
Chapter 9

Sugar Accumulation in Tomato Fruit and Its

Modification Using Molecular Breeding

Techniques

Chiaki Matsukura

9.1 Introduction

Fruit sweetness is one of the most important properties for determining the market

value of both fresh and processed tomatoes (Solanum lycopersicum L.). Fruit

sweetness is generally represented as the total soluble solids content (TSS, mea-

sured as �Brix). In fact, fruit sweetness primarily depends on the soluble sugar

content and its composition. The soluble sugar content and composition largely

influence not only the organoleptic quality of fruit but also its processing efficiency;

fruits with higher soluble sugar content (i.e., less water content) provide economic

advantages such as fewer concentration steps and saving transportation and raw

material costs (Stark et al. 1996). Therefore, high fruit sugar content is profitable

from a commercial point of view and has been one of the major targets of breeding

programs, together with yield and disease resistance, in most berry fruit crops,

including tomato. However, the development of new fruit varieties with high sugar

content has depended primarily on organoleptic assessments by breeders because of

insufficient information regarding the biological mechanism(s) controlling fruit

sweetness. Over the last two decades, research on fruit metabolic physiology and

functional genomics has produced substantial progress for quality breeding in

tomato. In this chapter, recent research progress on the regulation mechanisms of

sugar accumulation is introduced from a physiological point of view, and the

applications of this research to organoleptic quality breeding in tomato are

discussed.

Fruit development in tomato is generally classified into three stages (Ho and

Hewitt 1986; Ho 1996). In the first stage, the cell number increases as a result of

active cell division, which affects the potential mature fruit size. In the second
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stage, the fruit size enlarges due to rapid cell expansion, and in the third stage, fruit

ripening occurs and is associated with ethylene production and an increase in cell

respiration. Generally, sugar accumulation in the fruit is thought to proceed by the

following steps: (1) active assimilation (mainly sucrose) and water influx into the

fruit via the vascular system, (2) sugar metabolism and the biosynthesis of starch as

a transient storage form of carbohydrate, and (3) the breakdown of starch and

intensive increases in the levels of hexose sugars, such as glucose and fructose

(Dinar and Stevens 1981; Schaffer and Petreikov 1997). Steps (1) and (2) occur in

the late first and second stages of tomato growth. Rapid sucrose hydrolysis and

starch accumulation cause intensive sink strength in the immature fruit (Ho 1996).

Step (3) occurs during ripening, which is accompanied by rapid fruit softening and

drastic metabolic shifts in the major fruit components, such as organic acids,

carotenoids, hexose sugars, and cell wall components (Carrari et al. 2006). Of

course, these processes are affected by cultivation management and environmental

conditions, such as temperature, rainfall level, humidity, and insolation conditions

(Prudent et al. 2011). Our understanding of fruit carbohydrate status, including

sugar content and composition, has generally been based on the concept that the

futile cycles of sucrose/hexose interchange, which are governed by sucrose

synthase, sucrose phosphatase synthase, and invertase, regulate the sink strength

and sugar level and composition (Nguyen-Quoc and Foyer 2001). These enzymes

are thought to be involved in the intra- and intercellular transport of sugars among

vacuoles and the cytosol and apoplasts involved in futile cycles in cooperation with

sucrose/hexose transporters. In this chapter, the basic mechanisms regulating sugar

level and composition are first described, and several new findings reported by

recent studies are introduced. Finally, the possibility of molecular breeding for the

modification of sugar content and composition in tomato fruit is discussed.

9.2 Invertase Plays a Key Role in Determining Fruit Sugar

Content and Composition

It is now well known that sugars function as signal molecules as well as carbon

energy sources in the various stages of the plant life cycle. The amount and balance

of sucrose and its cleavage products are particularly important in regulating both

metabolism and development. There are two notable enzymes involved in the

cleavage of disaccharide sucrose to monosaccharides: sucrose synthase and inver-

tase. Because sugars are important regulators of gene expression in plants, these

enzymes are thought to participate in the control of various developmental pro-

cesses. Sucrose synthase (EC2.4.1.13) converts sucrose into fructose and

UDP-glucose. By contrast, invertase (EC 3.2.1.26) irreversibly catalyzes the hydro-

lytic cleavage of sucrose into glucose and fructose. In tomato, sucrose synthase was

considered to be a major factor determining the fruit sink strength because of the

following reasons: (1) there is a strong correlation among sucrose synthase activity,
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ADP-glucose pyrophosphorylase, and starch accumulation in early developing fruit

(Robinson et al. 1988; Yelle et al. 1988); (2) sucrose synthase activity increases in

parallel with fruit growth, and there is a linear correlation between its activity and

the final fruit size in both wild species and commercial varieties (Sun et al. 1992);

and (3) antisense transgenic plants in which the sucrose synthase activity was

inhibited displayed reduced fruit setting and sucrose import capacity in young

fruit (D’Aoust et al. 1999). Meanwhile, the suppression of the sucrose synthase

gene in tomato did not lead to remarkable alterations in starch and sugar accumu-

lation in the fruit (Chengappa et al. 1999). Although a clear correlation between

sink strength and sucrose synthase activity has been observed, there is poor

evidence that sucrose synthase is directly involved in the control of fruit sugar

content and composition in tomato.

On the other hand, increasing evidence in the last two decades has indicated that

invertase is an essential factor for regulating sugar content in tomato fruit. In plants,

invertases are classified into three isozyme types—cell wall invertase (CWIN) (also

often referred to as apoplastic or extracellular invertase), vacuolar invertase (VIN),

and cytoplasmic invertase (CIN) (also referred to as neutral invertase)—according

to their solubility, subcellular localization, isoelectric point (pI), and optimal pH

(Sturm 1999). Among these isozyme types, CWIN and VIN are characterized as

acid invertases because of their acidic optimal pH, whereas CIN is characterized as

a neutral invertase due to its neutral optimal pH. Several studies have revealed the

diverse roles of invertase in the plant life cycle, including its participation in various

responses to abiotic and biotic stresses such as drought, hypoxia, high temperature,

wounding, and pathogen infection. In addition, invertase regulates seed and pollen

development, sugar composition in fruit, and sugar storage in sink organs, among

other effects (see Roitsch and González 2004, for a review). Most of these processes

are considered to result from modified gene expression and changes in carbohydrate

partitioning, which are regulated by sucrose and its cleavage products as signal

molecules. In plants, CWIN and VIN have similar properties except for their

cellular localization and pI; that is, both enzymes are β-fructofuranosidases with
acidic optimum pH values, are glycoproteins, and share high sequence homology

(Unger et al. 1994). In contrast to CWIN and VIN, little information is available on

CIN in tomato, and its physiological function has yet to be elucidated.

In tomato, genetic and biochemical analyses investigating differences in sugar

composition between wild species and S. lycopersicum, from which most cultivars

are derived, have proven that the two acid invertases CWIN and VIN are involved

in the determination of fruit sugar content and composition in different stages

(Yelle et al. 1988; Klann et al. 1993; Fridman et al. 2000; Husain et al. 2001;

Miron et al. 2002). Utilizing progeny lines derived from interspecific crossing

between S. lycopersicum and a wild species, S. chmielewskii, which mainly accu-

mulates sucrose instead of reducing hexoses in its fruit, Klann et al. (1993) revealed

a lack of VIN activity during fruit maturation, which resulted in the sucrose-

accumulation property of S. chmielewskii. In addition, S. pimpinellifolium showed

higher VIN activity and hexose contents in red fruit compared with S. lycopersicum
(Husain et al. 2001). These results indicate that VIN changes the fruit sugar balance
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to high hexose and low sucrose during maturation in tomato. This observation was

also supported by a transgenic approach utilizing antisense transgenic tomato plants

in which VIN gene (TIV1) expression was suppressed, resulting in a marked

increase in sucrose and a decrease in hexose content in the fruit (Ohyama

et al. 1995). Interestingly, although the invertase activity was largely suppressed

in the transgenic tomato, remarkable differences in fruit development and total

soluble solids were not observed compared with a non-transgenic plant. These

results suggest that vacuole-localizing acid invertase expression in the later fruit

developmental stage is not essential for determining the total sugar level and fruit

sink strength.

During the last decade, a cell wall invertase has attracted attention for its

influence on the total soluble solids in tomato. CWIN is thought to be an essential

enzyme for supplying carbohydrates into sink organs through the hydrolytic cleav-

age of phloem-unloaded sucrose to hexose. To date, four genes encoding CWIN—
LIN5, LIN6, LIN7, and LIN8—have been identified in tomato, and tissue-specific

expression patterns have been reported (Godt and Roitsch 1997; Ohyama

et al. 1998; Fridman and Zamir 2003). Transcriptional analyses have indicated

that LIN5, LIN6, and LIN7 are mainly expressed in the floral reproductive organs,

whereas LIN8 is expressed in the vegetative organs, such as the roots and leaves.

Among the floral-expressing LINs, whereas LIN7 showed very limited expression in

stamens and pollen, LIN5 was strongly expressed in ovaries and immature green

fruit in addition to in the floral organs. By contrast, LIN6 showed a broader

expression pattern, including expression in the roots, stems, leaves, and young

fruit (Fridman and Zamir 2003; Ohyama et al. 2006). From a physiological point

of view, the most interesting isozyme is most likely LIN6, as this gene responds to
various biotic and abiotic stimuli, including wounding, pathogen infection, and

sugars (Godt and Roitsch 1997; Ohyama et al. 1998; Sinha et al. 2002). LIN6
expression is also induced in response to cytokines and brassinosteroids, a group of

phytohormones known to promote cell division and active growth in plants (Godt

and Roitsch 1997; Goetz et al. 2000). The responses of LIN6 are considered

essential in the process of supplying carbohydrates to damaged tissues and to

growing organs to accommodate the increasing demand for metabolic energy.

Among the other CWINs, LIN7, which is expressed specifically in stamens and

pollen, was suggested to be involved in heat stress tolerance because the expression

level of LIN7 was significantly higher in a heat stress-tolerant variety than in a

sensitive variety, and its expression was specifically promoted by heat stress in the

heat-tolerant variety (Li et al. 2012). Li et al. (2012) also suggested that the high

import ability of sucrose into young fruits contributes to the heat tolerance of the

variety and should be provided by LIN7 expression.

For fruit sugar content, the most important CWIN should be LIN5 because the

encoding gene is the most abundantly expressed in the fruit in the early develop-

ment stages (Godt and Roitsch 1997; Ohyama et al. 1998; Fridman and Zamir

2003). This assumption is further supported by a QTL mapping study utilizing an

introgression line developed from an interspecific cross between S. pennellii and
S. lycopersicum (Eshed and Zamir 1995). A field trial revealed that 23 QTLs were
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related to a high total soluble solid content, and one of those was mapped on

chromosome 9 as Brix9-2-5 (Eshed and Zamir 1995, 1996). By fine mapping

utilizing an F2 hybrid population generated from near isogenic lines (NILs),

Brix9-2-5 was finally mapped to a 484 bp region ranging from exon 3 to exon

4 of the LIN5 gene originating from S. pennellii (Fridman et al. 2000). Comparing

the specific region of LIN5, there are several differences between the two species.

For instance, three SNPs with amino acid substitutions, 18 bp and 7 bp repeat

sequences, and a hypothetical ORF of 30 amino acids were found in the S. pennellii-
derived sequence. Subsequent analyses revealed that one of the SNPs near the

catalytic site facilitates the enzyme kinetics of LIN5, facilitates the uptake of

assimilate, and results in increased TSS in the fruit of plants bearing the Brix9-2-
5 allele (Fridman et al. 2002, 2004). An RNAi-based approach confirmed the role of

LIN5 in the regulation of the fruit Brix content. In addition, the suppression of LIN5
revealed its multiple functions in normal floral and fruit development, including

functions related to morphology, size, number, and pollen development. Further-

more, reductions in phytohormone levels, such as ABA, JA, and GA, and the

expression of genes associated with biosynthesis and/or with the response of

those phytohormones were also observed in the LIN5 RNAi plant, suggesting its

role in hormone metabolism (Zanor et al. 2009).

These studies have led to substantial progress in understanding the genetic and

transcriptional regulation processes governing the roles of invertase in plants.

Additionally, during the last decade, increasing evidence has indicated that inver-

tase activity is regulated by posttranscriptional suppression through its inhibitory

protein (Hothorn et al. 2004; Jin et al. 2009). In tomato, the suppression of the

invertase inhibitor (INVINH1) leads to posttranscriptional increases in CWIN

activity, seed weight, and hexose levels in fruit without any alteration in VIN and

CIN activities (Jin et al. 2009). The cellular and subcellular localization of

INVINH1 occur in the apoplast vasculature (phloem parenchyma) of young fruit;

this expression pattern is consistent with that of LIN5. Other types of invertase

inhibitors have also been reported in tomato, and one of these, SolyCIF, showed

specific localization to the cell wall compartment (Reca et al. 2008). Invertase

inhibitors localizing to both apoplasts and vacuoles have been identified in other

crops (Rausch and Greiner 2004), indicating that INVINH comprises a gene family

and functions as a modulator for invertase activity in an intracellular-specific manner.

As described above, regarding the physiological function of cytoplasmic inver-

tase (CIN), there is little information available for plants because of its low and

unstable enzymatic activity, and few genes have been isolated. In tomato continu-

ous sucrose import during fruit ripening is important for a wild relative

Lycopersicum species, cheesmanii, and there is a positive correlation between

CIN activity and hexose levels in the fruit of plants exposed to salinity stress

(Balibrea et al. 1996, 2006). These results indicate that CIN functions in a specific

genetic background, such as wild Lycopersicum germplasm, or under specific

environmental conditions, such as salinity stress.
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9.3 Sucrose Unloading and Starch Accumulation

in Immature Fruit Partially Determines the Fruit

Sugar Level

Alongside invertase, early studies have related the starch level in the immature and

mature green fruit stages to the level of soluble solids in ripe tomato fruit (Davies

and Cocking 1965; Dinar and Stevens 1981; Robinson et al. 1988; Schaffer and

Petreikov 1997). ADP-glucose pyrophosphorylase (AGPase, EC 2.7.7.27) is pro-

posed to regulate starch biosynthesis during the early stages of fruit development

(Schaffer and Petreikov 1997; Schaffer et al. 2000). AGPase catalyzes the synthesis

of ADP-glucose from glucose-1-phosphate and ATP (Preiss 1988), which is the first

regulatory step in starch biosynthesis in plants (Tsai and Nelson 1966; Lin

et al. 1988; Müller-R€ober et al. 1992; Stark et al. 1992). Plant AGPase is a

hetero-tetrameric enzyme composed of two small and two large subunits (Morell

et al. 1987). The former subunits function as the catalytic molecule, and the latter

subunits function as allosteric modulators (Okita et al. 1990). 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, AgL2, and AgL3) have thus far been

isolated as cDNAs (Chen et al. 1998; Park and Chung 1998). The predominant

transcripts in developing fruit are AgpL1 and AgpS1, and the expression of these

two genes peaks during the early development stages, which are responsible for

starch accumulation (Park and Chung 1998; Petreikov et al. 2006; Yin et al. 2010).

Plant AGPase genes are regulated at the transcriptional level by phosphate, nitrate,

and sugars (Müller-R€ober et al. 1990; Scheible et al. 1997; Nielsen et al. 1998;

Sokolov et al. 1998; Li et al. 2002). Additionally, our previous work revealed that

AgpS1 and AgpL1 were specifically upregulated at the transcriptional level by

salinity stress in early developing fruits in an ABA- and osmotic-stress-independent

manner (Yin et al. 2010). In fact, the AgpL1 response to salinity was found to be a

sugar-mediated response, as evidenced by the elevated carbohydrate influx into the

fruit under salinity stress (Yin et al. 2010). The observation that starch synthesis in

fruit is dependent on the sugar supply is consistent with the results of N’tchobo
et al. (1999). Auxin has also been demonstrated to be involved in starch biosynthesis

and sugar accumulation. Amyloplast development and the gene expression of starch

biosynthetic enzymes, including AGPase, were suppressed by auxin in tobacco-

cultured cells (Miyazawa et al. 1999). In tomato, the downregulation of auxin
response factor 4 (SlARF4), a member of the transcription factor family regulating

auxin-responsive genes, led to increased chlorophyll content with excessive numbers

of chloroplasts in the fruit (Jones et al. 2002). Further analyses revealed that the

SlARF4-suppressed line showed enhanced starch accumulation in early developing

fruit and increased sugar contents inmature fruit, suggesting a negative role of SlARF4
and auxin on starch and sugar accumulation in tomato fruit (Sagar et al. 2013).

Enhanced starch accumulation in young fruit was also observed in different

germplasms with higher invertase activity and the total soluble solids content than
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those of normal tomato cultivars, such as in the S. pennellii-derived introgression

line possessing the Brix9-2-5 allele (Robinson et al. 1988; Baxter et al. 2005).

Expression analyses with the promoter-GUS transgenic plants driven by the AgpL1
and AgpS1 promoters revealed a high expression of both genes in the vascular tissue

of young fruit, stems, and roots at the transcriptional level (Xing et al. 2005; Goto

et al. 2013). Vasculature-specific expression was also observed for CWIN and for

the invertase inhibitor gene in tomato (Jin et al. 2009). A CWIN has been thought to

play a role in supplying carbohydrate energy to sink organs in the hexose form as

well as in the apoplastic hydrolysis of sucrose. The associated expression pattern of

these genes suggests the functional collaboration of CWIN and AGPase in vascular

tissue. In contrast to invertase, sucrose synthase seems less likely to be related to

starch synthesis in tomato fruit because a transgenic plant with suppressed sucrose

synthase expression exhibited unaltered starch accumulation and sugar content in

its fruits (Chengappa et al. 1999). However, Baroja-Fernández et al. (2012) reported

the involvement of sucrose synthase in starch biosynthesis through cytoplasmic

ADP-glucose production in Arabidopsis. The contribution of sucrose synthase to

starch synthesis is still unclear in tomato.

9.4 Inhibition of the Sucrose Transporter Affects Fruit

Sugar Content as well as Seed Development and Yield

in Fruit

In plants, photoassimilates are mainly translocated as nonreducing disaccharides,

such as sucrose, from the source leaves to the sink tissues/organs. The sucrose

transporter (SUT, also known as SUC) is an essential membrane protein for the

long-distance transport of sucrose, in particular at phloem loading/unloading in

source/sink organs in higher plants. In tomato, three SUT genes—LeSUT1,
LeSUT2, and LeSUT4—were isolated, and it was demonstrated that all proteins

localize in the phloem sieve element (Barker et al. 2000; Weise et al. 2000).

LeSUT1 is specifically expressed in phloem companion cells in source leaves and

is suggested to play a crucial role in phloem loading. LeSUT2 is mainly expressed in

sink organs, such as stems and fruits, and in anthers, whereas LeSUT4 is expressed

in ovaries and immature fruit (Barker et al. 2000; Hackel et al. 2006; Weise

et al. 2000). Among these SUTs, the antisense inhibition of LeSUT2 led to signif-

icant reductions in the soluble sugar (glucose, fructose, and sucrose) and starch

contents in young fruits, which was accompanied by reductions in yield due to

decreased fertility and fruit size (Hackel et al. 2006). Because there were no

significant changes in the carbohydrate composition in the leaves of the antisense

SUT transgenic lines, the results observed in the fruit were not due to a reduction in

the sucrose supply from the source leaves. Although LeSUT2 has been suggested to

act as a sucrose sensor (Barker et al. 2000), it has bilateral functions as a physio-

logically functional transporter of fruit sugar content. These results also showed
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that the mode of phloem unloading is mediated by an apoplastic step in young fruit.

Although early studies in the 1980s suggested that a symplastic pathway functions

in young fruit, it is not likely to be associated with phloem unloading in sink organs.

However, the function of LeSUT4 has still not been elucidated, although phyloge-

netic analyses have indicated that this transporter can be categorized as a type III

SUT, which are associated with vacuolar membranes (Endler et al. 2006; Reinders

et al. 2012). Therefore, LeSUT4 may function in the control of sugar composition in

cooperation with vacuolar acid invertase. Taken together, these findings show that

apoplastic invertase, AGPase, and sucrose transporters play essential roles in

vascular apoplasts in a coordinated manner and the carbohydrate dynamism in

early developing fruit is very important for determining the sugar level in red ripe

fruit.

9.5 Novel Vacuolar Processing Enzyme Is Involved

in the Control of Fruit Sugar Composition in Mature

Fruit

Recently, newly isolated vacuolar processing enzymes (VPE) were demonstrated to

participate in the modification of sugar content and composition in tomato fruit.

VPE proteins are members of the cysteine proteinase family, which is well con-

served among various organisms, including plants. VPE was originally identified as

a cysteine proteinase involved in the processing of seed storage proteins (Hara-

Nishimura et al. 1991). In tomato, five genes (SlVPE1–SlVPE5) coding a VPE

protein were isolated and characterized: SlVPE1 and SlVPE2 as seed coat types,

SlVPE4 as a seed type, and SlVPE3 and SlVPE5 as vegetative types (Ariizumi

et al. 2011). Based on histochemical analyses of the promoter-GUS plants, both

SlVPE3 and SlVPE5 exhibited specific expression in the vascular bundles from the

seeds to the placenta and around the endocarp tissue in the fruit during all devel-

opmental stages. A transgenic approach revealed increased sugar accumulation in

mature fruits of the RNAi tomato lines with decreased VPE expression. Among the

SlVPEs, the suppression of SlVPE5 had the greatest effect on the fruit sugar

content. These results indicate that SlVPEs participate in the regulation of fruit

sugar content as a negative regulator in tomato. The target proteins of SlVPEs have

yet to be identified. In Arabidopsis, γVPE, an ortholog of SlVPE, targets various

types of hydrolases, such β-glycosidase, α-galactosidase, and α-mannosidase (Rojo

et al. 2003). Because γVPE is also involved in the proteolysis of a vacuolar

invertase, β-FRUCTOSIDASE4, it is likely to display a similar mechanism to

that of SlSVPs; that is, reduced VPE activity caused by the suppression of

SlVPE5 produces increased invertase activity in vacuoles, resulting in enhanced

sugar accumulation in transgenic RNAi fruits (Ariizumi et al. 2011).
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9.6 Molecular Breeding for the Modification of Fruit Sugar

Content and Composition in Tomato

As described above, several experimental trials have successfully modified fruit

sugar contents or composition in tomato by modifying the expression of target

genes using transgenic approaches. Stark et al. (1996) developed transgenic tomato

lines overexpressing a small subunit gene of a bacterial ADP-glucose

pyrophosphorylase (glgC16) that displayed higher starch accumulation in young

fruit and total soluble solids increased by approximately 20 % in mature fruit. No

remarkable changes in the phenotype or growth of the plant or in the size and yield

of fruits were observed. Indeed, an overexpression approach for sugar/starch

biosynthetic enzyme genes may be a simple and effective way to generate new

tomato varieties with high sugar contents. However, considering the recent con-

sumer attitude against genetically modified crops (GMO), transgenic approaches

would be undesirable for the development of a commercial variety. From this point

of view, a knockdown strategy, such as mutant screening based on a reverse genetic

approach, would be a valid option. In tomato, ethyl methanesulfonate (EMS)-

mutagenized populations assisted by TILLING (Targeting Induced Local Lesions

in Genomes; Till et al. 2004) have been developed (Okabe et al. 2011; Just

et al. 2013). For a new variety with high sugar contents, negative regulators, such

as invertase inhibitor (INVINH1), auxin response factor (SlARF4), and vacuolar

processing protein (SlVPE5), are potential candidate genes for mutant screening.

During the last decade, the availability of genomic resources has rapidly

expanded in tomato, including high-resolution linkage maps, DNA markers,

ESTs, and the tomato genomic sequence (Tomato Genome Consortium 2012). In

combination with these genomic resources, the availability of existing genetic

resources, including wild species-derived introgression/recombinant inbred lines

(Eshed and Zamir 1995; Fulton et al. 2002; Causse et al. 2004; Prudent et al. 2009),

has also improved. With the accumulation of QTLs and/or mutation alleles for high

sugar contents into an appropriate germplasm (so-called pyramiding), a more

efficient and rapid breeding system will be established for a new cultivar with

high organoleptic quality in the near future.
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