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Review

Metabolism and Accumulation of Sugars Translocated to Fruit and Their

Regulation
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Photoassimilates needed for fruit development are supplied from leaves, converted in fruit to substances relating
to the specific quality of the fruit, then accumulate in the fruit. There are various regulation steps in the process
from photoassimilate synthesis in leaves to sugar accumulation in fruit: photosynthesis, synthesis of translocation
sugars, loading of translocation sugars, their translocation, their unloading, their membrane transport, their
metabolic conversion, and compartmentation in vacuoles. Thus, it is important to clarify the mechanism and
regulation of each step in fruit development. In this review, mainly the metabolic conversion of translocation
sugars and their regulation at the genetic level in fruit are described because the metabolic conversion in fruit
contributes greatly to produce the sink activity needed for fruit development.
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Introduction

Photoassimilate in fruit depends mainly on supply
from leaves, but some fruits in their early stages of
development can supply it by their own photosynthesis.
Fruit is a heterotrophic organ. However, specific
substances in some fruits are generated in the fruit by
themselves from photoassimilates etc., and can
accumulate in fruit. Therefore, they depend on sugars
translocated from leaves. The force attracting transloca-
tion sugars in fruit is called the sink strength. If the sink
strength of the fruit is weak, the fruit can not grow
sufficiently: growth is retarded or sometimes the fruit
shrinks because of sugar deprivation. This review
discusses the physiological conditions influencing sink
strength during the various steps between photoassimi-
late synthesis in leaves and its accumulation in fruit
(Fig. 1).

1. Photosynthesis: Photoassimilate is synthesized by
photosynthesis in leaves. 2. Synthesis of translocation
sugars: Photoassimilate is converted to translocation
sugars, such as sucrose and sorbitol. 3. Loading: Sucrose
and sorbitol are carried in the phloem by a transporter.
4. Translocation: Sugar can flow from high to low sugar
concentration according to the pressure flow theory. 5.
Unloading: Sugars translocated in fruit tissue are carried
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out from phloem tissue. 6. Membrane transport: Sugars
unloaded apoplastically are taken up in cells by a
transporter on the plasma membrane. 7. Metabolic
conversion: Translocation sugars unloaded in fruit by
the symplasmic or apoplastic pathway are converted to
various substances; first, invertase and sucrose synthase
metabolize sucrose, sorbitol dehydrogenase metabolizes
sorbitol, and then sucrose phosphate synthase synthe-
sizes sucrose. 8. Compartmentation: Sugars in cells are
mainly compartmented in vacuoles. High accumulation
of sugars in vacuoles produces a high osmotic pressure
that stimulates influx of water into vacuoles, leading to
a high turgor pressure that is the driving force for cellular
enlargement. Physiological steps for controlling the sink
strength of fruit are mainly unloading, membrane
transport, metabolic conversion, and compartmentation,
if sufficient photoassimilate is supplied. Among these
four major steps, the role of enzymes in metabolic
conversion seems to be the most important for producing
the sink strength of fruit because this step correlates
closely with unloading and compartmentation of sugar.
Thus, in this review, I want to describe mainly “metabolic
conversion”.

1. Types of translocation sugars in fruit

Sucrose is well known as a translocation sugar in
plants. Zimmermann and Ziegler (1975) listed the
translocation sugars of various plant species. In
horticultural crops, sorbitol, raffinose, stachyose,
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Fig. 1. Various physiological steps between photoassimilate synthesis in leaves and its accumulation in fruits for growth and development. Apo;
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mannitol as well as sucrose are well known (Table 1).
Each translocation sugar is converted to several sugars
in fruit. For example, sucrose is converted to glucose
and fructose by invertase or to fructose and UDPglucose
by sucrose synthase. Sorbitol is converted to fructose or
glucose by sorbitol dehydrogenase. Raffinose and
stachyose are converted to galactose, glucose, and
fructose by a-galactosidase and invertase. Mannitol is
converted to fructose by mannitol dehydrogenase. I will
review sucrose and sorbitol and recommend other
reviews for mannitol (Loescher and Everard, 1996) and
raffinose and stachyose (Keller and Pharr, 1996).

2. Metabolic conversion of translocation sugars in
fruit

1) Sucrose-metabolizing enzymes and their regulation
(1) Loading and unloading of sucrose

Sucrose translocated in fruit is generally generated in
leaves by sucrose phosphate synthase (SPS). SPS was
first isolated in spinach leaves and its properties (Huber
and Huber, 1996) and subsequent regulation of activity
by light were clarified (Comparot et al., 2003). Sucrose
synthesized in leaves is loaded into phloem by the H*-
sucrose co-transporter whose presence was predicted by
Giaquinta (1977). Riesmier et al. (1994) cloned the gene
of this transporter and clarified its function. Loaded
sucrose is translocated to fruit flesh through the phloem
and is unloaded into the parenchyma tissue. Two types
of unloading in fruit are 1) the symplasmic pathway in

Table 1. Various translocation sugars in horticultural crops.

Horticultural crops Translocation sugars

Citrus, Persimmon, Tomato, Grape, Sucrose
Strawberry, Banana, etc.

Apple, Peach, Pear, Cherry, Plum, Sorbitol, Sucrose
Loquat, etc.

Melon, Cucumber, Pumpkin, Squash, etc. ~ Raffinose, Stachyose,
Sucrose

Celery, Parsley, Olive, etc. Mannitol, Sucrose

This table was made from the result by Zimmermann and Ziegler
(1975).

which sucrose passes through plasmadesmata and 2) the
apoplastic pathway in which sucrose is taken out in the
apoplast and then transported into cells again across the
plasma membrane by a transporter. In the symplasmic
pathway, sucrose synthase (SuSy), cytoplasmic neutral
invertase (CNIV), and vacuolar acid invertase (VAIV)
mainly convert sucrose, and in the apoplastic pathway,
cell wall-bound (apoplastic) acid invertase (BAIV) has
an important role. In storage organs, the presence of a
symplasmic pathway through the plasmadesmata was
suggested, and later the presence of the apoplastic
pathway in fruit flesh was detected in citrus fruit (Koch
and Avigne, 1990) and apple fruit (Zhang et al., 2004).
Some reports suggested both symplasmic and apoplastic
pathways are important in fruit (Ruan and Patrick, 1995).
For example, the symplasmic pathway functions actively
in the early development stages of the tomato fruit, and
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the apoplastic pathway is active in the later development
stages. Conversely, sugar beet tap root uses mainly the
apoplastic pathway with active BAIV in the early
development stages and the symplasmic pathway with
active SuSy in the late development stages (Godt and
Roitsch, 2006). In walnut fruit, the seed pericarp
transports sugar by the symplasmic pathway and the
fleshy pericarp transports sugar by the apoplastic
pathway (Wu et al., 2004). Fruit can use both pathways
depending on the species, organs and the developmental
stage. Recently, translocation of assimilate was easily
detected in eggplant fruit by using a positron-emission
tracer imaging system (Kikuchi et al., 2008). Analysis
of various fruits is expected in the future.
(2) Purification and cDNA cloning of sucrose-
metabolizing enzymes

i) Invertase: Invertase is divided into three types
according to the cellular localization; BAIV, VAIV or
soluble acid invertase (SAIV), and CNIV. Invertase has
been purified and its cDNA has been cloned from many
plants. Here, protein purification and full-length cDNA
cloning of invertase from mainly fruits are reviewed.
SAIV (Konno et al., 1993) and two kinds of acid
invertase (AIV) (Nakagawa et al., 1971) from tomato
fruit, two kinds of SAIV from Japanese pear fruit
(Hashizume et al., 2003) and BAIV and SAIV from
apple fruit (Pan et al., 2005b) were purified. Full-length
cDNA of SAIV was cloned from fruits such as tomato
fruit (Ohyama et al., 1998). Lin 5, Lin 6, and Lin 7 of
BAIV pallalogues in tomato (Godt and Roitsch, 1997),
GINI and GIN2 of VAIV pallalogues in grape berries
(Davis and Robinson, 1996), BAIV in papaya fruit (Zhou
et al.,, 2003a) and PsSAIVI and PsSAIV2 of VAIV
pallalogues in Japanese pear fruit (Yamada et al., 2007).

i) Sucrose synthase: The characteristics and function
of SuSy were clarified by using mainly maize. The
reaction is generally considered to incline towards
sucrose degradation to supply UDPglucose. Some
reports have described the properties of purified SuSy
in fruit. Moriguchi and Yamaki (1988) suggested that
SuSy purified from peach fruit has a high affinity to
UDPglucose compared with other SuSy and has a role
in sucrose synthesis. Tanase and Yamaki (2000a)
purified two isozymes, SSI and SSII, from Japanese pear
fruit, and indicated that the reaction of SSI inclines
towards sucrose breakdown like the general type, while
the reaction of SSII inclines towards sucrose synthesis
like SuSy of peach fruit. Further, Tanase et al. (2002)
found that SSI is phosphorylated, but SSII is
unphosphorylated, which is consistent with the previous
report by Huber et al. (1996) that phosphorylation of
SuSy has a high affinity for UDP and stimulates sucrose
breakdown. SuSy was also purified from tomato fruit
(Islam, 2001) and banana fruit (do Nascimento et al.,
2000), and the reaction inclined towards sucrose
breakdown (supply of UDPglucose) by using kinetic
analysis. Full-length cDNA was cloned from fruits, such

as SuSy3 and SuSy4 from tomato fruit (Chengappa et
al., 1998; Wang et al., 1993), CaSUS! and CaSUS?2 from
coffee fruit (Geromel et al., 2006), and CitSUSI,
CitSUSA, and CitSUS?2 from citrus fruit (Komatsu et al.,
2002).

iii) Sucrose phosphate synthase: SPS was purified
from spinach leaves. It has a role in switching between
sink and source function of leaves by its transcriptional
regulation (Chavez-Barcenas et al., 2000). SPS was also
regulated by post-translational modification by phospho-
rylation and by a negative or positive effector like
glucose-6-P or Pi (Huber and Huber, 1996). However,
the properties of SPS in fruit are not clear because of
no report of SPS purified from fruit. SPS activity in
apple leaves was inhibited by sorbitol-6-P and the
inhibition has a role in switching between the synthesis
of sucrose and the synthesis of sorbitol as a translocation
sugar (Zhou et al., 2002). Full-length cDNA was cloned
from citrus fruit, including CitSPSI, CitSPS2, and
CitSPS3 (Komatsu et al., 1996, 1999), CmSPSI from
melon (Yu et al., 2007), from kiwifruit (Langenkdmper
et al., 2002), from Asian pear (Itai and Tanahashi, 2008)
and from coffee (Privat et al., 2008).

(3) Changes in expression of sucrose-metabolizing
enzymes with fruit development

Sucrose translocated in fruit is generally broken down
to glucose, fructose, or UDPglucose by SuSy or
invertase, then SPS functions actively to resynthesize
sucrose in the fruit. In citrus fruit, VAIV, BAIV, SuSy,
and SPS activities were assayed from each tissue and at
each stage of development (Lowell et al., 1989). SuSy
activity was highest among the four enzyme activities
in the vascular bundle system, and SPS activity was
highest in juice sac tissue. Both activities of VAIV and
BAIV of the four enzymes were highest in the young
stage of fruit development, but decreased rapidly with
the formation of juice sacs. An increase in SuSy activity
in the enlargement stage in which the fruit has just started
to enlarge was shown in fruit of Citrus unshiu (Kubo et
al., 2001). Further, CitSUSI and CitSUSA of Citrus
unshiu were detected in edible tissue of the fruit, and
CitSUS1 expression decreased with fruit development,
but CitSUSA expression increased (Komatsu et al.,
2002). The expression of CitSPSI and CitSPS2 in Citrus
unhsiu fruit corresponded to sucrose accumulation, but
the expression of CitSPS3 was not detected in edible
tissues (Komatsu et al., 1999).

Tomato fruit that accumulates hexose increased AIV
activity with fruit maturation, but fruit accumulating
sucrose decreased AIV activity markedly (Stommel,
1992). However, definite increases in SuSy and SPS
activities did not occur with fruit maturation. Comparing
tomato fruit cultured in the cool season with tomato fruit
cultured in the warm season, activities of AIV and SuSy
were higher in the cool season when more sugars
accumulate, but SPS activity did not change (Islam and
Khan, 2001). Therefore, SuSy and AIV are considered
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to have a role in sugar accumulation. BAIV pallalogues,
Lin5, Lin6, and Lin7 are present in tomato fruit, and
Lin6 was expressed specifically in sink organs and its
expression greatly increased with increases in sink
activity (Godt and Roitsch, 1997). Four AIV pallalogues
are present in the tomato; the expressions of two of these
pallalogues were correlated closely with sugar accumu-
lation in fruit (Husain et al., 2003).

In pear fruit, changes in activities and mRNA levels
of sucrose-metabolizing enzymes SuSy, SPS, VAIV, and
BAIV were investigated in relation to fruit development
(Yamada et al., 2006). The fluctuation pattern of SuSy
activity with NAD-dependent sorbitol dehydrogenase
(NAD-SDH) activity paralleled to that of the relative
growth rate (RGR); therefore, SuSy may be important
for sugar uptake. AIV activity is higher in young fruit,
but is low in mature fruit, and the mRNA of one isoform
is expressed in the mature stage. SuSy isozymes SSI and
SSII are present in Japanese pear fruit; SSI activity was
high in young fruit but decreased with fruit development,
and SSII activity which was not detected in young fruit,
increased rapidly with sugar accumulation in the mature
stage (Tanase and Yamaki, 2000). Moriguchi et al.
(1992) examined seasonal changes in SuSy, SPS, and
AIV activities by comparing Asian pear fruits that
accumulate mainly sucrose with Asian pear fruits that
accumulate mainly hexose. In pear fruit that accumulated
mainly sucrose, SuSy and SPS activities increased with
fruit maturation, but in pear fruit that accumulated less
sucrose these activities did not increase. AIV activity
decreased rapidly with fruit maturation in the fruit of
both sugar accumulation types. Ito et al. (2002) examined
changes in SuSy and AIV activities related to NAD-
SDH and NADP-dependent sorbitol dehydrogenase
(NADP-SDH) activities in the buds of Japanese pear
tree and indicated that AIV activity with NAD-SDH
activity increased markedly with bud growth. SuSy and
AIV activities with NAD-SDH activity were also
investigated in endocarps, mesocarps, and the seeds of
peach fruit during fruit development (Lo Bianco and
Rieger, 2002). SuSy and AIV activities are high in young
fruit, and the activities are especially high in seeds in
the hardening stage. Moriguchi et al. (1991) reported
the role of SuSy and other related enzymes in sucrose
accumulation in peach fruit.

In grape berries, VAIV participates actively in hexose
accumulation (Davis and Robinson, 1996). The
expressions of the VAIV genes GINI and GIN2 were
high in young fruit, then decreased but remained constant
in the mature stage. The expression of the genes and
enzyme synthesis occurred several weeks before the
onset of hexose accumulation. AIV in papaya fruit is
more important than SuSy or SPS for fruit maturation
because the mRNA of AIV increases with fruit
maturation (Zhou and Quebedeaux, 2003; Zhou et al.,
2000). AIV in strawberry fruit participates actively in
hexose accumulation. VAIV activity increased together

with hexose accumulation during maturation, and BAIV
activity was high in young fruit but decreased with fruit
maturation (Ranwala et al., 1992). The increase in SuSy
activity in coffee fruit participates actively in sucrose
accumulation during fruit maturation (Geromel et al.,
2006).

In melon fruit, the relationship between activities of
SPS, SuSy, and AIV and sucrose accumulation during
fruit development were examined using various musk
melon fruits (Hubbard et al., 1989). SPS activity
increased markedly with fruit maturation and corre-
sponded to the sucrose accumulation. Thus, the strength
of SPS activity determines the amounts of accumulated
sucrose. When the activities of SuSy and SPS and sucrose
amounts were compared between seeded (accumulating
a lot of sucrose) and seedless melon fruit (accumulating
a little sucrose), SuSy activity in seeded fruit increased
in the mature stage, but did not in seedless fruit, while
SPS activity in seeded fruit increased before sucrose
accumulation, but decreased gradually in seedless fruit
(Hayata et al., 2001a). This suggests that both enzymes
are important for sucrose accumulation in melon fruit.
In banana fruit, SuSy activity and expression of SuSy
mRNA were high to accumulate starch in immature fruit,
and SPS activity increased markedly to convert starch
to sucrose during fruit maturation (do Nascimento et al.,
2000; Hubbard et al., 1990). In pineapple fruit, SuSy
and AIV activities were high in young fruit but decreased
with fruit development, while SPS activity was not as
high as their activities in young fruit, but remained
constant during fruit maturation to accumulate a lot of
sucrose (Chen and Paull, 2000). SPS activity increased
to accumulate sucrose during fruit maturation of
pumpkin fruit (Tateishi et al., 2004) and kiwifruit
(Langenkamper et al., 1998).

(4) Regulation of sucrose-metabolizing enzymes by
phytohormones and stresses

Table 2 shows the regulation of sugar-metabolizing
enzymes by phytohormones and stresses, except for
sugar in fruit or other sink organs. Regarding
phytohormonal effects, AIV, SuSy, and SPS activities
were increased by GAj;, ABA, cytokinine, and
brassinolide, by GA3, ABA, IAA, and brassinolide and
by GAj, cytokinine, and brassinolide, respectively.
Conversly, AIV activity was decreased by IAA. SuSy
mRNA shows different expression in an anoxia
condition, that is, one isoform increases the expression
and another isoform decreases the expression. In a
hypoxia condition the expression of SuSy mRNA
increased. AIV mRNA shows different expression in its
gene family in a hypoxia condition like SuSy mRNA.
SPS mRNA expression increased with a low temperature
treatment. NaCl stress increased SPS and SuSy activities,
while osmotic stress increased AIV, SuSy, and SPS
activities. There are many reports about hormonal and
stress effects of AIV, SuSy, and SPS activities, but the
reverse effect among species is rare. Thus, it may be



J. Japan. Soc. Hort. Sci. 79 (1): 1-15. 2010. 5

Table 2. Regulation of sucrose-metabolizing enzymes by phytohormones and stress.

Phytohormone Materials Enzyme activity Ty mRNA level (TA) Reference Comment
GA; Pea pod ALV ) — Estruch and Beltran, 1991
Pea BAIV T t Wu et al., 1993
Pea subhook AlV 0 0 Miyamoto et al., 2000
Watermelon seed SuSy — Cussl T Kim et al., 2002
Banana fruit SPS T — Miranda et al., 2003
Chickpea seedling ~ SuSy ) — Kaur et al., 2000 with cytokinin
SPS T — Kaur et al., 2000
ABA Sorghum grain SuSy 0 — Bhatia and Singh, 2002
Grape berry VAIV, BAIV 1 — Pan et al., 2005a
Apple fruit BAIV 0 — Pan et al., 2006
Strawberry SuSy 1 Saito et al., 2009
1AA Chickpea seedling ~ SuSy, SPS 0 — Kaur et al., 2003
Sorghum grain SPS, AIV ) — Bhatia and Singh, 2002
Melon fruit SuSy, SPS ) — Li et al., 2002 by 4-CPA
Cytokinin Melon fruit AlV 1 — Hayata et al., 2001b by CPPU
SPS ) — Li et al., 2002 by CPPU
Tomato fruit AlV — Lin6 T Godt and Roitsch, 1997 by zeatin
Brassinolide Cucumber leaf SuSy, SPS, AIV 1 — Yu et al., 2004 by epibrassinolide
Stress
Anoxia Maize carnel SuSy — Shi 1t Zeng et al., 1998
Pond weed SuSy — PdsS1 1, PdSS2 1 Harada et al., 2005
Hypoxia Maize carnel AlV — Invi T, v2 4 Zeng et al., 1999
SuSy Shi T SUSI T Zengetal., 1998
Tomato root SuSy 0 — Germain et al., 1997
Low temperature  Kiwifruit SPS — 0 Langenkamper et al., 1998
NaCl Tomato SPS ) — Carvajal et al., 2000
Chickpea seedling ~ SuSy, SPS 0 — Kaur et al., 2003
Drought Peach leaf SuSy 2 — Lo Bianco et al., 2000
Maize AIV — Inv2 1 Kim et al., 2000b
Osmotic Sweet potato SuSy, AIV T — Wang et al., 2000
SPS 0 Wang et al., 2000

“ Increase, T; decrease, ¥

effective to use them to control plant growth and

development.

Regarding sugar regulation (sugar sensing) in maize,

AIV generates hexose-based sugar sensing by supplying
hexose, which induces cell division and induces related
gene expressions, but SuSy minimizes hexose-based
sugar sensing and induces gene expression for storage
and maturation. Both AIV and SuSy form isozymes and
were regulated reciprocally, that is, one isozyme was
induced by a high sugar concentration, but the other
enzyme was repressed by a high sugar concentration and
induced by starvation (Koch, 1996, 2004). Although
there are some reports of sugar sensing in fruits
(Kanayama et al., 1998; Schaffer and Petreikov, 1997),
reports of sugar sensing in fruit that accumulate a lot of
sugar are rare.

2) Sorbitol-metabolizing enzymes and their regulation
Kanayama (2009) reviewed the cloning, properties

and functions of sorbitol enzymes. Therefore, the present

review targets mainly the role of sorbitol enzymes in

fruit development, and describes briefly the cloning and
properties of sorbitol enzymes.
(1) Loading and unloading of sorbitol

Sorbitol occurs in leaves from dephosphorylation of
sorbitol-6-P that is synthesized from glucose-6-P by
sorbitol-6-P dehydrogenase (S6PDH). Then, sorbitol is
loaded into phloem by the H*/sorbitol co-transporter and
is translocated to the fruit. Sorbitol unloaded in the fruit
is converted to fructose or glucose by NAD-SDH or
NADP-SDH. S6PDH was purified from loquat fruit
(Hirai, 1979) and the gene was cloned from apple leaves
(Kanayama et al., 1992). Sorbitol-6-P-specific phos-
phatase was purified from apple leaves (Zhou et al.,
2003b). The sorbitol transporter which was not related
directly to phloem loading of sorbitol, was first cloned
from the cherry (Gao et al., 2003). The H*/sorbitol co-
transporter localized in phloem tissues for sorbitol load-
ing was cloned from apple leaves (Watari et al., 2004).
(2) Purification and cloning of sorbitol dehydrogenase

NAD-SDH was found in apple fruit (Negm and
Loescher, 1979). It was purified completely from
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Japanese pear fruit and the detailed properties were
clarified (Oura et al., 2000). Yamada et al. (1998) cloned
full-length cDNA from apple fruit. Thereafter, it was
cloned in some other fruits (Ito et al., 2005; Kim et al.,
2007; Nosarszewski et al., 2004; Ohta et al., 2005; Park
et al., 2002; Yamada et al., 2001). NAD-SDH forms a
gene family (Ito et al., 2005; Nosarszewski et al., 2004;
Park et al., 2002). In the strawberry, which belongs to
the Rosaceae family and in which the fruit does not use
sorbitol as a translocation sugar, NAD-SDH activity was
detected and its cDNA was cloned (Duangsrisai et al.,
2007). NAD-SDH present in Rosaceae, such as apples,
pears, peaches, has a lower Km value (about 100 mM)
for sorbitol degradation than the Km value (several M)
for sorbitol synthesis, and so easily converts translocated
sorbitol to fructose. However, NAD-SDH from maize
kernel has a Km value of 100 mM for sorbitol synthesis
and can synthesize sorbitol from fructose without SOPDH
in kernel tissue (Doehlert, 1987). NAD-SDH in
strawberry fruit is not the type of NAD-SDH found in
Rosaceae, but is the type found in maize, and so it can
produce sorbitol from fructose (Duangsrisai et al., 2008).
(3) Changes in the expression of sorbitol-metabolizing
enzymes with fruit development

Translocated sorbitol is converted to fructose by NAD-
SDH or to glucose by NADP-SDH. NAD-SDH activity
in apple fruit was high in young fruit, decreased with
fruit enlargement and increased again with fruit
maturation (Yamaki and Ishikawa, 1986). Because the
fluctuation pattern of NAD-SDH activity during apple
fruit development corresponded to that of mRNA
expression, NAD-SDH activity is controlled by
transcriptional regulation (Yamada et al., 1999).
Nosarzewski et al. (2004) found high activity and high
amount of NAD-SDH protein during fruit setting and in
the early development stages by ELISA. SDHI and
SDH3 localized in flesh and seeds, SDH2 in flesh and
SDHG6 and SDHY only in seeds, and NAD-SDH activity
in seeds was clearly higher than in flesh for 2 to 5 weeks
after fruit setting in apple (Nosarszewski and Archbold,
2007). Suzuki et al. (2001) suggested that accumulation
of fructose in apples fruit is not produced only by an
increase in NAD-SDH activity, but also by a decrease
in fructokinase activity.

In Japanese pear fruit, the fluctuation pattern of NAD-
SDH activity with fruit development was similar to that
in apple fruit (Yamaki and Moriguchi, 1989). The
fluctuation pattern of pear fruit corresponded to that of
the mRNA level, that is, it was controlled by
transcriptional regulation (Yamada et al., 2006). Ito et al.
(2002) examined activities of NAD-SDH and NADP-
SDH on bud growth; NAD-SDH activity clearly
increased, but NADP-SDH activity did not change. Both
activities of NAD-SDH and NADP-SDH increased
slightly to stimulate sorbitol metabolism by shading buds
(Ito et al., 2003). Both activities in lateral buds increased
with horizontal stem growth, but NAD-SDH activity in

shoot internodes of horizontal stems decreased with
growth. Consequently, this change may increase the sink
capacity of buds relative to shoot tissue, and so stimulate
bud growth (Ito et al., 2004).

In the peach, high NAD-SDH activity was detected
in the shoot tip (Lo Bianco and Rieger, 1999). Changes
in NAD-SDH activity with peach fruit development were
more or less similar to that in apple fruit and Japanese
pear fruit, but the level of mRNA did not correspond
partially with fluctuations in the activity, suggesting
post-transcriptional modification (Yamada et al., 2006).
NAD-SDH activity was high in flesh tissue before the
stone hardening stage of peach fruit and was high in
seeds during the stone hardening stage (Lo Bianco and
Rieger, 2002). In loquat fruit, the activity and mRNA
amount of NAD-SDH increased simultaneously with
fruit maturation. S6PDH activity in fruit clearly
increased, as well as NAD-SDH activity (Bantog et al.,
2000). However, generation of sorbitol from hexose in
plum fruit itself was not found by tracer experiments
using “C-hexose (Hansen and Ryugo, 1979). If this
S6PDH functions in the catabolism of sorbitol that
accumulates in loquat fruit, sorbitol kinase will be
required to produce sorbitol-6-P from sorbitol as a
substrate. However, sorbitol kinase activity has not been
detected. The role of S6PDH in fruit remains unclear.
(4) Regulation of sorbitol-metabolizing enzymes by

phytohormones and other factors

There are few reports on activation and regulation by
phytohormones and other factors. The activity and
mRNA level of S6PDH increased in sliced tissue of
apple fruit treated by abscisic acid (Kanayama et al.,
2006). The activity and mRNA level of NAD-SDH also
increased in sliced tissue of strawberry fruit treated with
IAA (Duangsrisai et al., 2008). Regulation of NAD-SDH
by sugar was examined. Decreasing the sugar
concentration in apple fruit by girdling the stem reduced
NAD-SDH activity (Beriiter and Feusi, 1997). NAD-
SDH activity clearly increased by supplying sorbitol or
glucose to discs of fruit on girdled stems (Archbold,
1999). Discs of apple fruit incubated with sorbitol,
glucose, or sucrose enhanced both the activity and
mRNA level of NAD-SDH (lida et al., 2004). The
activity and mRNA level of S6PDH in apple leaves
increased with a low temperature or salt stress
(Kanayama et al., 2006). The activity of NAD-SDH and
S6PDH in peach leaves decreased during drought (Lo
Bianco et al., 2000).

3) Other important enzymes for sugar metabolism and

accumulation

Other glycolytic enzymes are also important to
accumulate sugar. Especially, fructokinase is important
to regulate the level of fructose that is the primary product
of sucrose and sorbitol. Kanayama et al. (1997, 1998)
purified isozymes FrK1 and FrK2, isolated the cDNA
of each isozyme, and showed the expression of FrK1 in
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young fruit and FrK2 in mature fruit. Fructokinase was
regulated by sugar (Kanayama et al., 1997), and
controlled the fructose level in apples and Japanese pear
fruit (Suzuki et al., 2001) and peach fruit (Kanayama et
al., 2005). ADPglucose pyrophosphorylase and starch
synthase for starch generation, and phosphorylase and
amylase for starch breakdown are also important for
sugar accumulation and sink activity in fruits
accumulating a lot of starch. However, this review does
not touch starch metabolism.

3. Sucrose-accumulating type and hexose-accumu-
lating type of fruit

1) Relation between fruit growth and sweetness

Sweetness differs depending on the variety of sugar
accumulating in fruit. Generally, the sweetness levels of
fructose, glucose and sorbitol are roughly 130, 70, and
60, respectively, if the sweetness of sucrose is 100.
Therefore, which sugar accumulates is important for
sweetness as a quality. If fruit accumulates the same
amounts of sugar, accumulation of fructose is good for
sweetness. However, transgenic tomatoes introduced
VAIV antisense gene in hexose-accumulating tomato
accumulated a lot of sucrose and were sweeter (Klann
et al., 1996; Ohyama et al., 1995). This can be explained
by transgenic tomatoes containing the AIV antisense
gene accumulating more sugar by suppressing the
increase in osmotic pressure by reducing the breakdown
of sucrose to hexose. Fruits accumulated mainly hexose
during the early stages inducing active cell division and
during the middle stages showing the most RGR by
active cell enlargement, but accumulated mainly sucrose
during the mature stages showing weak cell enlargement
(Lo Bianco and Rieger, 2002; Yamada et al., 2006). In
development stages that have active enlargement,
producing great turgor pressure by high osmotic pressure
made by converting sucrose to hexose is good for fruit
growth. However, suppressing the increase in turgor
pressure by converting hexose to sucrose is good for
protecting cellular degradation in the mature stages,
resulting in the accumulation of a lot of sugar in mature
fruit. For example, transgenic tomato fruit containing
the introduced AIV antisense gene accumulated more
sucrose, but the fruit size was smaller (Klann et al.,
1996). The specific expression of the isoform of AIV
genes in the middle stages of development that show
active enlargement may supply a lot of hexose for cell
enlargement (Yamada et al., 2007). Fruit seems able to
change dramatically the metabolic pathway to control
the ratio of sucrose to hexose during fruit growth.

2) Sucrose-metabolizing enzyme activity in sucrose- and
hexose-accumulating types of fruit
Some mature fruit accumulates mainly sucrose
(sucrose-accumulating type) and other mature fruit
accumulates mainly hexose (hexose-accumulting type).

For example, many commercial varieties of tomato fruit
belong to the hexose-accumulating type, but some wild
varieties belong to the sucrose accumulating type. In
mature fruits of melon, persimmon, strawberry, Asian
pear, and apple, both types and their intermediates are
present. In Rosaceae fruit, the sugar composition is
complicated because sorbitol is present in addition to
both types.

The VAIV activity of the hexose-accumulating type
of tomato was high in mature fruit and broke down
actively translocated sucrose to hexose, resulting in the
tomato accumulating a lot of hexose. However, the VAIV
activity of the sucrose-accumulating type of tomato was
low in mature fruit and did not break down translocated
sucrose, resulting in the tomato accumulating a lot of
sucrose despite low SPS activity (Klann et al., 1993;
Miron and Schaffer, 1991; Ohyama et al., 1995;
Stommel, 1992). Thus, the ratio of sucrose to hexose in
tomato fruit is controlled by the strength of VAIV activity
in mature fruit.

Sucrose accumulation in melon fruit differs from that
in tomato fruit. By comparing sucrose contents with the
capacity for sucrose synthesis, that is, the value that SPS
activity was subtracted by SuSy activity and invertase
activity, among many varieties of mature and immature
fruits, the sucrose content was parallel to the capacity
for sucrose synthesis (Hubbard et al., 1989; Lester et al.,
2001). In a comparison of sugar metabolism between
seeded and seedless fruits, the sucrose content in seeded
fruit was higher than in seedless fruit due to the higher
activity of SPS in seeded fruit (Hayata et al., 2001a).
Thus, sucrose accumulation in melon fruit depends on
the strength of SPS activity. Other fruits accumulating
sucrose by mainly SPS activity are kiwifruit (Hubbard
et al., 1991), banana (Hubbard et al., 1990), and citrus
fruits (Lowell et al., 1989).

Many mature peach fruits accumulate more than 80%
of sugars as sucrose. This accumulation of sucrose was
produced by an increase in SuSy activity with fruit
maturation, but SPS activity did not increase (Moriguchi
et al., 1990). In the sucrose-accumulating type of Asian
pear fruit, sucrose accumulated because of an increase
in both SuSy and SPS activities, especially SuSy, with
fruit maturation (Moriguchi et al., 1992). Generally,
SuSy catalyzes the reaction of sucrose degradation,
rather than of sucrose generation, to have ADPglucose
as a precursor of starch synthesis. However, the SuSy
isozyme, whose reaction inclines toward sucrose
synthesis, was present in pear fruit (Tanase and Yamaki,
2000b). Thus, sucrose accumulates in fruit by using
various sucrose-metabolic pathways.

4. Sugar accumulation in vacuoles

1) Sugar concentration in vacuoles and turgor pressure
production
It is well known that vacuoles sequester or accumulate
various substances related to fruit quality, such as sugars,
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organic acids, phenolic compounds, anthocyanine
pigments, alkaloids, and minerals. Especially, a lot of
sugar accumulates in vacuoles and can produce large
turgor pressure. However, there are only a few reports
about sugar concentration in large storage cells, such as
fruit flesh, due to the difficulty of isolating intact
vacuoles. Vacuoles isolated intact from immature apple
fruit flesh contained 706 mM of total sugars composed
0f 396, 295, 1, and 14 mM of fructose, glucose, sucrose,
and sorbitol, respectively. This sugar accumulation in
vacuoles formed about 14 atm of turgor pressure because
67mM of total sugar accumulated in the apoplast
(Yamaki, 1984). According to compartment analysis,
vacuoles and extra-cellular free space in sugar beet root
contained 514 and 63 mM sucrose, respectively, and
produced 10 atm of turgor pressure (Saftner et al., 1983).
Mature apple fruit contained 937 mM total sugars
composed of 122, 149, and 613 mM of sucrose, fructose,
and glucose, respectively, and produced about 11 atm of
turgor pressure as total sugar of 440 mM in apoplasts
(Yamaki and Ino, 1992). Sugar concentrations in
vacuoles and apoplasts were assayed and the turgor
pressure was estimated by using compartment analysis
in strawberry fruit (Ofosu-Anim and Yamaki, 1994a)
and melon fruit (Ofosu-Anim and Yamaki, 1994b).

2) Transporter and endocytosis of sugars

A lot of sugar accumulates in vacuoles and it produces
high osmotic pressure. Therefore, a sugar transporter
coupled with energy on the tonoplast, i.e., an H*/sugar
antiporter, is needed. The presence of this transporter
was found by using isolated vacuoles (Yamaki, 1987)
or tonoplast vesicles (Getz, 1991; Getz and Klein, 1995;
Greuter and Keller, 1993). Recently, the gene of this
sugar transporter localized on the tonoplast has been
cloned (Endler et al., 2006, Wormit et al., 2006),
although many genes of H'/sugar co-transporters
localized on the plasma membrane have already been
cloned from various plants, and their properties and
functions have been clarified.

Etxeberria et al. (2005a) and Baroja-Fernandez et al.
(2006) reported the uptake system of sucrose, in which
vesicles containing sucrose are generated in apoplasts
and are taken up into the cytoplasm by endocytosis.
Vesicles containing sucrose were carried directly into
vacuoles by endocytosis in sycamore suspension cells,
and the endocytosis of sucrose was induced by sucrose.
In citrus fruit, sucrose in apoplasts is transported directly
into vacuoles by the same endocytosis as for sycamore
cells (Etxeberria et al., 2005b). Although this kind of
sugar uptake system is very efficient for accumulation
of a lot of sugar in vacuoles, further study is needed.

5. Sugar-metabolizing enzymes and sink activity

The attractive force that takes up assimilate into sink
organs is called the sink capacity. The sink capacity is
expressed as the degree of sink strength composed of

sink size and sink activity.
Sink strength = Sink size x Sink activity

Sink activity is the rate of uptake of assimilates per
unit weight of sink tissue. Sink size is the total weight
of the sink tissue. When the sink tissue size is
unchangeable, the rising of sink activity is indispensable
for an increase in sink strength. If translocation sugar is
sufficient in leaves, sink activity will occur mainly by
four elements of unloading, membrane transport,
metabolic conversion and compartmentation. Especially,
the role of AIV, SuSy, and NAD-SDH related unloading
and metabolic conversion is important. RGR which was
reviewed by Opara (2000) is influenced by the degree
of sink strength. Sink strength can regulate photosyn-
thesis. That is, if sink strength was reduced in the sink-
limited condition of apple trees by girdling, Rubisco and
photosynthesis activities in leaves decreased (Chen et al.,
2008). Thus, comparing sink activity with RGR is
important.

In peach fruit, changes in NAD-SDH and AIV
activities correlated positively with changes in RGR by
increasing the sink activity, and in the stone hardening
stage SuSy contributed to sink activity (Lo Bianco and
Rieger, 2002). The activities of NAD-SDH, SuSy and
VALV in pear fruit participated actively in accumulating
sugar, that is, changes in NAD-SDH and SuSy activities
correlated to that of RGR. Both NAD-SDH and SuSy
contributed a lot to sink activity, as well as to peach
fruit (Yamada et al., 2006). The fruit size of apples with
a high crop load depended mainly on sink activity, and
that of apples with a low crop load depended mainly on
partitioning from leaves rather than sink activity (Klages
et al.,, 2001). Transgenic apples introduced antisense
S6PDH gene produced a lot of accumulation of sucrose
and less accumulation of sorbitol in leaves, with a
decrease in NAD-SDH activity and an increase in SuSy
activity in shoots (Zhou et al., 2006). Thus, SuSy and
NAD-SDH contribute mainly to sink activity.

In grape berries, unloading is mainly by the
symplasmic system until the veraison stage and changes
to mainly the apoplastic system with maturation.
Simultaneously with maturation, BAIV activity
increased and strengthened the sink activity (Zhang et al.,
2006). Conversely, sugar beet root used the apoplastic
unloading system during the early growth stages and
retained higher BAIV activity, but it used the symplasmic
unloading system and retained higher SuSy activity
during the late stages of growth (Godt and Roitsch,
2006). Changes in SuSy, SPS, and AIV activities were
also investigated in relation to defoliation and thinning
of papaya (Zhou and Paull, 2001; Zhou et al., 2000).
SuSy and AIV activities influenced sink activity in the
early growth stages, and AIV activities influenced a lot
of sink activity in the later growth stages, but SPS activity
did not influence sink activity throughout the whole
season.

In transgenic tomato fruit introduced antisense BAIV
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gene, BAIV activity was effective for the sink activity
of fruit (Ohyama et al., 1995, 1998). SPS also influenced
sink activity because over-expression of the SPS gene
increased partitioning and unloading of photoassimilates
into fruit (Laporte et al., 2001; Nguyen-Quoc et al.,
1999). This contradicts the view that sink activity is
produced mainly by unloading, membrane transport,
metabolic conversion and compartmentation. However,
SPS may indirectly influence sink activity when
generation of translocation sugar is insufficient to
partition it in fruit and it becomes a limiting factor of
partitioning.

6. Phenotypic expression by regulating expression
of sucrose- and sorbitol-metabolizing enzymes

Clarifying how the expression control of sucrose-and
sorbitol-metabolizing enzymes influences the function
of various organs and other metabolic systems is very
important.

i) Invertase: Suppression of AIV activity by the
antisense gene of BAIV in tomatoes led to an increase
in sucrose and a decrease in hexose (Ohyama, 1995).
Over-expression of the yeast invertase gene in each
compartment of apoplasts, vacuoles or cytosol of potato
leaves decreased assimilation of CO,, retarded growth
and they accumulated more hexose and proline (Bussis
et al., 1997). Carrots had thick leaves when VAIV or
BAIV activity was suppressed by introducing their
antisense gene. However, roots became small with VAIV
suppression, and root growth was suppressed and
carbohydrate content was reduced by BAIV suppression
(Tang et al., 1999). Introducing the AIV antisense gene
into broccoli suppressed the expression of BoINV2, but
not BolVNI, and simultaneously suppressed the
expression of cystein protease (BoCPJ) that led to a
delay of floret senescence (Eason et al., 2007).

ii) SuSy: Transgenic tomatoes containing an intro-
duced SuSy antisense gene linked to a fruit-specific
promoter inhibited 99% of SuSy activity, but did not
change the accumulation of starch and sugars
(Chengappa et al., 1999). Therefore, SuSy seems not to
participate in the main sink activity. A similar result was
shown by another transgenic tomato containing an
introduced SuSy antisense gene (D’Aoust et al., 1999).
Suppression of SuSy activity by introducing the SuSy
antisense gene into potatoes did not much influence the
production of the glycolysis intermediate (Biemelt et al.,
1999). In transgenic potato plants with over-expression
due to the SuSy gene or with suppressed expression due
to the antisense gene, transgenic potatoes did not
influence the expression of ADPglucose pyrophospho-
rylase, which is a key enzyme to accumulate
photosynthate for starch synthesis (Kim et al., 2000a).
Thus, SuSy does not seem to be a key enzyme needed
to accumulate photosynthate.

iii) SPS: Transgenic tomatoes containing the over-
expressed maize SPS gene increased SPS activity in

leaves 6-fold, increased sucrose content, but decreased
starch content (Worrell et al., 1991). SPS in leaves
regulates partitioning of assimilate. In transgenic
tomatoes containing the over-expressed SPS gene, SPS
activity increased 3-fold in leaves, but not in fruit, while
the sugar contents in fruit increased (Laporte et al., 1997).
In other transgenic tomatoes containing the over-
expressed SPS gene, the SPS activity increased 2.4-fold,
but other enzyme activities did not change, and unloading
of sucrose was more active (Nguyen-Quoc et al., 1999).
That is, sink activity in fruit is higher. Transgenic
tomatoes containing the over-expressed SPS gene linked
to a cauliflower mosaic virus 35S promoter increased
yield by more than 80% because more assimilate is
partitioned in fruit, but photosynthesis did not change
(Laporte et al., 2001). SPS seems to have a major role
in partitioning assimilate in leaves for transport to fruit.

iv) S6PDH and NAD-SDH: Transgenic tobacco
introduced S6PDH gene produced a little sorbitol and
did not accumulate much sorbiotol (Tao et al., 1995).
This transgenic tobacco was resistant to boron deficiency
by stimulating the uptake and transport of boron
(Bellaloui et al.,, 1999; Brown et al., 1999). Rice
introduced S6PDH gene was resistant to boron
deficiency similar to transgenic tobacco (Bellaloui et al.,
2003). Transgenic persimmons introduced S6PDH gene
accumulated a lot of sorbitol and was resistant to salt
stress (Gao et al., 2001), but became dwarves with no
change in IAA or GA contents (Deguchi et al., 2004).
Transgenic apples introduced SOPDH gene had increased
S6PDH activity that increased the total amount of
sorbitol and sucrose to 1.5-fold, and reduced S6PDH
activity by co-suppression that increased sucrose in place
of a prominent decrease in sorbitol (Kanamaru et al.,
2004). Transgenic apples containing the introduced
antisense S6PDH gene decreased S6PDH activity, but
did not influence SPS activity, but increased fructose
1,6-bisphosphatase activity (Cheng et al., 2005). Similar
transgenic apples reduced SDH activity in fruit, but did
not influence the activities of AIV, fructokinase or
hexokinase (Teo et al., 2006). Such transgenic apples
reduced sorbitol synthesis and SDH activity in the shoot
tip, but did not influence AIV activity, and increased
SuSy activity (Zhou et al., 2006). Recently Deguchi et
al. (2006) produced transgenic tobacco introduced genes
of S6PDH and NAD-SDH together, and showed that
this transgenic tobacco had a higher survival rate than
the transgenic tobacco introduced only S6PDH gene and
accumulated a lot of sorbitol.

7. Conclusion

Enzymes and transporters relating to synthesis,
loading, unloading, membrane transport, metabolic
conversion and compartmentation of translocation
sugars, sucrose and sorbitol, discussed above are
summed up in Fig. 2.

Fruit can enlarge by producing turgor pressure by



10 S. Yamaki

Sieve tube

S

-

T Fo

TR
'...i...-'

Ge6P<—>Fc6P

:I:

Ge1P < >UDPGc—

«““nn 1

Fruit

ScP So6P

l®

Fc6P<—> G_7c6 P
UDPGc ¢~

\_ co J

@ Sucrose transporter Leaf
@ Sorbitol transporter
@ Hexose transporter

Endocytosis

1.BAIV, 2.CNIV, 3.VAIV, 4.SuSy,
5.SPS, 6.S6PDH, 7. Phosphatase,
8.NAD-SDH, 9.NADP-SDH,
10.Fructokinase

Fig. 2. Enzymes and transporters relating to synthesis, loading, unloading, membrane transport, metabolic conversion, and compartmentation of
translocation sugars, sucrose and sorbitol. BAIV; cell wall-bound acid invertase, CNIV; cytoplasmic neutral invertase; Fc; fructose, Ge;
glucose, NAD-SDH; NAD-dependent sorbitol dehydrogenase, NADP-SDH; NADP-dependent sorbitol dehydrogenase, Sc; sucrose, So;
sorbitol, S6PDH; sorbitol-6-P dehydrogenase, SPS; sucrose phosphate synthase, SuSy: sucrose synthase, VAIV; vacuolar acid invertase.

accumulating sugars and by changing the ratio of hexose
to sucrose. The force accumulating sugar is mainly
formed by sink activity. The expression of SuSy,
invertase and NAD-SDH regulated by various conditions
are very active to produce sink activity. Therefore,
expression of the genes of these enzymes and the
activities in various fruits should be clarified and the
different regulations by various conditions should be
investigated. These enzymes do not always contribute
to sink activity as shown in studies using transgenic fruit
containing these genes. The use of promoters that are
expressed specifically in fruit is useful to understand
their influence on sink activity. The other important thing
in the production of sink activity is that almost all sugars
in fruit accumulate in vacuoles. However, how the sugars
accumulate in vacuoles is not so clear, although recently
genes of the sugar transporter localized on the tonoplast
were cloned. It might predict other systems of sugar
accumulation such as direct uptake of sugars into
vacuoles from apoplasts by endocytosis. To freely
convert translocation sugars quantitatively or qualita-
tively to other sugars will have a great impact on
stimulating fruit development and improving fruit quality
because sugars are the primary substrate of various fruit
components.
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