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Abstract

Salinity stress enhances sugar accumulation in tomato (Solanum lycopersicum) fruits. To elucidate the mechanisms

underlying this phenomenon, the transport of carbohydrates into tomato fruits and the regulation of starch synthesis

during fruit development in tomato plants cv. ‘Micro-Tom’ exposed to high levels of salinity stress were examined.

Growth with 160 mM NaCl doubled starch accumulation in tomato fruits compared to control plants during the early

stages of development, and soluble sugars increased as the fruit matured. Tracer analysis with 13C confirmed that

elevated carbohydrate accumulation in fruits exposed to salinity stress was confined to the early development

stages and did not occur after ripening. Salinity stress also up-regulated sucrose transporter expression in source
leaves and increased activity of ADP-glucose pyrophosphorylase (AGPase) in fruits during the early development

stages. The results indicate that salinity stress enhanced carbohydrate accumulation as starch during the early

development stages and it is responsible for the increase in soluble sugars in ripe fruit. Quantitative RT-PCR

analyses of salinity-stressed plants showed that the AGPase-encoding genes, AgpL1 and AgpS1 were up-regulated

in developing fruits, and AgpL1 was obviously up-regulated by sugar at the transcriptional level but not by abscisic

acid and osmotic stress. These results indicate AgpL1 and AgpS1 are involved in the promotion of starch

biosynthesis under the salinity stress in ABA- and osmotic stress-independent manners. These two genes are

differentially regulated at the transcriptional level, and AgpL1 is suggested to play a regulatory role in this event.
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Introduction

Salinity stress improves the fruit quality of tomato

(Solanum lycopersicum) by increasing the level of total

soluble solids, including sugars, organic acids, and amino

acids in fruits (Tal et al., 1979; Ho et al., 1987; Adams,

1991; Balibrea et al., 1996, 1999; Gao et al., 1998; Krauss

et al., 2006; Saito et al., 2008). An increase in soluble solids
enhances not only the market value of fresh fruit but also its

processing efficiency, because it increases flavour and lowers

water content (Stark et al., 1996). Sugar content is most

important in terms of fruit taste. Many studies have used

model plants in an attempt to understand the mechanism of

the effect of salinity stress in enhancing the accumulation

of metabolites in plant tissues. However, in the tomato
plant, most investigations into salinity stress have been

Abbreviations: ABA, abscisic acid; AGPase, ADP-glucose pyrophosphorylase; DAF, days after flowering; EC, electrical conductivity; qRT-PCR, quantitative RT-PCR;
SUT, sucrose transporter.
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agronomic and have tended to explain the phenomenon as

a ‘concentration effect’ due to a reduction in the size of the

fruit (Ehret and Ho, 1986; Ho et al., 1987; Sakamoto et al.,

1999).

Invertase and sucrose synthase have been the enzymes

most studied in order to elucidate the control mechanisms

of sink strength and sugar level in fruit (Balibrea et al.,

1996, 1999; reviewed in Nguyen-Quoc and Foyer, 2001).
During the last decade, cell-wall invertase has attracted

attention as a key player to determine fruit sugar level

(Fridman et al., 2000, 2004; Baxter et al., 2005). In addition,

there is positive correlation between cytoplasmic invertase

and hexose contents in salinity-stressed fruit (Balibrea et al.,

2006). On the other hand, early studies have related the

level of soluble solids in ripe tomato fruit to the starch level

in the immature and mature green fruit stages (Davies and
Cocking, 1965; Dinar and Stevens, 1981; Schaffer and

Petreikov, 1997). However, there is much less information

regarding the regulation of starch biosynthesis and accumu-

lation by invertase (N’tchobo et al., 1999; Li et al., 2002).

ADP-glucose pyrophosphorylase (AGPase, EC 2.7.7.27)

has been proposed to regulate starch biosynthesis during

the early stages of the developing fruit (Schaffer and

Petreikov, 1997; Schaffer et al., 2000). AGPase catalyses
the synthesis of ADP-glucose from glucose-1-phosphate and

ATP (Preiss, 1988). Evidence from starch-deficient mutants,

transgenic plants, and kinetic analyses has confirmed that

this reaction is the first regulatory step in starch synthesis in

plants (Tsai and Nelson, 1966; Lin et al., 1988; Müller-

Röber et al., 1992; Stark et al., 1992). Plant AGPase is

a hetero-tetrameric enzyme composed of two small and two

large subunits, and all subunits are required for normal
enzyme function.

In tomato AGPase, there are two isoforms of the small

subunit and three isoforms of the large subunit (Chen and

Janes, 1997). One gene encoding the small subunit (AgpS1)

and three genes encoding the large subunit (AgpL1, L2, and

L3) have so far been isolated as cDNAs (Chen et al., 1998;

Park and Chung, 1998). Whereas AgpL3 is a major

transcript in leaves, the predominant transcripts in de-
veloping fruit are AgpL1 and AgpS1, and the expression of

these two genes peaks during the early development stages

(Park and Chung, 1998; Petreikov et al., 2006). There are

currently three known mechanisms regulating AGPase

expression. Post-transcriptionally, AGPase undergoes

allosteric regulation by glycerate-3-phosphate (3PGA) and

Pi (Sowokinos, 1981; Sowokinos and Preiss, 1982) and by

redox modification (Tiessen et al., 2002). At the transcrip-
tional level, AGPase-encoding genes are regulated by

phosphate, nitrate, and sugars (Müller-Röber et al., 1990;

Scheible et al., 1997; Nielsen et al., 1998; Sokolov et al.,

1998). In tomato, elevated expression of AgpL1, L2, and

AgpS1 by sucrose in fruit and leaves (Li et al., 2002) and

enhanced starch accumulation and AGPase activity in fruit

of plants exposed to salinity stress has been observed

(Balibrea et al., 1996; Gao et al., 1998). However, because
of a lack of detailed information on the molecular

background of these processes, the mechanisms underlying

salinity stress enhancement of the accumulation of metabo-

lites such as sugars in tomato fruit are not fully understood.

In this study, to address the AGPase in the above

processes, we focused on elucidating the expression profiles

of the AGPase genes and their regulation in developing fruit

of tomato exposed to salinity stress. Our data indicate that

salinity stress enhances not only carbohydrate accumulation

but also its transport from the source leaves into the fruit
during the early fruit development stages of tomato. AgpL1

and AgpS1 expression were involved in the salinity-

responsive starch accumulation. This expression was

regulated by sugar but not ABA and osmotic stress.

Materials and methods

Plant materials

Seeds of Solanum lycopersicum cv. ‘Micro-Tom’ (Scott and
Harbaugh, 1989) were sown on moist paper in a culture room at
25 �C under a light intensity of 110 lmol m�2 s�1 with a 16/8 h
light/dark photoperiod with relative humidity 50% in the day and
60% at night. Seedlings were transplanted into rockwool pots
(535 cm) 1 week after germination and grown for 6 weeks in same
culture room. The pots were wrapped with aluminium foil around
its base to avoid excessive evaporation and saline accumulation on
the surface of pot. These plants were grown by supplying
a commercial nutrient solution (Otsuka A; Otsuka Chemical Co.
Ltd., Osaka, Japan) adjusted to an electrical conductivity (EC) of
2.0 dS m�1 and maintaining a constant volume of 2.0 l in the
plastic trays (5343348360 mm). When the first truss flowered,
7 weeks after germination, one-half were transferred to a saline
nutrient solution that was adjusted to EC 15.0 dS m�1 by adding
NaCl (equivalent to 160 mM NaCl), while the remaining plants
were kept in nutrient solution at EC 2.0 dS m�1 (0 mM NaCl) as
a control. For hardening to the salinity stress, the plants were
exposed to EC 9.0 dS m�1 (80 mM NaCl), and then EC 12.0 dS
m�1 (120 mM NaCl) for 4 d in each stress intensity before the
transfer to the EC 15.0 dS m�1 solution.
Fruits were sampled from plants grown under the two growth

conditions at 10, 14, 18, 22, 26, 34, and 42 d after flowering
(DAF), and frozen at –80 �C until use. The DAF of each salinity-
stressed sample corresponds to the exposure period to the EC
15.0 dS m�1 solution. In this experiment, fruit at 10–14, 18–26,
34, and 42 DAF were defined as immature green, mature green,
yellow and red stages, respectively.
For transcriptional analysis of LeSUT1, 7-week-old plants were

used. Fully-expanded mature leaves were sampled from plants
exposed to the control (EC 2.0 dS m�1) and the salinity (EC
15.0 dS m�1) conditions according to the time-course after the
onset of the EC 15.0 dS m�1 of salinity stress. In this experiment,
plants were transferred directly from the EC 2.0 dS m�1 to the EC
15.0 dS m�1 solution without the hardening procedure. The stress
treatment started 2 h after the beginning of the light period. At
each time point and condition, leaves were sampled from four
plants, combined and frozen at –80 �C until use.

Sugar assay

The content of glucose, fructose, and sucrose was determined using
high performance liquid chromatography (HPLC) as described in
Zushi and Matsuzoe (2006). On a fresh weight basis, 0.2 g of
frozen fruit was ground in liquid nitrogen and ground in 1 ml of
Milli Q water. These samples were incubated at 95 �C for 10 min
to inactivate sugar degradative enzymes and then centrifuged for
30 min at 15 000 g at 4 �C. In the supernatant, the same amount of
acetonitrile was added and centrifuged for 15 min at 15 000 g at
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4 �C, and then the supernatant was filtered through filter paper
and then through a 0.45 lm filter (Millipore Co., Billerica, MA,
USA). Soluble sugars were separated at 40 �C on a Shodex Asahi-
pack NH2P-50 4E column (25034.6 mm, Showa Denko KK,
Tokyo, Japan) installed in the LC system 8020 series (Tosoh Co.,
Tokyo, Japan), and the refractive index (RI) was detected using an
RI detector. The mobile phase was acetonitrile/water (75/25, v/v)
at a flow rate of 1 ml min�1.

Starch assay

Starch content in fruit was measured using a modified method
described by Raskin and Kende (1984). Between 0.1–0.4 g of
frozen fruit was extracted in 0.5 ml of 80% (w/v) ethanol, boiled
for 1 min at 100 �C, centrifuged at 12 000 g for 10 min, and the
resulting pellet was resuspended in 80% (w/v) ethanol. This process
was repeated once more to remove soluble sugars. The resulting
pellet was extracted in 0.3 ml 200 mM KOH, boiled for 1 min, and
centrifuged at 12 000 g for 10 min. The pH of 0.1 ml aliquots of
the supernatant was adjusted to 5.0 with 8 ll of 18% (w/v) acetic
acid and then 0.1 ml of a-amylase (10 units of a-amylase in 100
mM sodium acetate buffer, pH 5.3) was added and the solution
was incubated at 37 �C for 1 h. To this mixture, 0.1 ml of
amyloglucosidase was added (1,4-a-D-glucan glucohydrolase from
Aspergillus niger (Roche pharmaceuticals, Nutley, NJ, USA); 1 unit
of amyloglucosidase in 100 mM sodium acetate buffer, pH 4.6),
incubated at 55 �C for 1 h, boiled for 2 min, and centrifuged at
1300 g for 10 min. The resulting glucose in the supernatant was
determined with a glucose assay kit (Glucose test CII WAKO,
Wako Pure Chemical Industries Ltd., Osaka, Japan).

13C experiments
13CO2 feeding was carried out following the modified method of
Mori et al. (2004). For both control and salinity-treated plants,
15 plants setting fruits at 10–42 DAF were assayed. The duration
of salinity-stress was about 50 d. Groups of five plants were placed
in a 5343348360 mm plastic tray supplying 2.0 l of nutrient
solution adjusted to EC 2.0 dS m�1 or 15.0 dS m�1 (0 mM or
160 mM NaCl), and the trays were covered with a 60 l clear plastic
bag (0.03 mm thick). Because ‘Micro-Tom’ is a miniature dwarf
cultivar, and it was difficult to supply carbon dioxide to a spe-
cific leaf, 13C-labelled carbon dioxide (13CO2) was fed into the
plastic tray. The 13CO2 was produced by mixing 1 g Ba13CO3 (99
atom%; Cambridge Isotope Laboratories, Inc., Andover, MA,
USA) with 1 N HCl. The trays containing the plants were fed with
2000 ppm of 13CO2 for 4 h under light conditions. Fruits were
harvested separately at 24 h and 48 h after the end of the 13CO2

treatment by the following fruit stages, at 10–14 (immature green),
18–26 (mature green), 34 (yellow), and 42 DAF (red). The
harvested fruits were completely dried in a circulation drier at
80 �C and crushed into a fine powder in a vibrating sample mill
(TI-200; Heiko Seisakusho Co., Ltd.). The content of 13C atom%
and total carbon was measured in an infrared 13CO2 analyser
(EX-130, Jasco Corp., Tokyo, Japan). 13C atom% excess was
calculated from differences between the 13CO2-treated samples
and the untreated controls.

AGPase activity

Soluble proteins were extracted by crushing frozen fruits (<0.5 g
FW) in 5 ml of precooled extraction buffer (50 mM TRIS-HCl,
5 mM EDTA, pH 7.5, and 5 mM 2-mercaptoethanol) using
a Polytron (Kinematica AG, Littau-Lucerne, Switzerland). The
extracts were centrifuged at 12 000 g for 5 min at 4 �C, and 4 ml of
the supernatant were transferred to new tubes. The crude
supernatant was purified and concentrated using an Amicon
Ultra-4 10 000 MW CO (Millipore, Billerica, MA, USA),
according to the manufacturer’s instructions, to a volume of
0.25 ml. This resulting extract was used in the assay for AGPase

activity. Protein quantification was carried out according to the
method of Bradford (1976). A purified 35 ll extract was mixed
with 165 ll of reaction buffer [100 mM HEPES-NaOH pH 8.0,
5 mM MgCl2, 3 mM DTT, 0.5 mM glucose-1-phosphate, 1.5 mM
ATP, 5 mM 3-phosphoglyceric acid, 0.4 mg ml�1 BSA, and
100 kcpm (a-14C) glucose-1-phosphate; GE Healthcare Bioscience]
and reacted for 30 min at 37 �C. The reaction was stopped by
heating the extract to boiling point. Four units of alkaline
phosphatase (Funakoshi Co., Ltd., Tokyo, Japan) were then
added to the solution and incubated for 40 min at 37 �C to
dephosphorylate the unreacted [a-14C] glucose-1-phosphate. One
hundred ll of the sample solution was spotted onto a DEAE
cellulose membrane (Whatman, Kent, UK) and immediately
washed five times in distilled water for 1 min to remove unreacted
[a-14C] glucose. After washing, the cellulose membrane was dried
and radioactivity was measured in a liquid scintillation counter.

RNA isolation, cDNA synthesis, and quantitative RT-PCR

Total RNA was extracted from frozen samples with the RNeasy
plant Mini kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s instruction. The extracted RNA was dissolved in
RNase free-water, and stored at –80 �C until use. For cDNA
synthesis, 1 lg of total RNA were reverse-transcribed with the
First Strand cDNA Synthesis kit (Takara Bio Inc., Otsu, Japan)
according to the manufacturer’s instruction.
The gene-specific primers were designed with Amplify ver.3.1.4

(B Engels, University of Wisconsin, USA; http://engels.genetics.
wisc.edu/amplify/) based on published sequences (see Supplemen-
tary Table 1 at JXB online). Quantitative RT-PCR (qRT-PCR)
reactions were carried out on an Mx 3000P qRT-PCR system
(Stratagene, San Diego, CA, USA). For normalizing the qRT-
PCR reaction, the endogenous actin gene was used as an internal
standard (accession number U60482; Moniz and Drouin, 1996).
The reaction cycles were as follows: for AGPase genes, 95 �C for
10 min as an initial denaturation, 40 cycles of 95 �C for 30 s, 55 �C
for 30 s, and 72 �C for 30 s, and 1 cycle of 95 �C for 30 s, 55 �C for
30 s, and 95 �C for 30 s; for LeSUT1genes, 95 �C for 10 min for
initial denaturation, 40 cycles of 95 �C for 20 s, 50 �C for 30 s, and
72 �C for 20 s, and 1 cycle of 95 �C for 30 s, 55 �C for 30 s, and
95 �C for 30 s. Specific amplifications were confirmed by single
transcript amplification in agarose gel, single dissociation peaks,
and calibration curves. Gene expression was calculated in relation
to the level of actin gene expression according to the instructions
provided by Stratagene based on the method reported by Pfaffl
(2001).

Treatments with ABA, sucrose, and/or mannitol

Fruits at 10 DAF of the plants grown in control condition were
sampled and submitted to the following treatments. The fruits
were cut in half with a razor blade along the equatorial plane and
placed on the agar plate of half-strength MS medium containing
0.01–100 lM ABA alone, 150 mM sucrose plus 0–100 lM ABA,
150 mM mannitol plus 0–100 lM ABA, half-strength MS medium,
and 1% agar medium as the control, and then incubated for 6 h at
25 �C. In those treatments, 0 lM ABA plus sucrose or mannitol
indicates a single treatment with each compound. After the incuba-
tion, the fruits were stored at –80 �C until use for qRT-PCR
analyses.

Quantitative determination of ABA

ABA was quantified by an enzyme-linked immunosorbent assay
(ELISA) with a Phytodetek ABA test Kit (Agdia Incorporated,
IN, USA). Five grams of flesh fruits were frozen in liquid nitrogen,
lyophilized for 3 d and stored at –80 �C until use. For ABA,
extractions were performed using 0.2 g of lyophilized fruit ground
in a mortar, homogenized in 80% methanol (v/v), and extracted for
12 h on a shaker at 4 �C in dark conditions. The extracts were
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centrifuged at 10 000 g for 10 min and the supernatants were
diluted 2000-fold with the detection buffer (25 mM trizma base,
100 mM NaCl, and 1 mM MgCl2.6H2O). The ELISA procedures
were performed according to the manufacturer’s instructions.
Statistical analyses were performed with StatView� ver.

4.5 (SAS Institute Inc., NC, USA) and SPSS ver. 17.0 (SPSS Inc.,
IL, USA).

Results

Fruit weight and carbohydrate accumulation in
developing fruit

Fruits were sampled from plants grown under the two

growth conditions at 10, 14, 18, 22, 26, 34, and 42 DAF as
shown in Fig. 1A. At the start of this experiment, the effect

of salinity intensity on fruit brix (%) and fresh weight of red

ripe fruit in cv. ‘Micro-Tom’ was examined (Fig. 1B). Fruit

brix (%) increased in response to the elevation of the stress

level of the salinity and finally reached 1.6-times that of

control fruit in the 160 mM NaCl condition. By contrast,

fresh fruit weight decreased to 82–62% of the control in the

given salinity conditions exhibiting an inverse correlation to
the brix. Although size of the plants was concomitantly

decreased under the salinity stress, the ratio of fruits to

foliage was kept almost the same in both of the conditions

on a fresh and a dry weight basis (see Supplementary Fig. S2

at JXB online). In order to dissect the dynamic alteration of

carbohydrate in salinity-stressed fruit, plants treated with

160 mM NaCl were investigated using the following

analyses. To avoid an excessive concentration effect due to

the salinity stress, similar sized fruits were selectively used

between both conditions in each developmental stage

through the present work (see Supplementary Fig. S1 at

JXB online). Soluble sugar contents (glucose, fructose, and

sucrose) of developing fruits were determined in fresh fruit

grown under saline and normal conditions (Fig. 2). In the
control fruits, sugar levels gradually decreased (glucose,

sucrose, and total sugar) or were unchanged (fructose)

during fruit development (10–34 DAF) and, apart from

sucrose, increased slightly by the end of the maturation

stage (42 DAF). Sugar levels of salinity-stressed fruit were

unchanged at 34 DAF but had increased substantially by 42

DAF; however, only sucrose had been kept at a similar level

during this period even under saline conditions. Salinity
stress enhanced the accumulation of glucose by 2.43 times,

fructose by 2.05 times, sucrose by 7.87 times, and total

sugars by 2.27 times at 42 DAF compared with those of the

control. The promotion effect of the salinity stress on the

accumulation of soluble sugars in red-ripe fruit was also

confirmed on a dry weight basis (see Supplementary Fig. S3

at JXB online). Water contents were 90.7 (10 DAF), 91.8

(18 DAF), 89.9 (26 DAF), and 93.2% (42 DAF) in control
fruits and 85.9 (10 DAF), 85.8 (18 DAF), 86.7 (26 DAF),

and 90.9% (42 DAF) in the salinity-stressed fruits (data not

shown). In contrast to the sugar contents, salinity stress

enhanced starch accumulation during the early fruit de-

velopment stages by 5.04 (10 DAF), 2.13 (18 DAF), and 2.91

(26 DAF) times compared to those of the control, re-

spectively. Accumulation of starch granules in the fruits at

10 DAF was visualized by Periodic acid–Schiff (PAS)
staining (see Supplementary Fig. S4 at JXB online). Figure 3

shows that enhanced starch accumulation was observed in

the fruit of plants exposed to the salinity stress in de-

velopmental fruits. However, in the pericarp, starch only

accumulated in the inner pericarp but not in the outer

pericarp and exocarp (see Supplementary Fig. S4A, D at

JXB online). By 26 DAF, starch had started to disappear

from control fruit but was still accumulating in the salinity-
stressed fruit. In those fruit, starch disappearance was

delayed compared to the control (34 DAF).

Carbohydrate accumulation in developing fruit and
expression of the sucrose transporter in source leaves

To determine carbohydrate accumulation in the fruit during

each development stage, tracer analysis was carried out with
13C-labelled carbon dioxide (Fig. 4). 13C taken up by

control fruits increased from 3.12 mg g�1 DW at 24 h to

5.31 mg g�1 DW at 48 h after 13CO2 feeding in the fruits at

10–14 DAF (immature green), and from 1.13 mg g�1 DW at

24 h to 1.79 mg g�1 DW at 48 h in the fruits at 18–26 DAF
(mature green) (Fig. 4A). On the other hand, 13CO2 taken

up by salinity-stressed fruits increased from 1.69 mg g�1

DW at 24 h to 8.04 mg g�1 DW at 48 h in the fruits at

10–14 DAF, and from 0.79 mg g�1 DW at 24 h to 8.14 mg

g�1 DW at 48 h in the fruits at 18–26 DAF (Fig. 4B). The

Fig. 1. Fruit development of cv. ‘Micro-Tom’. (A) Flowering (0) and

fruit at 10, 14, 18, 22, 26, 34, and 42 d after flowering (DAF) grown

under control conditions. In this work, fruit at 10–14, 18–26, 34,

and 42 DAF were defined as immature green, mature green,

yellow, and red stages, respectively. (B) Fresh weight (shaded

bars) and brix (%) (black circles) of red-ripe fruit grown under

control (0 mM NaCl) and various salinity conditions (80–160 mM

NaCl). Right and left vertical axes correspond to brix (%) and fresh

weight, respectively. Values are means 6SD (n¼50). Different

letters indicate statistical significance of means estimated using

Fisher’s PLSD test (P <0.05).
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increases in rate of 13C accumulation in fruit of the

immature green and the mature green stages were 2.18 mg

g�1 DW d�1 and 0.67 mg g�1 DW d�1 in the control fruit,

6.24 mg g�1 DW d�1, and 7.44 mg g�1 DW d�1 in salinity-

stressed fruit. Carbon accumulation in the salinity-stressed

fruit was 2.86 times higher in immature green and 11.1

times in mature green fruit than those into control fruit. In

contrast to the early development stages of fruit, no active
accumulation was observed after 34 DAF (yellow) in both

conditions (Fig. 4C).

To elucidate the sugar loading activity in source leaves

under salinity stress, transcriptional levels of LeSUT1 were

investigated (Fig. 5). This gene encodes the major isoform

of a sucrose transporter in photosynthetic source leaves that

functions in phloem loading of sucrose in tomato plants

(Kühn et al., 1997). At the transcriptional level, LeSUT1

exhibited diurnal cycles under control and the salinity

conditions, and the setting time-course shown in Fig. 5. In

plants exposed to salt stress for 6–24 h, although LeSUT1

expression decreased in the first 3 h, it was up-regulated

1.98–4.19 times compared to the control at the same time

point (Fig. 5A). The LeSUT1 transcription was enhanced

for at least 10 d after the onset of salinity stress (Fig. 5B),

when the prominent starch accumulation was observed in
the fruit (Figs 3, 4).

AGPase activity and differential expression of Agp
genes during fruit development

Before performing a transcriptional analysis of AGPase, the

effect of salinity stress on AGPase activity in ‘Micro-Tom’

fruit was confirmed. As shown in Fig. 6, fruit at the

immature green stage (10–14 DAF) had high AGPase

activity, but this activity declined at the mature green stage

(18–26 DAF). Although it was not significant, salinity stress

tended to enhance AGPase activity by almost 1.87 times

that of the control at the immature green fruit stage, but
activity was not affected in mature green fruit. To clarify

how AGPase genes are regulated under the salinity stress at

different development stages, the expression patterns of

AgpL1, L2, L3, and S1 genes in developing fruit were

investigated by qRT-PCR (Fig. 7). Transcriptional levels of

Fig. 3. Change in starch content in developing fruits grown under

control (0 mM NaCl) and saline conditions (160 mM NaCl). White

squares and black circles indicate control and salinity treatments,

respectively. The horizontal axis indicates fruit developing stages

(DAF). Values are means 6SD (n¼3). The asterisks indicate

statistical significance of the means in the same developing stage

estimated using Fisher’s PLSD test (*P <0.05, **P <0.01).

Fig. 2. Change in soluble sugar content in developing fruits grown

under control and saline conditions. (A) Glucose; (B) fructose;

(C) sucrose; (D) total sugars. White squares and black circles

indicate control (0 mM NaCl) and salinity treatments (160 mM

NaCl), respectively. The horizontal axis indicates fruit developing

stages (DAF). Values are means 6SD (n¼3). The asterisks indicate

statistical significance of the means in the same developing stage

estimated using Fisher’s PLSD test (*P <0.05, **P <0.01).
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the genes are presented relative to that of AgpL1 in control

fruit at 10 DAF. In ‘Micro-Tom’ fruit, the major Agp

isoforms were AgpS1, L1, and L2. The AgpL3 transcript

was also detectable; however, it was only 1.8% of the AgpL1
transcription level in control fruit at 10 DAF (Fig. 7C). Of

all the AGPase genes, AgpS1 showed the highest expression

throughout fruit development, which corresponded to 7.6–

11.1 times that of AgpL1 during the early developing stages

(Fig. 7D). Of the large subunit-encoding genes, AgpL1 was

the most highly expressed (Fig. 7A). During the early fruit

development stages (10–22 DAF), AgpL1 and AgpS1 were

strongly expressed and both were clearly up-regulated by

salinity stress. The expression of both of these genes peaked

at 10 DAF in the control and at 14 DAF in the salinity-

stressed fruit. These expression levels declined rapidly after

the peak. At 34 DAF, they decreased to 1.5% and 0.8% of

each peak level in AgpL1, and 6.9% and 11.8% in AgpS1 in
the control and salinity-stressed fruits, respectively. AgpL2

expression was less than half that of AgpL1 at most

developmental stages and was relatively lower than the

other two genes, changing little throughout fruit develop-

ment (Fig. 7B).

Effect of ABA, sucrose, and osmotic stress on AGPase
gene expression

To elucidate the response of Agp genes to possible

physiological effectors in early developing fruit, the fruits at
10 DAF were exposed to exogenous ABA, sucrose, and the

same level of osmotic stress given by mannitol. The

transcription level of the Agp genes was analysed in fruits

at 10 DAF which were cultured for 6 h on agar plates of

half-strength MS medium containing 0.01–100 lM ABA,

Fig. 5. Relative expression levels of LeSUT1 genes in leaves of

plants grown under control and saline conditions for short (A) and

long (B) periods. (A) Leaves were sampled at 0.5, 1, 3, 6, 12, and

24 h after the start of exposure to salinity stress. (B) Leaves were

sampled 5 d and 10 d after the start of exposure to salinity stress.

Open and shaded columns indicate control (0 mM NaCl) and

salinity treatments (160 mM NaCl), respectively. Values are means

6SE (n¼4). The asterisks indicate statistical significance of the

means estimated using Fisher’s PLSD test (*P <0.05, **P <0.01).

Fig. 6. Change of AGPase activity in developing fruits grown

under control and saline conditions. Open and shaded columns

indicate control (0 mM NaCl) and salinity (160 mM NaCl) treat-

ments, respectively. The horizontal axis indicates fruit developing

stages. 10–14 DAF, immature green stage, 18–26 DAF, mature

green stage. Values are means 6SE (n¼3).

Fig. 4. Change in 13C accumulation in developing fruits of plants

grown under control and saline conditions. (A) Control (0 mM

NaCl), (B) saline conditions (160 mM NaCl). Open and shaded

columns indicate the time for sampling at 24 h and 48 h after

feeding 13C-labelled carbon dioxide, respectively. (C) 13C accu-

mulation in fruit per day calculated based on the mean values from

(A) and (B). Open and shaded columns indicate control and salinity

treatments. The horizontal axis indicates fruit developing stages.

10–14 DAF and 18–26 DAF correspond to the immature green

and mature green stages, respectively. Values are means 6SD

(n¼3). The asterisks in (A) and (B) indicate statistical significance of

the means in the same developing stage estimated using Fisher’s

PLSD test (*P <0.05, **P <0.01).
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150 mM sucrose, and 150 mM mannitol as single or
multiple effectors. AgpL1 and AgpS1 were significantly up-

regulated by sucrose and sucrose+ABA but not by ABA,

mannitol, and mannitol+ABA (Fig. 8A, D; see Supplemen-

tary Table S2 at JXB online). Results of the two-way

repeated measures ANOVA showed the sucrose-response of

AgpL1 was affected by ABA; however, there was no

interaction effect on AgpS1 expression (see Supplementary

Table S2 at JXB online). On the other hand, AgpL2

transcription was slightly up-regulated by mannitol, and

AgpL3 was affected by the ABA level with sucrose and

mannitol, while these were not effective as single effectors

(Fig. 8B, C; see Supplementary Table S2 at JXB online). To

ensure the validity of this analysis, the endogenous ABA
content in developing fruit was assayed (Fig. 9). Fruit ABA

contents ranged from 3 nmol g�1 DW to 16 nmol g�1 DW

and peaked at 26 DAF in both growth conditions.

However, ABA tended to be lower in the salinity-stressed

fruits than control fruits at 10 DAF. Based on the water

content ratio in the fruits, 91.4% and 87.6% on average in

the control and salinity-stressed fruits, respectively, endog-

enous ABA concentration in fresh fruit was roughly

Fig. 7. Relative expression levels of AGPase genes in developing

tomato fruit grown under control and saline conditions. (A) AgpL1,

(B) AgpL2, (C) AgpL3, (D) AgpS1. Open and shaded columns

indicate control (0 mM NaCl) and salinity (160 mM NaCl) treat-

ments, respectively. The horizontal axis indicates fruit developing

stages (DAF). Values are means 6SE (n¼5). The asterisks indicate

statistical significance of means in the same developing stage

estimated using Fisher’s PLSD test (*P <0.05, **P <0.01).

Fig. 8. Relative expression levels of AGPase genes in fruit treated

with ABA, sucrose, and mannitol as single or multiple effector(s).

(A) AgpL1, (B) AgpL2, (C) AgpL3, (D) AgpS1. Fruits at 10 DAF of

plants grown in control condition were cut in half and incubated for

6 h on half-strength MS medium plate containing the indicated

effector(s). Suc, 150 mM sucrose; Man, 150 mM mannitol; C1

(control 1), 1% agar; C2 (control 2), the half-strength MS plate

without effectors. The ABA concentrations were indicated under

the each column. Values are means 6SE (n¼4).
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estimated to be 0.3 lM to 2 lM, which fell within the dose
range administered in Fig. 8.

Discussion

In this work, the role and regulation mechanisms of starch

accumulation and AGPase genes underlying sugar accumu-

lation in tomato fruits exposed to salinity stress were

investigated. This cultivar ‘Micro-tom’ exhibited increasing

brix (%) and a decreasing size of fruits, keeping almost the

same level of the source–sink balance with exposure to high

salinity stress (Fig. 1B; see Supplementary Fig. S2 at JXB

online) without serious blossom-end rot, indicating this
laboratory-grown cultivar is available for a study of

carbohydrate metabolic shift under salinity stress in tomato

plants.

As shown in Fig. 2, salinity stress strikingly enhanced

soluble sugar accumulation after the start of ripening. The

effect of the stress on the accumulation of sugars was

apparently higher than those on the suppression of fruit

weight (see Supplementary Fig. S1 at JXB online). Consid-
ering that the sugar contents on a dry weight basis also

increased under the stress (see Supplementary Fig. S3 at

JXB online), activation of sugar metabolism should be

involved in this event together with a concentration effect

due to the reduction of fruit size. Under the control

conditions in our experiment, hexose contents in the

‘Micro-Tom’ fruit decreased by 34 DAF (Fig. 2) unlike

other Solanum lycopersicum cultivars (Robinson et al., 1988;
Damon et al., 1988; Yelle et al., 1988). The sugar contents

were also measured using the hexokinase-coupled assay and

H-NMR with ‘Micro-Tom’ fruit from another replicated

cultivation, and a similar hexose profile to the present result

was obtained (data not shown). In addition, Hazem et al.

(2004) reported the continuous decrease of glucose and

unchanged fructose contents until the start of ripening in

‘Micro-Tom’ fruit, suggesting such a hexose profile is an

attribute of this cultivar.

Our data also indicate that salinity stress promotes and

extends the accumulation of starch during early fruit

development (Fig. 3). Such effects of salinity stress on

starch accumulation were also reported by Balibrea et al.

(1996, 1999). Because the transiently produced starch in

immature tomato fruits is completely degraded to soluble
sugars in ripe fruits (Dinar and Stevens, 1981), it is probable

that enhanced starch accumulation results in a higher sugar

content in ripe red fruits under salinity stress (Fig. 2). The

higher level and the extended period of starch accumulation

in the early stages of tomato fruit development were also

reported in tomato introgression lines having a high soluble

solids trait that have alleles derived from the wild species

S. pennellii (Baxter et al., 2005) and S. habrochaites

(Petreikov et al., 2006). Our results and those from the

introgression lines suggest a regulation mechanism of

soluble solids level in the ripe red stage via transient starch

accumulation in the early developmental stages in tomato

fruit and its variability is influenced by both environmental

conditions and genotype. In addition, Balibrea et al. (2006)

reported that sucrose import during ripening played an

important role for the increase in sugar content under
salinity stress in wild species, suggesting there are different

mechanisms to determine the sugar level within the

germplasm.

The effect of salinity stress on promoting starch accumu-

lation and AGPase activity in developing tomato fruit was

also reported in a normal cultivar (Gao et al., 1998).

A similar increase in AGPase activity was found in salinity-

stressed fruit of ‘Micro-Tom’ (Fig. 6) and therefore the
response of AGPase genes to salinity stress was examined.

In control fruit grown without salt, these genes exhibited

similar expression patterns to those previously reported:

AgpS1 is most strongly expressed, followed by AgpL1 and

AgpL2, then AgpL3, in which expression is low or absent

(Park and Chung, 1998; Li et al., 2002; Petreikov et al.,

2006) (Fig. 7). When grown under saline conditions, AgpS1

and AgpL1 were up-regulated at the transcriptional level in
fruits from 10–22 DAF, while AgpL2 and AgpL3 showed

little response to salinity (Fig. 7). Since the AGPase activity

declined earlier than AgpS1 and AgpL1 transcription, post-

transcriptional regulation could be involved in those events.

In plants, the large subunit of AGPase functions as an

allosteric modulator, whereas the small subunit functions as

a catalytic molecule (Okita et al., 1990). Functional AGPase

requires a heterotetramer consisting of two large and two
small subunit genes (Chen and Janes, 1997). In the early

development of tomato fruits, transcriptional levels of the

large subunit genes (AgpL1–L3) are much lower than that

of the small subunit gene (AgpS1), indicating that expres-

sion of the large subunit genes limits AGPase expression at

the transcriptional level in young tomato fruit. Because

expression of AgpL1 was highest among the large subunit

genes during early fruit development, and is expressed in
a co-ordinated manner to the enzymatic activity and starch

accumulation pattern during fruit development, AgpL1 is

Fig. 9. Changes in endogenous ABA content in the developing

fruits grown under control and saline conditions. Open and shaded

columns indicate control (0 mM NaCl) and salinity (160 mM NaCl)

treatments, respectively. The horizontal axis indicates fruit de-

veloping stages (DAF). Values are means 6SD (n¼5). The

asterisks indicate statistical significance of means in the same

developing stage estimated using Fisher’s PLSD test (*P <0.05,

**P <0.01).
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likely to be responsible for the enhanced starch biosynthesis

under salinity stress. The starch accumulation pattern

observed in Supplementary Fig. S4 at JXB online also

strongly supported the regulatory role of AgpL1 in fruit

because it entirely corresponded to the GUS expression

pattern driven by the AgpL1 promoter in an immature-

green fruit (Xing et al., 2005).
13C analysis showed that salinity stress strongly promoted

13C accumulation in immature green fruits (Fig. 4). This

could be interpreted as the result of a suppressed respiration

activity and subsequent lower utilization of carbohydrate

for energy production in the salinity-stressed fruits. It was

supported by the hexose profiles during 10–34 DAF, in

which the hexose contents slightly increased under the

salinity stress whereas they gradually decreased in control

condition (Fig. 2A, B). On the other hand, it was also likely
to be caused by an increased influx of carbohydrate in the

salinity-stressed fruit. If the higher 13C accumulation is due

to the lower carbohydrate utilization, sink strength should

be higher in the control than in the salinity-stressed fruit.

However, expression of AgpL1 and AgpS1 in the sink

organs (fruit) were actually higher in salinity than control

condition (Figs 5, 6, 7). An increased allocation of

photosynthetic 14C/13C to fruits (Gao et al., 1998; Saito
et al., 2009) and the higher expression of LeSUT1 in source

leaves of tomato plants exposed to salinity stress (Fig. 5)

supported this possibility. To examine these hypotheses,

a direct measurement of carbon transport using a positron-

emitting tracer imaging system (PETIS; Suwa et al., 2008)

will be needed. Although a small green fruit could have

some photosynthetic activity, the possibility that the salinity

stress promotes phyto-assimilation on the fruit surface was
ruled out, because the accumulation of starch granules only

appeared in the inner pericarp, the columella, and placenta

tissue but not in the outer pericarp and exocarp where

photosynthetic chloroplasts are localized (see Supplemen-

tary Fig. S4 at JXB online). In addition, the 13C value just

after the 13CO2 feeding was subtracted from all of the

measured figures of the samples taken after 24 h and 48 h.

Therefore, the data presented in Fig. 4 reflected the net
influx and consumption in the fruit after the 13CO2 feeding.

The 13C analyses also revealed that carbohydrate accumula-

tion in the fruit was almost completed by the mature green

stage and did not occur after the start of ripening (Fig. 4). It

indicated that the higher sugar accumulation in salinity-

stressed ripe fruit is due to active starch accumulation

during the early stages of fruit development. Furthermore,

the starch completely disappeared from the fruit by the red
stage under both the control and salt-stressed conditions

(Fig. 3), indicating that there is sufficient enzymatic activity

for starch breakdown in ripening fruit. This leads us to

conclude that the increase in carbohydrate accumulation in

the fruit, probably caused by a promoted sugar transport at

the early development stages, plays an important role in

ensuring the soluble sugar content in the mature red fruit

under these salinity conditions.
Because our analyses indicated that the expression of

LeSUT1 in source leaves was up-regulated at the transcrip-

tional level (Fig. 5) under the salinity stress, a systemically

co-ordinated mechanism is likely to be involved in this

event. It will be interesting to elucidate which factor

functions as the driving force for the amplification of

carbohydrate flux; increased sink capacity of the fruit

or intensification of the loading ability in source leaves.

Overexpression of the bacterial small subunit gene driven by

the potato spADPGPP promoter in the tomato plant
resulted in a 20–30% increase in total soluble solids in ripe

fruit (Stark et al., 1996), indicating that fruit sink capacity

can be controlled by a modification of AGPase gene

expression. To clarify how AGPase genes contribute to the

determination of sink strength during fruit development of

tomato, functional analyses using overexpression or knock-

down strategies in an organ- and stage-specific manner will

be indispensable. Those transgenic plants would be avail-
able to analyse the balance of contribution of AGPase and

other sucrolytic enzymes, such as invertase and sucrose

synthase, in fruit sugar levels and sink strength.

Transcriptional regulation of the AGPase gene by sugar

has been reported in several plants (Salanoubat and

Belliard, 1989; Müller-Röber et al., 1990; Sokolov et al.,

1998; Akihiro et al., 2005). In tomato, sucrose regulation of

AgpL1 expression in fruit was also reported by Li et al.

(2002). In the present study, it is demonstrated that both

AgpL1 and AgpS1 are specifically up-regulated by sucrose

but not by ABA and osmotic stress (Fig. 8A, D). The

ANOVA results indicate that the sucrose response of AgpL1

transcription was affected by ABA. However, we think that

ABA does not have an effect on sucrose-regulation because

the sucrose treatment strikingly induced AgpL1 transcrip-

tion even in the absence of ABA, and it did not exhibit
a dose-response to ABA (Fig. 8A). Synergistic effects of

ABA and sugar on AGPase gene expression were reported

in Apl3 in Arabidopsis leaves (Rook et al., 2001) and

OsAPL3 in rice cultured cells (Akihiro et al., 2005). In

contrast to those tissues and species, our results indicate

that starch biosynthesis in tomato fruit is mainly regulated

by sugar in an ABA- and osmotic stress-independent

manner. It was also supported by the lower level of
endogenous ABA contents in immature-green fruit and the

poor response to the salinity-stress (Fig. 9). Considering the

prominent activation of 13C accumulation under salinity

conditions (Fig. 4B), the increase of carbohydrate availabil-

ity in the developing fruits plays an important role in the

up-regulation of AGPase genes and consequent starch

accumulation, resulting in later starch breakdown and more

sugar accumulation in the salinity-stressed ripe fruit. In
contrast to AgpL1, AgpS1 exhibited a much lower response

to sucrose, even though it was strongly up-regulated by

salinity stress (Figs 8D, 9D). These results indicate differen-

tial regulation pathways of those genes under the salinity

stress in tomato fruit. On the other hand, the possibility was

ruled out that AgpL2 and AgpL3 participate in starch

accumulation in fruit because of the lower expression levels

and poor responsiveness to salinity stress (Fig. 7B, C). In
addition, our preliminary analysis suggested that AgpL2

is mainly expressed in seeds (data not shown). AgpL3 was
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the only isoform in which the synergistic effects of ABA/

osmotic stress and sucrose were observed (Fig. 8C; see

Supplementary Table S2 at JXB online). Since AgpL3 is

specifically expressed in source tissue including photosyn-

thetic leaves (Xing et al., 2005), such a regulation manner

would be general for source-type AGPase genes in plant.

Tiessen et al. (2003) reported that sucrose and glucose lead

to transcriptional and post-translational up-regulation of
AGPase by affecting its redox state and SNF1-related

kinase- and hexokinase-mediated signalling pathways in

potato tuber. In tomato fruit, it is likely that the elevated

sugar transport under the salinity stress stimulates AGPase

activity in a similar manner.
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