anthesis
(DAA), and then decreases. In the fruit, starch (Wang et al.,
1993a), dry weight (Demnitz-King, 1993), fresh weight accu-
mulation (Stommel, 1992; Sun et al., 1992), and sucrose im-
port capacity (N’tchobo et al., 1999) also parallel this
developmental profile. Furthermore, the correlative evidence
of a regulatory role for SuSy is supported by the cytosolic
localization of the enzyme (Avigad, 1982; Hawker, 1985). In
the early stages of fruit development, sucrose is unloaded
symplastically, directly into the cytosol of the sink cell

(Damon et al., 1988; Dali et al., 1992; Ruan and Patrick,
1995). In addition, SuSy, with its UDP-transferase activity,
possesses an energetic advantage over AI by forming UDP-
glucose, which does not need ATP-dependent phosphoryla-
tion. In comparison, the hydrolytic activity of AI gives rise to
glucose and fructose, both of which require ATP-dependent
phosphorylation.

To assess the specific role of SuSy in sucrose unloading
in growing tomato fruit, Wang et al. (1993a) performed inhi-
bition experiments involving heat shock treatment of tomato
plants. This treatment substantially decreased SuSy activity
in fruit without affecting AI activity. Concomitant with SuSy
inhibition, the fruits from heat shock–treated plants showed
a decreased capacity for breakdown and incorporation of

 

14

 

C-sucrose into the starch fraction (Wang et al., 1993a). On
the basis of these observations, the authors concluded that
SuSy activity controlled the import capacity of the fruit and
favored the partitioning of carbohydrates toward the starch
fraction. In contrast, 

 

3

 

H-sucrose–uptake experiments dem-
onstrated that in tomato fruit at 10, 20, and 40 DAA, 20 to
25% of the imported sucrose is directed to the starch frac-
tion, independently of SuSy activity (N’tchobo et al., 1999).

Mutants with reduced SuSy activity have been produced
and studied in maize (Chourey and Nelson, 1976) and pea
(Craig et al., 1996) as well as in transgenic potatoes (Zrenner
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et al., 1995) and transgenic 

 

Lotus japonicus

 

 (Skot et al.,
1997) that express an antisense gene for SuSy. Unfortu-
nately, no mutant tomato line lacking SuSy activity is cur-
rently available for study of the metabolic responses to a
loss of SuSy in tomato fruit. In maize endosperm and potato
tubers, inhibition of SuSy activity to 

 

,

 

5% of that in control
plants led to decreases in starch content of 40 and 70%, re-
spectively (Chourey and Nelson, 1976; Zrenner et al., 1995).
In the SuSy antisense potato plants, the lower starch accu-
mulation was accompanied by a 50% reduction in dry mat-
ter content compared with that of the control plants (Zrenner
et al., 1995). In contrast to maize endosperm and potato tu-
bers, tomato fruit contains very high invertase activity, which
is possibly responsible for hexose accumulation in the fruit
(Yelle et al., 1988, 1991; Klann et al., 1993; Ohyama et al.,
1995); however, invertase activity was not associated with
the sink strength of the tissue (Klann et al., 1996).

In this study, we characterize carbon metabolism, fruiting
capacity, and fruit growth of transgenic tomato plants ex-
pressing an antisense fragment of the fruit-specific SuSy
RNA (

 

TOMSSF

 

). A biochemical analysis of the transgenic to-
mato plants is presented as well as physiological data on
fruit productivity. We provide direct evidence that the con-
trol of SuSy activity over fruit growth rate and fruit set de-
pends on the position of the fruits on the plant.

 

RESULTS

Production of Tomato Plants with Reduced Fruit
SuSy Activity

 

Tomato plants (

 

Lycopersicon esculentum

 

 cv Summerset)
were transformed with a chimeric gene construct consisting
of a 538-bp (

 

1

 

46 to 

 

1

 

583) antisense fragment of the tomato
fruit–specific SuSy cDNA (

 

TOMSSF

 

) under the control of the
constitutive cauliflower mosaic virus 35S promoter. From
the 50 transgenic lines that were obtained, eight, covering
the range of SuSy activity from 2 to 107% relative to control
(untransformed) fruits, were selected for further analysis
(Figure 1). Selection of the eight lines was based on the
amount of residual SuSy in the entire fruit; SuSy activity in
the control fruits was 375 nmol of sucrose mg protein

 

2

 

1

 

min

 

2

 

1

 

.
To assess the tissue specificity of the inhibition, we also

assayed SuSy activity in endosperm and embryo tissues of
the plants that had the lowest SuSy activities and compared
this with the activity in the control plants. Although the 35S
promoter directs a high level of expression in the en-
dosperm and embryo tissues of tomato seeds (D’Aoust et
al., 1999), expression of an antisense RNA from 

 

TOMSSF

 

only slightly inhibited SuSy in the endosperm and did not re-
duce SuSy activity in the embryo (Table 1). In transgenic
lines A48 and A45, which exhibited as much as 98 and 90%

SuSy inhibition, respectively, the respective reduction of
SuSy activity in the endosperm tissue was only 33 and 20%.

Protein gel blot analysis using polyclonal antibodies
raised against maize SuSy (Nguyen-Quoc et al., 1990) on to-
tal protein extracts from stems, petioles, and leaves for each
line revealed that the amount of SuSy in the transgenic and
control lines was identical (Figure 2). In protein extracts from
the flowers of antisense plants, however, only a low amount
of SuSy was detected (Figure 2). The presence of two immu-
noreactive bands in the leaf extract reflects the presence of
two SuSy isoforms. Indeed, protein gel blot analysis can
demonstrate two distinct SuSy isoforms in all analyzed tis-
sues of the tomato plant, including the fruit, depending on
the electrophoretic conditions (data not shown). However,
the source of the difference between these isoforms has not
been resolved.

 

Carbon Metabolism Gene Expression and
Enzyme Activities

 

RNA gel blot analysis using the 538-bp 

 

TOMSSF

 

 cDNA frag-
ment as a probe revealed that fruit SuSy mRNA content was
proportional to the activity for the control plants and lines A9
and A48. However, to reach 107% residual SuSy activity,
line A16 massively overexpressed SuSy mRNA (Figure 3,
SuSy). The abundance of antisense mRNA fragment was in-
versely proportional to residual SuSy activity in the trans-
genic lines and was not detected in the control plants
(Figure 3, SuSy). AI mRNA content was reduced in line A16;

Figure 1. Residual SuSy Activity in Transgenic Tomato Fruits.

SuSy activity was measured in 23-day-old fruits from control and
SuSy antisense lines and classified according to the amount of re-
sidual activity. Mean values 6SE were calculated from six fruits for
each line.
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however, in lines A9 and A48, which had reduced SuSy ac-
tivity and mRNA content, the AI mRNA content was equal to
that of the control plants (Figure 3, AI). The amounts of su-
crose phosphate synthase (SPS) and ADP–glucose pyro-
phosphorylase (AGPase) subunits S1 and B expressed in
the different lines analyzed varied, but these variations did
not parallel the changes in SuSy activity (Figure 3, SPS, AG-
Pase S1, and AGPase B).

In the transgenic fruit, AI activity increased with decreas-
ing SuSy activity; however, none of the transgenic lines
showed a mean AI activity higher than that of the control
plants. In the fruits with low SuSy activity (lines A48, A45,
A32, A9, and A19), AI activity was equal to that of control
plants (Table 2). However, when SuSy activity in the trans-
formed plants was 

 

.

 

65% of that of control plants (lines A7,
A15, and A16), AI activity decreased to as little as 50% of
that of control plants having similar SuSy activity (lines A15
and A16). This decrease in AI activity occurred concomi-
tantly with a decrease in AI mRNA in line A16 (Figure 3, AI).
Perhaps the amount of AI mRNA in the pericarp tissues was
reduced because of the massive accumulation of SuSy
mRNA, suggesting the existence of a coregulation mecha-
nism between the two genes at the transcriptional level. SPS
activity, measured under nonlimiting conditions, followed
the decrease in SuSy activity but within a much smaller
range of variation (Table 2). The lack of correlation between
the SPS activity and the amount of mRNA reported above
(see Figure 3, SPS) suggests that, in contrast to the effect of
the expression of the SuSy antisense RNA on AI activity,
post-transcriptional regulation of the enzyme was responsi-
ble for the inhibition of SPS when SuSy activity was low.

The decrease in SuSy activity had little or no effect on
other major enzyme activities of fruit carbon metabolism.
Fructokinase and glucokinase activities were similar in the
control and the transgenic plants, regardless of SuSy activ-
ity. This is in contrast to the response of potato tubers to
antisense SuSy inhibition, in which glucokinase activity in-
creased to 250% of that in control tubers (Zrenner et al.,
1995). Variations in AGPase activity could not be attributed
to the variations in SuSy activity. As with SuSy, the trans-

genic plants exhibiting 100% of the AGPase activity of con-
trol plants showed a substantial increase in the steady state
amount of the AGPase subunit B mRNA. Why line A9 did not
overexpress AGPase subunit B mRNA, possibly causing the
low activity in that line, is not clear.

 

Carbohydrate Content and Fruit-Quality Characteristics

 

Only slight variations in fruit carbohydrate content were
measured, except in the line with the least residual SuSy ac-
tivity, A48. This line exhibited a significant reduction in
starch content, possessing 28% less starch than the control
fruits (P 

 

5

 

 0.05). Sucrose and glucose content, however, did
not vary significantly with decreasing SuSy activity (Table 3).
Fruit-quality characteristics were also evaluated at 23 and
60 DAA to detect a possible role for SuSy activity in deter-
mining the physical characteristics of the fruit. At neither 23
nor 60 DAA did the inhibition of SuSy affect the dry weight
percentage of the fruit. At 60 DAA, the soluble solids con-
tent, expressed as a percentage of the fresh weight, was
similar in the SuSy antisense and control plants, even in line
A48, in which SuSy activity was reduced to 

 

,

 

2% of that in
control plants (Table 3). Furthermore, in contrast to the re-
sponse in potato (Zrenner et al., 1995), the inhibition of SuSy
in tomato caused neither a decrease in total protein content
nor an alteration of the relative protein accumulation pattern
(data not shown).

 

Table 1.

 

Comparison of Residual SuSy Activity in the Fruit Pericarp 
and Seed Tissues of A48, A45, and Untransformed Plants at 23 DAA

SuSy Activity (nmol Sucrose mg protein

 

2

 

1

 

 min

 

2

 

1

 

)

Line Pericarp

 

a

 

Embryo

 

b

 

Endosperm

 

b

 

A48 7 

 

6

 

 4 134 

 

6

 

 16 93 

 

6

 

 11
A45 35 

 

6

 

 35 116 

 

6

 

 4 111 

 

6

 

 6
Control 375 

 

6

 

 30 129 

 

6

 

 14 139 

 

6

 

 10

 

a

 

Mean 

 

6

 

SE

 

 values were calculated from six fruits per line.

 

b

 

Mean 

 

6

 

SE

 

 values were calculated from three fruits per line, with a
minimum of 20 seeds per fruit.

Figure 2. Protein Gel Blot Analysis of SuSy in Different Tissues from
Control and Transgenic Lines.

Total proteins were extracted from stems, petals, leaves, and flow-
ers from control plants (C) and from A9, A45, and A48 transgenic
lines. Twenty-five micrograms of stem, petiole, and flower proteins
or 100 mg of leaf proteins was loaded per lane. SuSy was immuno-
logically detected by using anti–maize SS1 polyclonal antibodies.
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In Vitro Sucrose Uptake and Starch Synthesis

 

The control of carbohydrate import in the sink tissues is
probably the most important role suggested for SuSy. To

quantify SuSy participation in the control of sucrose import
capacity of the fruit, we performed in vitro sucrose uptake
experiments with labeled sucrose at 7 and 23 DAA. As shown
in Figure 4, fruits from the transgenic lines A9, A45, and A48
had substantially less sucrose unloading capacity at 7 DAA,
the amount of imported sucrose in fruits from line A48 being
close to 10% of that of the control fruits. By 23 DAA, how-
ever, the amount of sucrose being imported by control and
transgenic fruits was the same for each (Figure 4B).

To analyze the effect of SuSy inhibition on starch synthe-
sis, we measured the percentage of radioactivity found in
the starch fraction after a 1-hr pulse and 2-hr chase. No dif-
ference in the amount of newly synthesized starch was
found between the control and the transgenic lines. Be-
tween 20 and 25% of the imported sucrose was used for
starch synthesis in all fruits, irrespective of SuSy activity
(Figure 4C).

 

Fruit Growth Rate and Yields

 

To determine the profile of fruit growth, we grew eight
plants of each control and transgenic line in a greenhouse.
Flowers were tagged at anthesis, and fruit diameters were
measured at regular intervals from anthesis to maturity.
The volume of fruit was estimated from its diameter, con-
sidering each fruit to be a perfect sphere. Fruit from the
first 4 successive weeks of flowering was used for growth
analysis. Figure 5A compares fruit growth profiles between
the control plants and the A48 plants for the fruits that de-
veloped from the flowers that appeared during the first
week of flowering. For this first week, the mean growth rate
of the fruits from line A48 was less than that of control
fruits. The sizes of the young transgenic fruits from lines
A9, A45, and A48 are presented as a percentage of the
control fruit volume in Figure 5C, which shows that fruits
with SuSy activities between those of A48 (2%) and control
(100%) fruits had an intermediate volume at every fruit age.

Figure 3. RNA Gel Blot Analysis of Carbon Metabolism in SuSy An-
tisense Tomato Fruits.

Total mRNA was extracted from 23-day-old fruits of control and
A16, A9, and A48 plants. Fifteen micrograms of total fruit RNA was
loaded per lane. The RNA gel blot was hybridized with SuSy, AI,
SPS, AGPase subunit S1, and AGPase subunit B probes. See Meth-
ods for details of the probes. Equal loading of the RNA was ensured
by ethidium bromide staining of the gel (data not shown).

 

Table 2.

 

Enzymatic Response to SuSy Inhibition in Tomato Fruits at 23 DAA

Enzyme Activity (nmol mg protein

 

2

 

1

 

 min

 

2

 

1

 

)

Transgenic Line

Enzyme Control A16 A15 A7 A19 A9 A32 A45 A48

AI

 

a

 

1369 

 

6

 

 223 (y) 692 

 

6

 

 161(x) 593 

 

6

 

 64(x) 630 

 

6

 

 69 (x) 925 

 

6

 

 308 (x,y) 1107 

 

6

 

 251 (x,y) 1415 

 

6

 

 294 (y) 1397 

 

6

 

 219 (y) 1370 

 

6

 

 256 (y)
SPS

 

a

 

69 

 

6

 

 14 (x,y,z) 80 

 

6

 

 9 (y,z) 84 

 

6

 

 7 (z) 83 

 

6

 

 12 (z) 58 

 

6

 

 2 (w,x,y,z) 48 

 

6

 

 2 (w,x) 50 

 

6

 

 8 (w,x) 57 

 

6

 

 5 (w,x,y) 45 

 

6

 

 6 (w)
Fructokinase

 

b

 

48 

 

6

 

 5 39 

 

6

 

 3 —

 

c

 

— — 33 

 

6

 

 1 — 44 

 

6

 

 6 40 

 

6

 

 5
Glucokinase

 

b

 

6.06 

 

6

 

 0.36 5.18 

 

6

 

 0.22 — — — 6.38 

 

6

 

 0.27 — 6.53 

 

6

 

 0.48 7.04 

 

6

 

 1.43
AGPase

 

b

 

28.35 

 

6

 

 0.18 29.36 

 

6

 

 4.55 — — — 14.90 

 

6

 

 0.86 — 26.00 

 

6

 

 2.50 30.51 

 

6

 

 2.69

 

a

 

Mean 

 

6

 

SE

 

 values were calculated from six fruits. Significant differences between AI or SPS activities are indicated by different letters (w, x, y, or z) in parentheses.
Means separation was performed by least squares difference at P 

 

5

 

 0.05.

 

b

 

Mean 

 

6

 

SE

 

 values were calculated from three fruits.

 

c

 

Not measured.
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For example, at 7 DAA, the fruits from lines A48, A45, and
A9 (with 2, 9.3, and 12.5% SuSy activity, respectively,
compared with control fruits) had 25, 35, and 60% of the
volume of control fruits, respectively. However, this differ-
ence in fruit growth rate disappeared in the fruits that de-
veloped from flowers appearing during subsequent weeks
because the growth rate of the control fruits decreased to
a value similar to that of the A48 fruits. The overall growth
of the fruits was not greater in the control lines than in the
A48 lines (Figure 5B).

Fruit set was quantified for the SuSy antisense plants and
compared with that of the control plants. Inhibition of SuSy
was followed by a decrease in fruit setting from 68% in the
control plants to 18% in lines A48 and A45 (Figure 6). Inter-
estingly, the first four tagged flowers of the plants from the
control and the A48 lines developed into mature fruits (see
Figure 6, week 1). Later during plant development, how-
ever, a marked difference emerged between the control
plants and those with reduced SuSy activity. The propor-
tion of flowers tagged during this period that set fruit drasti-
cally dropped from 59% in the control plants to 0% in the
plants with 2% SuSy activity (line A48) (see Figure 6, weeks
2 and 3).

Because the number of flowers developing into mature
fruits decreased as inhibition of SuSy activity increased, we
investigated whether this effect influenced the yields of the
plants or instead was counterbalanced by the production of
more flowers. When the number of fruits per plant was mea-
sured for each line 3 months after the development of the
first flowers, the plants from lines A48 and A45 yielded 45
and 60% fewer fruits than did the control plants, respec-
tively (Figure 7A). This reduced number of fruits per plant
could not be specifically attributed to a reduction in the
number of trusses per plant or to the number of fruits per

truss: both showed only a slight difference when analyzed
statistically (Figures 7B and 7C).

 

DISCUSSION

Constitutive Expression of the 

 

TOMSSF

 

 Antisense 
Fragment Leads to Tissue-Specific Inhibition of SuSy 
Activity in Tomato

 

We generated transgenic tomato plants with reduced SuSy
activity in fruit by expressing an antisense RNA fragment of
the 

 

TOMSSF

 

 gene under the control of the cauliflower mo-
saic virus 35S promoter. Inhibition of SuSy expression was
also detected in the flowers, but little or no inhibition was
found in the stem, leaf, and seed tissues. The inhibition of
SuSy activity in the flowers is not surprising because the

 

TOMSSF

 

 cDNA was isolated from tomato pistil mRNAs and
is therefore expressed in this tissue as well as in the fruit
(Wang et al., 1993b).

Because the coding region of 

 

TOMSSF

 

 is 98.3% similar
to that of 

 

Sus4-16

 

, the tuber-expressed 

 

TOMSSF

 

 gene in
potato, it has been proposed that the two genes are homo-
logs (Fu and Park, 1995; Chengappa et al., 1998). This
proposition is supported by the expression pattern of a po-
tato 

 

Sus4

 

–

 

b

 

-glucuronidase (

 

GUS

 

) gene construct in trans-
genic tomato. In these plants, GUS activity was found
mainly in flower and fruit tissues (R. Anguenot and B.
Nguyen-Quoc, unpublished data). According to Fu and
Park (1995), the 

 

Sus3

 

 gene is expressed highly in stems
and at a much lower extent in leaves of potato. The tomato

 

Sus3

 

 mRNA was also found in ripe fruits (Chengappa et
al., 1998). In our transgenic plants, the localization of SuSy

 

Table 3.

 

Fruit Carbohydrate Content and Quality Characteristics in SuSy Antisense Tomato Plants

Carbohydrate Content at 23 DAA
(mg g fresh weight

 

2

 

1

 

)

Line Starch

 

d

 

Sucrose

 

e

 

Glucose

 

e

 

% Dry Weight

 

a

 

(23 DAA)
% Dry Weight

 

b

 

(60 DAA)
% Soluble Solids

 

c

 

(60 DAA)

Control 13.36 

 

6

 

 1.16 (y) 1.66 

 

6

 

 0.10 10.36 

 

6

 

 0.55 6.40 

 

6

 

 0.14 4.41 

 

6

 

 0.34 3.65 

 

6

 

 0.29
A16 15.35 

 

6

 

 1.49 (y) 2.01 

 

6

 

 0.26 9.02 

 

6

 

 0.82 7.04 

 

6

 

 0.43 4.35 

 

6

 

 0.44 3.80 

 

6

 

 0.65
A9 14.53 

 

6

 

 1.39 (y) 2.08 

 

6

 

 0.39 11.44 

 

6

 

 0.48 6.36 

 

6

 

 0.23 6.34 

 

6

 

 0.39 3.62 

 

6

 

 0.52
A45 13.67 

 

6

 

 1.44 (y) 2.24 

 

6 0.46 10.87 6 0.81 6.86 6 0.57 4.30 6 0.31 3.49 6 0.26
A48 9.67 6 0.73 (x) 2.01 6 0.34 11.18 6 0.52 6.49 6 0.21 4.18 6 0.23 3.40 6 0.29

a Mean 6SE values were calculated from three to five fruits per line.
b Mean 6SE values were calculated from seven to eight fruits per line.
c Mean 6SE values were calculated from 10 fruits per line.
d Mean 6SE values were calculated from four to five fruits per line. Significant differences between starch content values are indicated by differ-
ent letters (x or y) in parentheses. Means separation was performed by least squares difference at P 5 0.05.
e Mean 6SE values were calculated from 11 to 13 fruits per line.
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inhibition corresponds with the tissue specificity of Sus4
(TOMSSF), and Sus3 expression did not decrease in re-
sponse to the presence of the antisense fragment. Similarly,
SuSy activity was slightly or not at all diminished in the
seed tissues. Therefore, the inhibition of SuSy that resulted
from the constitutive expression of the 538-bp antisense
TOMSSF fragment appeared to be specific for the Sus4
(TOMSSF) gene products.

SuSy Activity Is Not Essential for Starch Synthesis in 
Tomato Fruit

In maize, mutations at the Shrunken1 (Sh1) locus are ac-
companied by a 40% loss of kernel starch content (Chourey
and Nelson, 1976). Similarly, in potato, antisense inhibition
of tuber SuSy activity to 5% of that of the control plants
caused a 34% reduction in starch accumulation and a 50%
decrease in tuber dry weight ratio (Zrenner et al., 1995). We
did not observe a decrease in tomato fruit dry weight asso-
ciated with reduced starch content at 23 DAA. Although
starch content was reduced in line A48, which exhibits ,2%
residual SuSy activity in fruit, this reduction in starch content
was not caused by a decreased capacity to synthesize
starch. First, the fruits from the control lines and from lines
A48 and A45 showed similar AGPase activity. Second, re-
gardless of SuSy activity, the percentage of sucrose con-
verted into starch was constantly maintained at 20 to 25%.
These results indicate that in the tomato fruit, the use of the
SuSy pathway to metabolize newly imported sucrose does
not lead to a greater incorporation into starch than when the
AI pathway is used. This finding supports the previous dem-
onstration that throughout tomato fruit development, the
amount of starch synthesized in the amyloplast is triggered
by the amount of sucrose unloaded in the fruit and not by
the proportion of sucrose converted to starch (N’tchobo et
al., 1999). In contrast, Wang et al. (1993a) suggested that
the inhibition of SuSy activity was responsible for the re-
duced capacity to incorporate sucrose into starch after heat
shock treatment. However, heat shock may have affected
the production and transport of metabolites needed for
starch synthesis inside the amyloplast and thus may have
been responsible for the lower capacity to synthesize
starch.

The cause of the marked reduction in starch content and
dry weight percentage observed in potato and in the upper
part of maize endosperm in response to reduced SuSy ac-
tivity may lie in the low AI activity of these plants (Zrenner et
al., 1995; Cheng et al., 1996). Under low AI activity, the de-
creased SuSy activity caused a significant reduction in total
sucrolytic activity of the tissue, resulting in the incapacity of
the tuber and the maize kernel to use the incoming sucrose
as a source of carbohydrate to sustain downstream carbo-
hydrate metabolism. Comparing our results with those from
Zrenner et al. (1995), we found that AI activity of tomato fruit
at 23 DAA is 3400-fold that of the potato tuber. Hence, with

Figure 4. In Vitro Sucrose Import and Starch Synthesis in Antisense
Tomato Fruits.

(A) and (B) Total sucrose (Suc) unloaded into the fruit at 7 and 23
DAA, respectively. The amount of sucrose was calculated from the
amount of radioactivity incorporated after a 1-hr pulse in 60 mM su-
crose containing 20 mCi/mL (7 DAA) or 3 mCi/mL (23 DAA) 3H-
sucrose. In (A), significant differences between values are indicated
by different letters (a, b, or c) over the columns.
(C) Percentage of sucrose converted into starch in 23-day-old fruits
after a 2-hr chase period.
Mean values 6SE were calculated from three (A) and nine ([B] and
[C]) fruits for each line.
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its high AI activity, the tomato fruit would still produce the
derivatives needed for fruit carbon metabolism. However,
the products of sucrose hydrolysis by AI, fructose and glu-
cose, are not phosphorylated. A demand for hexose phos-
phates in the cytosol, as the result of reduced SuSy activity,

may thus stimulate starch degradation, leading to the slight
reduction of starch content observed for line A48 at 23 DAA.
Because the synthesis of starch was not modified in the
transgenic lines, the reduced starch content observed in line
A48 may have instead resulted from an increased rate of
starch degradation.

Recently, Chourey et al. (1998) attributed the starch defi-
ciency of the sh1 endosperm in maize to cell degeneration
rather than to reduced starch biosynthesis. According to
their mutant analysis, they proposed an isoform-specific
role for SuSy. SS1 (for SuSy 1, the product of the Sh1 gene)
would be responsible for the production of precursors for
cellulose biosynthesis, whereas the SS2 isoform (the prod-
uct of the Sus1 gene) would provide the substrates for
starch synthesis. Unfortunately, our study of tomato fruit did
not allow us to determine such an isoform-specific role for
the SuSy activity in the fruit because almost all SuSy activity
could be lost by expressing the TOMSSF RNA fragment.
However, our results indicate that the SuSy activity present
in tomato fruit is not essential for starch synthesis. More-
over, the normal growth and final size of fruit from lines A45
and A48 suggest that no cell degeneration is associated
with the loss of fruit SuSy isoform(s).

Inhibition of Fruit SuSy Activity Leads to Reduced 
Unloading Capacity of the Young Fruit

As a result of the observed correlation between SuSy activ-
ity and tomato fruit fresh weight (Stommel, 1992; Sun et al.,
1992), dry weight (Demnitz-King, 1993), and sucrose import
capacity (N’tchobo et al., 1999), SuSy activity has been pro-
posed to control the capacity of the tomato fruit to import

Figure 5. Comparison of Fruit Growth between Line A48 and the
Control Line.

(A) Growth profile of the fruits developed from the first week of flow-
ering between 4 and 35 DAA.
(B) Overall growth profile of the fruits between 4 and 35 DAA.
(C) Relative size of SuSy antisense fruits, as a percentage of the
control fruit size, between 4 and 18 DAA.
In (A) and (B), mean values 6SE were calculated from four to 15
fruits for each line. Filled squares, control plants; open squares, A48;
open diamonds, A45; open circles, A9.

Figure 6. Fruit Set Efficiency in Control and Transgenic Tomato.

Twenty-two flowers distributed on eight plants were tagged for each
line. Fruits set during the 3 first weeks of flowering (weeks are sepa-
rated vertically into three distinct blocks in the diagram) are repre-
sented as aborted (dots) or grown to maturity (asterisks).
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and metabolize sucrose. The transgenic lines containing the
lowest SuSy activity also showed the most diminished ca-
pacity to import 3H-sucrose in 7-day-old fruits. This result
indicates that SuSy activity controls the capacity of the
young tomato fruit to metabolize sucrose. However, later in
development, even when SuSy activity is greatest (20 to 25
DAA), the sucrose-metabolizing capacity of the fruit is not
dependent on SuSy activity because the in vitro uptake of
3H-sucrose by the fruits at 23 DAA was not reduced by 98%
inhibition of SuSy activity.

In the absence of SuSy activity, the main pathway for su-
crose metabolism in the fruit cells was the vacuolar AI path-
way. Hence, young (7 DAA) transgenic fruits lacking SuSy
activity relied for their supply of carbohydrate on the activity
of sucrose transporters in the tonoplast and on AI activity.
Because young fruit (0 to 14 DAA) mainly develops through
cell division (Ho, 1988) and because vacuoles are restricted
in size during cell division, the sucrose-metabolizing capac-
ity of young SuSy antisense fruits was well less than that of
control fruits and older antisense fruits (14 to 55 DAA), which
are composed of cells containing large vacuoles with high AI
activity (Yelle et al., 1991).

In vivo, the reduced sucrose import capacity of transgenic
fruits caused the growth rate to diminish for the first fruits of
each plant. This reduction was particularly important for very
young fruits. Together with the in vitro observations, this
finding suggests that SuSy activity controls the unloading
kinetics of the very young tomato fruit and that the unload-
ing kinetics of the young fruit determines the growth rate in
the conditions in which the first fruits develop. Fisher (1977),
Bertin and Gary (1993), and Bertin (1995) suggested that
when the first fruits develop on a plant, the competition for
assimilates is low, and that the production of sucrose by the
source leaves is higher than the demand for sucrose by the
fruits. Furthermore, according to a mechanistic model of
phloem transport developed by Minchin et al. (1993), the su-
crose-metabolizing capacity of these fruits is saturated. Un-
der such conditions, the growth rate of the fruits would be
limited by their unloading kinetics (sink limited). Effectively,
the model predicts that any increase in sucrose production
by the source leaves would lead to an equivalent increase in
sucrose concentration near the sink (the unloading process
being already saturated), without changing the concentra-
tion gradient, which is the driving force of the phloem trans-
port according to the bulk flow theory of Minchin et al., 1993.

The effect of SuSy inhibition on fruit growth became negli-
gible as the number of fruits borne by the tomato plants in-
creased. Subsequent control fruits were smaller than those
from the first week of flowering, and overall, the mean vol-
ume of the transgenic fruits was equal to that of the control
fruits at any stage of development. This result can be ex-
plained by an increase in the competition for photoassimi-
lates, given the increasing numbers of fruits, which would
have led to a decreased sucrose concentration in the
phloem. Under such limiting substrate conditions, SuSy ac-
tivity would not have determined the rate of fruit growth.

Figure 7. Productivity of the SuSy Antisense Tomato Plants.

(A) and (B) Yields are expressed in fruits per plant (A) or in fruits per
truss (B).
(C) Yields expressed in trusses per plant.
Mean values 6SE were calculated from three to eight plants for each
line. Significant differences between values are indicated by differ-
ent letters (a or b). Means separation was performed by least
squares difference at P 5 0.05.
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SuSy Activity Determines Fruit Set and Productivity

Concomitant with the inhibition of SuSy activity in the flow-
ers and fruit tissue, we observed an important reduction of
fruit set in lines A9, A45, and A48. Fruit set is well known to
be resource limited (Stephenson, 1981), and it has been
demonstrated that with the increasing number of fruits
borne by a plant, competition for the photoassimilates be-
comes higher and the number of fruits able to develop to
maturity decreases (Picken, 1984; Bertin, 1995). Similarly, a
decrease in the photosynthetic production of sucrose re-
lated to pruning or shading the leaves causes a proportional
decrease in fruit set (Leopold and Scott, 1952). The results
presented here show not only that fruit set is resource lim-
ited, but also that SuSy activity, by controlling their unload-
ing capacity, determines the capability of the fruits to set
properly. The detrimental effect of SuSy inhibition on fruit
set had repercussions on the productivity of the plants. Ef-
fectively, an important decrease in the number of fruits pro-
duced by a mature plant was observed in the transgenic
lines containing ,10% residual fruit SuSy.

Given the results presented here, we suggest that SuSy
activity determines the capacity of the very young fruit in
metabolizing sucrose from the phloem. For the first fruits
of the plant, because the competition for sucrose is low,
the concentration is saturating for the unloading kinetics
of the fruit, and SuSy activity determines the amount of
carbohydrate imported into the fruit. Later during the de-
velopment of the plant, the competition for photoassimi-
lates increases with the number of developing fruits, and
the concentration of sucrose in the phloem decreases.
For these fruits, SuSy activity influences the competitiveness
of importing and metabolizing sucrose and hence deter-
mines their setting ability.

METHODS

Plant Material

Tomato (Lycopersicon esculentum cv Summerset) seeds were pur-
chased locally (Gerard Bourbeau et Fils Inc., Charlesbourg, Canada).
In vitro–grown plants were cultivated on Murashige and Skoog me-
dium (Murashige and Skoog, 1962) in a culture room with 16 hr of
light (at 258C) and 8 hr of darkness (at 228C). The irradiance was 450
mmol m22 sec21 with 50% relative humidity. For fruit analysis, six to
eight plants were multiplied by cutting and grown under greenhouse
conditions with 50% relative humidity and supplemented irradiance
of 300 mmol m22 sec21 under the same light photoperiod and tem-
perature regimen. The flowers were tagged at anthesis to determine
fruit age.

Sucrose Synthase Antisense Gene Construction

The sucrose synthase (SuSy) cDNA fragment from tomato was am-
plified by using reverse transcription–polymerase chain reaction (RT-

PCR), with primer design based on the tomato fruit sucrose synthase
sequence cloned by Wang et al. (1993b) (GenBank accession num-
ber L19762). The oligonucleotide sequences used to amplify 538 bp
(146 to 1584) from the SuSy cDNA, including the start codon (in ital-
ics), were as follows: SST-5, 5 9-CTGCTGAATCAACTATAATGG-
CTGAAC-39; and SST-3, 59-GCTTTCCTTGTCATGGAACATTTTG-39.
A coupled one-step RT-PCR method described by Aatsinki et al. (1994)
was used to amplify the tomato fruit SuSy fragment. The amplified
fragment was subcloned into the pCRII cloning vector (Invitrogen,
San Diego, CA) and then inserted downstream of the cauliflower mo-
saic virus 35S constitutive promoter in the binary vector pBI121
(Clonetech Laboratories, Palo Alto, CA) after deletion of the b-gluc-
uronidase (GUS) gene between the SacI and XbaI sites.

Plant Transformation

Tomato plants were transformed essentially as described previously
(D’Aoust et al., 1999). Briefly, well-expanded cotyledons of 10-day-
old seedlings were excised and placed upside down on the induction
medium. After 3 days of precultivation, green cotyledons swelling in
size were cut transversally and transferred into a diluted Agrobacte-
rium tumefaciens culture for 15 min. After 3 days of cocultivation, the
cotyledons were placed upside down onto the selection medium. Af-
ter 3 weeks in the selection medium, the calli were excised from the
cotyledons and transferred to the organogenesis medium. The
shoots grown from the calli were screened for enhanced ability to
form roots on kanamycin-containing medium. The incorporation of
the transgene and the independence of the transgenic lines were
monitored by DNA gel blot analysis (data not shown).

DNA and RNA Extractions

Genomic DNA for DNA gel blot analysis was prepared by using cetyl-
trimethylammonium bromide, as described by Richards et al. (1998).
Total RNA was isolated by using the hot phenol extraction method
described by De Vries et al. (1988).

RNA Gel Blot Analysis

RNA gel blot analyses were based on the method described in
Goldberg (1980). Fifteen micrograms of total RNA was separated by
denaturating agarose gel electrophoresis. The RNA was transferred
overnight to a nylon membrane (Boehringer Mannheim) with 10 3

SSC (1 3 SSC is 0.15 M NaCl and 0.015 M sodium citrate) containing
2% (w/v) formaldehyde. After transfer, membranes were placed for 1
min under UV light for RNA fixation. The hybridization was performed
at 428C in the presence of 50% formamide, and the last washing
steps were performed with 0.2 3 SSC and 0.1% (w/v) SDS at 608C.
The membranes were autoradiographed at 2708C with use of Kodak
Biomax films (Kodak, New Haven, CT). The cDNA clones labeled by
random priming and used as probes were as follows: SuSy, the
TOMSSF fragment used for the antisense construct (see Sucrose
Synthase Antisense Gene Construction, above, for details); acid in-
vertase (AI), the TIV1 cDNA (GenBank accession number M81081)
described by Klann et al. (1992); and sucrose phosphate synthase
(SPS), an RT-PCR fragment that was amplified from tomato leaf total
RNA with use of the following primers: SPSD-5, 5 9-AAGGAT-
CCATGCTGATAATACATTAGACCCCGAAG-39; and SPSD-3, 59-TAT-
CACCACTTTCTCCGACGAAAAC-39, based on the potato SPS
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sequence (EMBL accession number X73477). Sequencing of the
fragment obtained revealed 96% identity with the potato SPS se-
quence. The probes for AGPase small subunit (B) and large subunit
(S1) were cDNA fragments PCR-amplified with forward and reverse
primers from the pBB and pBS1 plasmids, respectively (Chen et al.,
1997).

Protein Gel Blot Analysis

Liquid nitrogen–frozen plant tissues were ground, and the proteins
from 250 mg of powder were extracted on ice for 30 min with four
volumes of extraction buffer (50 mM Hepes, pH 7.0, 5% [v/v] ethyl-
ene glycol, 1% [w/v] polyvinylpolypyrrolidone, 20 mM b-mercapto-
ethanol, 10 mM MgCl2, 1 mM EDTA, 2 mM DTT, and 1 mM
phenylmethylsulfonyl fluoride). After centrifugation for 10 min at
20,000g at 48C, the supernatant was collected and precipitated on
ice for 15 min with 2.5% trichloroacetic acid. The pellet was har-
vested after 15 min of centrifugation at 6000g at 48C and resus-
pended in loading buffer (400 mM Tris, pH 6.8, 10% SDS, 10%
glycerol, 1.4 M b-mercaptoethanol, and 0.1 mM bromophenol blue)
to a final concentration of 5 mg/mL (stem, petiole, and flowers) or 10
mg/mL (leaf). Before loading, 1 M Tris was added until the extract re-
gained its blue color (z10 mL). Protein samples (25 mg per lane for
stem, petiole, and flower extracts and 100 mg for the leaf extract)
were separated by 10% SDS-PAGE and blotted onto nitrocellulose
membranes. The immunological detection of SuSy was performed
by using anti-SS1 polyclonal antibodies (Nguyen-Quoc et al., 1990)
diluted 1:5000. Alkaline phosphatase–coupled anti–rabbit IgG anti-
bodies were used to reveal the presence of the primary antibodies.

Enzyme Activity Analysis

Fresh fruit tissues harvested 23 days after anthesis (DAA) were
ground to powder with liquid nitrogen and homogenized in extraction
buffer (200 mM Hepes, pH 7.0, 10% [v/v] ethylene glycol, 1% [w/v]
polyvinylpolypyrrolidone, 20 mM b-mercaptoethanol, 10 mM MgCl2,
1 mM EDTA, 2 mM DTT, and 1 mM phenylmethylsulfonyl fluoride)
with a sample-to-buffer ratio of 1:5 (w/v). The homogenate was cen-
trifuged for 5 min at 20,000g at 48C, and the supernatant was de-
salted by Sephadex G-25 gel filtration before determining the
enzyme activities. SuSy (Huber and Akazawa, 1986), invertase (Klann
et al., 1993), SPS (Huber and Huber, 1991), glucokinase, and fruc-
tokinase (Huber and Akazawa, 1986) activities were assayed as de-
scribed. AGPase activity was assayed by measuring the formation of
NADH at 340 nm (258C) in a reaction mixture composed of 40 mM
Hepes, pH 7.5, 10 mM MgCl2, 2 mM DTT, 0.4 mM NAD, 1 mM ADP-
glucose, 8 units/mL phosphoglucomutase, and 4 units/mL glucose-
6-phosphate dehydrogenase. The reaction was initiated by adding 2
mM PPi to the mixture.

Starch and Soluble Sugars Quantification

Fresh fruit tissues were frozen in liquid nitrogen and ground to pow-
der. The powder (300 mg) was extracted with 1 mL of 80% (v/v) eth-
anol. The supernatant was used to determine glucose and sucrose
content with a SELECT biochemistry analyzer (model 2700; Yellow

Spring Instrument Co., Yellow Spring, OH), as previously described
by Nguyen-Quoc et al. (1999). The pellet was washed twice with 1
mL of 80% (v/v) ethanol and dried at 808C for 15 min. Starch was sol-
ubilized in 800 mL of 0.02 M NaOH at 1008C for 10 min and neutral-
ized by the addition of 200 mL of 1.5 M citrate buffer, pH 4.4. The
solubilized starch was hydrolyzed overnight at 258C after the addition
of 150 units/mL amylase and 150 units/mL amyloglucosidase. The
glucose released was quantified by using the SELECT biochemistry
analyzer.

Determination of Soluble Solids Content and Dry
Weight Percentage

Mature fruit was harvested at 60 DAA and homogenized. The result-
ing juice was centrifuged at 5000g for 15 min, and the supernatant
was used for the determination of soluble solids with a hand refrac-
tometer (Fisher Scientific Ltd., Nepean, Canada). For dry weight de-
termination, 5 mL of the homogenate from each fruit was weighed,
dried to constant weight at 608C, and weighed again.

[Fructose-1-3H(N)]-Sucrose Uptake by Detached Fruits

The determination of sucrose uptake into fruits was performed as
previously described (N’tchobo et al., 1999). Fruits were separated
from the plant by cutting the pedicel 3 cm away from the fruit, and
the pedicel was then buried in a solution containing 60 mM sucrose
with either 20 mCi/mL (7 DAA) or 3 mCi/mL (23 DAA) [fructose-1-
3H(N)]-sucrose (Du Pont–NEN Research Products, Mississauga,
Canada). After a 1-hr pulse, sucrose unloading into the 7-day-old
fruit was stopped, and the fruit was frozen in liquid nitrogen. For 23
DAA, the fruit was fed with an equal concentration of nonradioactive
sucrose for a 2-hr chase. After the chase period, the pedicel was re-
moved, and the fruit was frozen in liquid nitrogen. After grinding the
tissue, we measured the radioactivity incorporated by using a liquid
scintillation counter (model 1409; Wallac Oy, Turku, Finland). The de-
termination of radioactivity incorporated into starch was performed
by extracting the starch, as described above, and measuring the ra-
dioactivity in the starch fraction by using a liquid scintillation counter.

Statistical Analysis

Statistical analysis was performed with the Fisher’s protected least
squares difference procedure of the SuperANOVA version 1.11 ap-
plication (Abacus Concepts, Inc., Berkeley, CA).
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