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Abstract

Carbohydrate composition varies between different fruiting species and is the
balance between the carbon supply to the fruit and its storage via a cascade
of biochemical reactions. In kiwifruit, a starch-storing fruit, soluble solids
content (SSC) during fruit development is determined by both the
partitioning of carbohydrates into soluble and insoluble components, and
the conversion of starch to sugars. The seasonal patterns of carbohydrate
concentrations show great dissimilarities in Actinidia depending on species
and tissue. However, ripe fruits of Actinidia chinensis var. chinensis and
Actinidia chinensis var. deliciosa contain glucose and fructose as the
predominant soluble sugars and sucrose in smaller amounts, while Actinidia
arguta differs significantly, as its fruit contain mainly sucrose and great
quantities of myo-inositol during the early phases of sugar accumulation.
Here, we report an overview of the recent developments in the study of
pathways controlling carbohydrate metabolism in kiwifruit, specifically
focusing on the genes encoding the biosynthetic enzymes sucrose-phosphate
synthase (SPS), L-myo-inositol-1-phosphate synthase (MIPS), ADP-glucose
pyrophosphorylase (AGPase), and the degradative enzymes, such as sucrose
synthase (SUS), invertases, and amylases. A brief outline of sugar transport
and signaling has also been presented, helping to indicate the complexity of
the genetic variation that underpins kiwifruit compositional differences. The
availability of the Actinidia genome sequence represents an important
starting point for the identification and characterization of new genes,
providing a valuable tool for genetic improvement.
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metabolism, and allocation of sugars, in source
leaves and sink organs such as roots and fruit.
This phenomenon, of considerable general
importance for plant growth and development,
assumes a particular relevance in commercial
fruit crops, where sugar metabolism affects
quality attributes such as the sugar—acid balance
and starch accumulation. In addition, a large
body of evidence shows that sugars also function
as signaling molecules in regulating gene
expression and plant development.

In higher plants, two enzymes catalyze the
cleavage of sucrose: sucrose synthase (SUS) and
invertase (INV). The former degrades sucrose in
the presence of UDP to UDP-glucose and fruc-
tose, whereas the latter hydrolyzes sucrose to
glucose and fructose. Current understanding
indicates that SUS is mainly involved in the
biosynthesis of sugar polymers, including starch
and cellulose, and the generation of energy
(ATP). On the other hand, INV appears to have a
wide range of regulatory functions in plant growth
and development in addition to its major role in
primary carbon metabolism (Ruan et al. 2010).

Carbohydrate composition varies between
different fruiting species and reflects the balance
between carbon supply to the fruit and its storage
via a cascade of biochemical reactions; for
instance, tomato and peach accumulate mainly
soluble sugars during fruit development (Bertin
et al. 2009; Falchi et al. 2013; Zanon et al. 2015),
whereas banana, apple, pear, and kiwifruit are
starch-storing fruit (Nardozza et al. 2010a).
Therefore, the changing soluble solids content
(SSC) of kiwifruit during fruit development is
determined both by the partitioning of carbohy-
drates into soluble and insoluble components,
and by the conversion of starch to sugars.

Besides health benefits and appearance, taste
and flavor, largely determined by the concentra-
tion and balance of sugars and acids, are critical
desirable attributes of kiwifruit for consumer
acceptance. The pattern, or the rate, of soluble
solids accumulation is likely to be a more robust
indicator of the physiological state of the fruit,
and therefore postharvest performance, than a
single SSC value. Studies have shown that there
is a stronger association between softening in
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storage and soluble solids accumulation rate than
with either SSC or firmness values at harvest
(Burdon et al. 2013).

Currently, the green-fleshed kiwifruit, Actini-
dia deliciosa var. deliciosa, the closely related
yellow-fleshed Actinidia chinensis var. chinensis,
and the kiwiberry, Actinidia arguta, are the most
important Actinidia taxa being grown commer-
cially. Cultivated kiwifruit are mainly seedling
selections, as owing to dioecy and the variation
in ploidy of Actinidia, systematic breeding is still
difficult. Consequently, there are still many
characteristics within the genus that could be
incorporated into commercial cultivars and to
this aim a better knowledge of the regulation of
these traits is required (Crowhurst et al. 2008).

15.2 Photoassimilate Metabolism
in Actinidia

Carbohydrate metabolism in kiwifruit has been
described both during fruit growth, in terms of
metabolism of imported carbon and sink strength
(Moscatello et al. 2011), and during ripening and
the postharvest period (MacRae et al. 1992).
Fruit of Actinidia are strong sinks for accu-
mulation of photosynthates produced by the
canopy in the form of sucrose. During kiwifruit
development, there are three main stages in terms
of the predominating metabolism: (1) cell divi-
sion, (2) starch accumulation, and (3) fruit mat-
uration (Richardson et al. 2004). In the first stage,
from O to 45 days after full bloom (DAFB), there
is a remarkable increase of glucose in the outer
pericarp. During the second stage, lasting from
about 45 DAFB to about 120 DAFB, cell divi-
sion slows and starch accumulates even to
exceed more than 40 % of the fruit dry weight
(DW). Rapid starch accumulation follows the
rise in glucose, suggesting that glucose may play
a role of signaling that contributes to a dramatic
change in the allocation of imported carbon
toward starch, a sharp change that marks the
switch from the first to the second phase of fruit
growth in kiwifruit (Moscatello et al. 2011).
Kiwifruit are always commercially harvested
when sufficient starch has degraded for soluble
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solids to reach a minimum Brix value, but starch
is still the major carbohydrate present in the fruit
(in the order of 5-7 % fresh weight (FW) or 40—
50 % dry weight) (MacRae et al. 1989). Analysis
of several A. chinensis var. deliciosa breeding
families found consistent genetic differences in
fruit starch concentration between genotype
classes with contrasting dry matter content,
explicable by differences in the relative volumes
of small and large cells in the outer pericarp. This
finding is significant because it means that
selective breeding based on gross compositional
traits, such as dry matter or flesh starch concen-
tration, may inadvertently result in the selection
of loci controlling anatomical traits. Changes in
cellular anatomy have potential consequences for
fruit quality traits that are not directly related to
composition, such as postharvest storability,
softening patterns, texture, or juiciness (Nar-
dozza et al. 2010b).

In the last stage, from about 120 DAFB to
harvest, starch accumulation ends, and the sol-
uble sugar content increases remarkably, in the
form of equimolar amounts of glucose and
fructose. By the time the fruit are edible, starch is
no longer present and the sugar content is
approximately fivefold higher than that at har-
vest. These events take place over an extended
period after harvest, and several studies indicate
that at least some starch degradation has to occur
prior to the climacteric peak. Hence, kiwifruit
provide a potential contrast to bananas, where
starch degradation appears to overlap temporally
with the climacteric (MacRae et al. 1992).

Big differences in SSC and sugars have been
found between and within Actinidia taxa. The
seasonal patterns of carbohydrate concentrations
in Actinidia taxa, in leaf, fruit, and fine root tissue
samples from A. arguta, A. chinensis var. chi-
nensis, A. chinensis var. deliciosa, Actinidia eri-
antha, and Actinidia polygama, have been
determined (Boldingh et al. 2000). All five taxa
transiently accumulated starch, and the onset of
net starch degradation coincides with the onset of
net sugar accumulation. Hexose sugars transiently
increased in all taxa, between 25 DAFB in A.
arguta and 45-60 DAFB in A. chinensis var.
deliciosa. During the developmental period, A.
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polygama accumulated more than twice as much
sugar as A. arguta or A. chinensis var. chinensis
and more than three times the concentrations
found in A. eriantha (Boldingh et al. 2000).

The sugar composition of A. chinensis var.
chinensis fruit resembles that of A. chinensis var.
deliciosa, glucose and fructose being the pre-
dominant soluble sugars with sucrose present in
smaller amounts (Esti et al. 1998), while A.
arguta greatly differs as its fruit contain sucrose
as the predominant soluble sugar. All taxa show
maximal myo-inositol concentrations during the
early accumulation of sugars, but in A. arguta
myo-inositol content represents about 60 % of all
sugars (33 % of total non-structural carbohy-
drate) at that time, whereas myo-inositol con-
tributes only about 10 % in A. chinensis var.
deliciosa, 20 % in A. chinensis var. chinensis,
and 5 % of the total sugar accumulated in A.
polygama (Boldingh et al. 2000). Even so, the
myo-inositol level in the ‘Hayward’ fruit (A.
chinensis var. deliciosa), which is reported to be
153 mg/100 g FW, is higher than commonly
consumed fruits, including orange, grapefruit,
and mandarin orange (Klages et al. 1997; Sanz
et al. 2004).

Klages et al. (1997) suggested that part of the
myo-inositol in the fruit might be synthesized
in situ, whereas some of myo-inositol might be
translocated from the phloem as a minor com-
ponent (Nishiyama 2007). The polyol myo-ino-
sitol, synthesized from Db-glucose-6-phosphate
through myo-inositol-1-phosphate, is ubiqui-
tously present in higher plants, playing a central
role in several biochemical pathways, being a
precursor in the synthesis of phosphoinositides,
phytoglycolipid, inositol phosphates, auxin con-
jugates, the raffinose series of sugars, and
ascorbate (Klages et al. 2004). It has been sug-
gested that the sugar functions in Actinidia fruit
to maintain cellular turgor, especially during
rapid cell enlargement. At that time, myo-inositol
may also act as an osmoprotectant and as a
substrate for cell wall precursors. However, car-
bohydrate accumulation in A. eriantha seems to
be insufficient to fulfill those cellular functions.
Therefore, the relatively higher activity of myo-
inositol-synthesizing enzymes in that species
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when the fruits are taking up water quickly may
be indicative of a rapid transformation from
glucose to myo-inositol. It might also reflect the
large requirement for myo-inositol during that
time, perhaps acting as a precursor for phos-
phatidylinositol, inositol phosphates, or members
of the raffinose family (Cui et al. 2013). As fruit
begins to ripen, net starch breakdown starts and
glucose, fructose, and sucrose accumulate in fruit
of all species. In A. eriantha, A. chinensis var.
chinensis, and A. chinensis var. deliciosa,
sucrose accumulation is delayed compared to net
starch breakdown and hexose accumulation,
while in A. arguta sucrose accumulates faster
than the hexose sugars combined (Boldingh et al.
2000).

The fresh weight of leaves increases in all
species over the first 80 days after bud break, and
maximum leaf weight differs markedly between
the species, with those with the heaviest fruit also
having the heaviest leaves. Total carbohydrate,
sucrose, and starch accumulate in leaves of all
species until the time around flowering. Maxi-
mum starch concentrations are lower in A. arguta
than in A. chinensis var. deliciosa, but are
maintained for longer after flowering. A. poly-
gama leaves contain more starch before flower-
ing than leaves of any of the other species and
have the lowest sugar—starch ratio. In all taxa,
leaf starch is lowest toward the end of the
growing season, prior to leaf fall. Glucose, fruc-
tose, and myo-inositol are present in leaves of all
taxa, while A. chinensis var. deliciosa has the
highest concentrations of leaf myo-inositol
(Boldingh et al. 2000). In contrast to starch and
sucrose, myo-inositol concentrations are similar
before and after flowering, but contributing 14—
19 % of the carbohydrate pool in sink leaves and
only 7-10 % in source leaves, showing after
flowering a circadian behavior (Klages et al.
2004).

The main sugar detected in all A. arguta
leaves is a trisaccharide, planteose, which
exceeds sucrose concentrations in all samples
measured. Planteose is similar to raffinose, but
with galactose attached to a different carbon of
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sucrose. While oligosaccharides of the raffinose
series represent a major component of both
temporary storage carbohydrate in leaves and
translocated carbon in the phloem of a variety of
plant species, planteose appears to be less com-
mon (Sprenger and Keller 2000). Planteose has
been reported from cyclamen (Rothe et al. 1999),
ash (Jukes and Lewis 1974), and sesame seed
(Dey 1980). Planteose represents 45-65 % of the
total sugar fraction in leaves of seedling and
fruiting A. arguta plants. In A. arguta leaves,
there is more planteose than sucrose with clear
diurnal patterns in concentration—opposite to
those for sucrose—and it forms the major storage
form from new photosynthate. Sucrose concen-
trations also show diurnal patterns, but these
differ according to the species and to the presence
of fruit. Most importantly, experimental data
indicate distinct times for the synthesis of plan-
teose and sucrose. Starch is, as expected, syn-
thesized during the day and metabolized during
the night, but its overall variation is much less
dramatically than that of planteose (Klages et al.
2004). Recent studies have shown that planteose
is also present in phloem exudates and is
translocated from leaves, through shoots to fruit
(Boldingh et al. 2015).

The main carbohydrates identified in fine
roots (2 mm diameter) of several Actinidia spe-
cies are starch and sucrose, characterized by a
similar seasonal pattern of declining throughout
late winter and spring to reach the lowest con-
centrations in summer (Boldingh et al. 2000).

Modification of the photoassimilate supply
substantially affects fruit development and size
through the modulation of cell number and cell
size (Bohner and Bangerth 1988; Bertin et al.
2002); therefore, the regulation of enzymes
involved in primary carbon metabolism and
photosynthesis is expected to have an impact on
fruit growth (Azzi et al. 2015).

In order to shed light on the genetic control of
fruit development, genes regulating the dynamics
of starch metabolism and sugar homeostasis have
been studied in different species and tissues of
the genus Actinidia (Fig. 15.1).
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Fig. 15.1 Schematic diagram of the genes involved in
sugar metabolism and transport processes contributing to
the flow of assimilates through the source—sink pathway in
Actinidia. Sucrose synthesis is catalyzed by sucrose-
phosphate synthase (SPS). Degradation of sucrose by
sucrose synthase (SUS) and vacuolar, cell wall, and neutral
invertases (VI, CWI, NI) generates hexoses which, after
phosphorylation mediated by hexokinase (HXK) and
fructokinase (FK), enter various biosynthetic pathways

15.2.1 Sucrose Synthase

Among the different cleavage enzymes, sucrose
synthase (SUS) mobilizes sucrose into multiple
pathways involved in metabolic, structural, and
storage functions, for example, by producing pre-
cursors for polysaccharide synthesis and/or as a
substrate for respiration (Koch 2004). SUS is a
glycosyltransferase, which, in the presence of uri-
dine 5'-diphosphate (UDP), converts sucrose into
UDP-glucose and fructose in a reversible manner.
Genes encoding this enzyme are highly expressed
in storage organs such as seed, fruit, and taproots,
and expression is often positively associated with
starch synthesis and fruit size (Hennen-Bierwagen
et al. 2009; Baroja-Fernandez et al. 2012), being
generally considered as a biochemical marker of
sink strength (Ruan 2014). Despite conflicting

FK SPS

fructose + glucose
HXK

BAM
AMY

G6P T myo-inositol

AGPase

starch

including starch synthesis. ADP-glucose pyrophosphory-
lase (AGPase) and a-/f-amylases (AMY, BAM) are
involved in starch synthesis and degradation, respectively.
Myo-inositol (synthesized by L-myo-inositol-1-phosphate
synthase (MIPS)) and planteose are carbohydrates pecu-
liarly accumulated in kiwifruit tissues. Sucrose and hexose
transporters (SUC, STP) are involved in sugar transport
and partitioning. The genes specifically studied in leaf or
fruit tissues are shown in bold

results reported for tomato (Chengappa et al. 1999;
D’Aoust et al. 1999), the ectopic expression of
StSUS4 in maize resulted in seeds with both higher
starch content and amylose/amylopectin balance
(Li et al. 2013).

A small multigene family encodes SUS iso-
forms in many of the plant species examined to
date. Studies of the predicted amino acid
sequences and gene structure have shown that the
Arabidopsis SUS family consists of six SUS
genes displaying different developmental
expression patterns (Baud et al. 2004). In kiwi-
fruit, expression of SUS genes appears tightly
regulated spatially and temporally. In A. chi-
nensis var. deliciosa, two different isoforms were
identified (Richardson et al. 2004; Nardozza
et al. 2013), the expression of which changed
markedly during fruit growth. SUSA transcript
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level increased with fruit development, repre-
senting the dominant SUS in mature fruit as also
in mandarin (Komatsu et al. 2002) and melon
(Dai et al. 2011). Analysis of expression in
several A. chinensis var. deliciosa genotypes
indicates a positive correlation between SUSA,
starch, and dry matter (Nardozza et al. 2013).
The expression of this gene is also environmen-
tally regulated as it responds to temperature
(Richardson et al. 2004) and to different treat-
ments to elicit ripening responses (Tanou et al.
2015).

Transcript levels of another sucrose synthase,
SUSI, homologous to sucrose synthases postu-
lated to play a role in sucrose unloading in
storage organs, peak early in fruit growth (40-50
DAFB), concomitantly with high glucose con-
tent, and then progressively decrease as fruit
develops (Richardson et al. 2004; Nardozza et al.
2013). In maize, suppression of SUS!I expression
results in reduced starch biosynthesis (Chourey
et al. 1998), while in potato tubers, the ortholo-
gous gene, StSUS4, is predominantly expressed
in the vascular and storage tissues (Fu and Park
1995). Conversely, in A chinensis var. chinensis
fruit, SUSA expression increased starting from
150 DAFB (harvest) and remained high until
senescence (Richardson et al. 2011).

The genotype- and development-dependent
differential expression patterns of SUS genes
suggest that each isoform may have evolved into
specialized functions to regulate -efficiently
sucrose cleavage, under the different metabolic
conditions that characterize fruit developmental
stages as cell division, starch accumulation, or
(climacteric) respiration (Bahaji et al. 2014).
Furthermore, SUS is subjected to both tran-
scriptional and post-transcriptional regulation
(Kleczkowski et al. 2010).

15.2.2 Invertase

This enzyme, which catalyzes the irreversible
hydrolysis of sucrose to glucose and fructose, is
present in plants in three different isoforms with
specific biochemical properties and subcellular
localizations, namely acid vacuolar (VI), acid
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cell wall-bound (CWI), and neutral (cytoplasmic)
invertases (NI) (Roitsch and Gonzalez 2004). An
association between a major QTL controlling
fruit weight and sugar content, and a gene coding
for a cell wall-bound invertase has been identi-
fied in tomato (Fridman et al. 2000, 2004). In A.
chinensis var. deliciosa, a single gene coding
CWI identified in the Actinidia expressed
sequence tag (EST) database (Crowhurst et al.
2008) was not expressed in fruit, but only in
vegetative tissue (Nardozza et al. 2013). This is
consistent with the lack of CWI enzyme activity
in fruit (Moscatello et al. 2011; Nardozza et al.
2013). In tomato, silencing a CWI (LIN5) resul-
ted in a reduction of fruit yield and fruit size
(Zanor et al. 2009). Comparable results were
obtained by silencing a tomato VI (TIVI), the
production of smaller fruits being related to
lower levels of glucose and fructose, and to
higher sucrose accumulation during the final
phase of development (Klann et al. 1996). This
suggests that the concentration of osmotically
active sugars is linked to water influx, which is
an important cue driving fruit enlargement (Azzi
et al. 2015). In fact, in A. chinensis var. deliciosa
fruit, the expression of a vacuolar invertase gene
specifically increases during cell expansion,
while the cytoplasmic isoform sharply dimin-
ishes after the first phase of fruit growth and cell
division (Nardozza et al. 2013). Three genes
coding NI were identified in the Actinidia EST
database (Crowhurst et al. 2008), and high tran-
script levels of one of these genes were deter-
mined in the very early stages of A. chinensis var.
deliciosa fruit development (Nardozza et al.
2013). These results, together with measurements
of enzyme activity, suggest a role for NI in the
transition from a phase characterized by cell
division and high levels of glucose to a phase of
net starch accumulation.

15.2.3 Sucrose-Phosphate Synthase

Sucrose-phosphate synthase (SPS) catalyzes the
chemical conversion of UDP-glucose and bD-
fructose to sucrose-6-phosphate and UDP, and is
a key enzyme of sucrose synthesis playing a role
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in regulating the starch/sucrose balance in pho-
tosynthetic (autotrophic) tissues. In addition, SPS
is also present in heterotrophic organs, such as
fruit, where it leads to sucrose accumulation.

A small SPS family of at least four genes was
identified in A. chinensis var. deliciosa (Lan-
genkdmper et al. 1998), and their expression
pattern was studied during fruit development.
SPS mRNA increased near fruit maturity, con-
comitantly with the beginning of starch degra-
dation and the increasing level of substrate for
disaccharide synthesis, as confirmed by Nar-
dozza et al. (2013).

In apple fruit, SPS mirrored the reduction in
starch level during ripening, suggesting a role for
this enzyme in starch degradation (Brookfield
et al. 1997); an association between SPS tran-
scription and sucrose content was also reported
in wheat (Xue et al. 2013). In the Chinese bay-
berry, upregulated expression of SPS was corre-
lated with an increase in fruit sweetness (Feng
et al. 2012).

Characterization of the SPS gene family in A.
chinensis var. chinensis allowed classification of
the genes into two clades: three belonged to
Family A and one to Family B (Fung et al. 2003).
The high similarity between the A. chinensis var.
chinensis and the A. chinensis var. deliciosa
sequences, notably in the 3'UTR region, led
Fung et al. (2003) to the suggestion that these
genes are paralogues deriving from gene dupli-
cation events. SPSAI appeared highly expressed
in senescent leaves, stem, and flower buds. In
fruit, transcript levels increased during ripening
and were upregulated by ethylene, while it did
not respond to low temperature. SPSA2 and
SPSA3 expression was ubiquitously present in all
plant tissues and in fruit during development. As
far as Family B is concerned, SPSB mRNA was
measured in leaves, stem, flower, and root tissue,
while in fruits transcript level was detectable
only in early development and in ripe
ethylene-treated fruit. SPS genes belonging to the
Family B are thought to be involved in response
to environmental stress (Langenkdmper et al.
1998); indeed, Actinidia SPSB gene is upregu-
lated in fruit stored at low temperature (Fung
et al. 2003).
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15.2.4 L-Myo-Inositol-1-Phosphate
Synthase

L-Myo-inositol-1-phosphate synthase (MIPS) is
the rate-limiting enzyme in myo-inositol biosyn-
thesis. MIPS has been observed to exist as a gene
family in several plant species, and different
isoforms may serve specific roles. A gene coding
MIPS was isolated from several wild and culti-
vated Actinidia taxa (A. chinensis var. chinensis,
A. chinensis var. deliciosa, A. arguta, A. rufa,
and A. eriantha) displaying diverse inositol
contents (Cui et al. 2013). Comparison of
obtained sequences indicated that the gene is
conserved among taxa with a high level of sim-
ilarity (98.94 % identity). MIPS gene was
expressed, albeit to different degrees depending
on the taxon, in vegetative and reproductive tis-
sues. In developing fruit, the maximum transcript
level was detected at early stages, but as
expression did not parallel myo-inositol content,
the presence of other regulatory mechanisms in
its biosynthesis was hypothesized (Cui et al.
2013).

In addition, several studies have demonstrated
that MIPS expression levels relate tightly to
normal embryo formation and that MIPS tran-
scripts can be detected in the seed tissues of
different species, such as Arabidopsis, soybean,
common bean, and rice (Yoshida et al. 1999;
Chiera and Grabau 2007; Mitsuhashi et al. 2008).
These data suggest that, almost certainly, more
isoforms of MIPS are present in Actinidia and at
least one of these could be involved in the

coordinated  regulation of normal seed
development.
15.2.5 Hexokinase—Fructokinase

In plants, hexokinase (HXK) and fructokinase
(FK) are enzymes normally involved in hexose
phosphorylation, and as glucose and fructose
must be phosphorylated before entering any
metabolic process, HXK and FK coordinate
sugar availability with plant physiology and
development (Granot et al. 2014). Specific
sugar-sensing roles (in addition to the metabolic
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function) have been hypothesized for several
HKs, but, to date, there is no strong evidence that
FK plays any direct role in sugar-sensing (Rol-
land et al. 2006; Granot et al. 2014). In A. chi-
nensis var. deliciosa, three genes encoding
hexokinase (HKI1, HK3, and HKLI) and three
encoding fructokinase (FK4, FK6, and FK8)
have been identified (Nardozza et al. 2013). The
high expression level of FK4 and HK3 during the
early phase of fruit growth was linked to the
phosphorylation of hexoses derived from NI
activity, while FK6 expression increased during
cell expansion (Fig. 15.2). In addition, FK4
transcription was shown to be associated with
SUS1 expression, and with FW and DW relative

Fig. 15.2 Schematic
representation of
hexokinase (HK) and
fructokinase (FK) activity
and effects on fruit tissues.
Sucrose can be cleaved by
invertase intracellularly,
and the resulting hexoses
are converted to hexose
phosphates by FK and HK.
These enzymes have an
undeniable effect on the
metabolic status of the cells
and on the availability of
sugars, which in turn can
contribute to regulate
transcriptionally other
physiological processes.
HK3, FK4, and FK6 refer
to kiwifruit genes
specifically expressed in
different phases of fruit
development

HK3
FK4
!
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growth rates. In tomato plants, the overexpres-
sion of an Arabidopsis Hexokinase 1 (AtHXKI)
gene induced marked phenotypic and biochemi-
cal modifications in developing fruits, such as
reduced fruit size and a decrease in cell expan-
sion (Menu et al. 2004).

15.2.6 ADP-Glucose
Pyrophosphorylase

ADP-glucose pyrophosphorylase (AGPase) cat-
alyzes the first committed step in starch biosyn-
thesis, converting glucose-1-phosphate and ATP
to inorganic  pyrophosphate (PPi) and
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ADP-glucose which, in turn, acts as the glucosyl
donor for several classes of starch synthase
(Geigenberger 2011). AGPase is a heterotetramer
composed of two large and two smaller subunits,
encoded in Arabidopsis by four genes (APLI—
APL4) and two genes (APSI and APS2),
respectively (Crevillen et al. 2003, 2005). Genes
coding for the large subunits are specifically
tissue- and development-expressed and are sub-
jected to stringent regulation by internal (e.g.,
photoassimilate availability) and environmental
constraints (e.g., light and biotic stress) (Scheible
et al. 1997; Tiessen et al. 2003; Tetlow et al.
2004; Bahaji et al. 2014). However, owing to the
frequent lack of correspondence between
AGPase transcription and enzyme activity, the
presence of regulatory mechanisms at
post-transcriptional level was hypothesized
(Geigenberger 2011; Bahaji et al. 2014). Allos-
teric regulation of AGPase activity was described
in A. chinensis var. deliciosa fruit (Moscatello
et al. 2011). The transcription of two genes
coding for the AGPase large subunit (APL2 and
APLA) and one for the small subunit (APS7) in A.
chinensis var. deliciosa genotypes with fruit of
different sizes and starch concentrations provided
confirmation of the key role of the enzyme in
starch metabolism and dry matter accumulation
in this taxon (Nardozza et al. 2013). APL4 and
APS] expression was correlated with higher fruit
starch and dry matter content.

It would be interesting to study the involve-
ment of AGPase in the putative contribution of
early fruit photosynthesis to fruit development,
quality, and yield as shown in other fruits
(Cocaliadis et al. 2014).

15.2.7 Amylase

The o- and f-amylases are enzymes that play a
role in starch metabolism and homeostasis. In the
Actinidia EST database (Crowhurst et al. 2008),
a small family of amylases was identified, con-
sisting of three genes coding for a-amylase
(AMY1-AMY3) and four coding for f-amylase

197

(BAM1-BAM3 and BAM9), and these exhibited
diverse transcription patterns during fruit devel-
opment (Nardozza et al. 2013). It was hypothe-
sized that BAM9/AMY?2 was involved in cytosolic
starch turnover, while the high expression of
AMY3 and BAM3 (both plastid) in mature fruit
could elicit the start of the fruit ripening process.
BAM3 showed a similar behavior also in A.
chinensis var. chinensis fruit during ripening
(Atkinson et al. 2011; Richardson et al. 2011). In
apple, the high level of transcription of a f-
amylase during the early phase of fruit growth
was considered a distinct starch degradation
pathway as compared with that operating at later
stages of development (Janssen et al. 2008).

15.3 Sugar Transport

It is well accepted that phloem unloading and
metabolism of sugars from source to sink organs
play a key role in the partitioning of photoas-
similates, the unloading pathway (symplastic or
apoplastic) being dependent on the particular
sink involved and its developmental stage
(Ludewig and Fliigge 2013). In a number of
fruits, such as grape, peach, and tomato, the main
phloem-unloading route is modified during
development (Ruan and Patrick 1995; Zhang
et al. 2006; Zanon et al. 2015). The apoplastic
phloem unloading relies on the concomitant
presence in the tissue of specific sugar trans-
porters and CWI, whereas symplastic unloading
requires plasmodesmatal connections between
phloem and parenchyma cells. As a rule, the
main sugar translocated in the phloem is sucrose,
but in A. arguta planteose was identified as a
short-term carbohydrate in leaves (Klages et al.
2004) and, recently, as the transported carbon
form (Boldingh et al. 2015).

In kiwifruit, long-distance transport of carbo-
hydrate to the fruit (principally sucrose) occurs in
the phloem, but once at the fruit, the unloading of
assimilates from the phloem, and transport
through the fruit, occurs via a series of
short-distance events that have been recently
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clarified. Gould et al. (2013) reported the first
attempt to define the phloem-unloading pathway
in kiwifruit, by means of the symplastically iso-
lated fluorescent dye 5(6)-carboxyfluorescein
(CF). The experiments revealed that the sieve
element—-companion cell complexes in the
phloem of vascular bundles in the outer pericarp
and inner pericarp unload symplastically early in
development. However, in the subsequent stages
of fruit development, the spread of CF dye from
the vascular bundles was much reduced com-
pared with fruit earlier in development, the dye
being confined to areas surrounding phloem
strands in both the ventromedian and median
dorsal carpellary bundles. However, the reduc-
tion in CF unloading was not only a result of a
transition to an apoplastic unloading pathway,
but also a part of a general trend in declining
phloem function, although dry matter accumu-
lation and thus solute import to the fruit contin-
ued through to 150 DAFB.

15.3.1 Sugar Transporter Encoding

Genes

In A. chinensis var. deliciosa, a suite of genes
encoding sugar transporters was identified thanks
to the Actinidia EST collection (Crowhurst et al.
2008), and the expression pattern of two sucrose
(SUC3 and SUC4) and two hexose transporters
(STPI1 and STPI4) studied in developing fruit
(Nardozza et al. 2013). This analysis, together
with the lack of CWI expression and activity in
fruit and the predominance of cytosolic sucrose
cleavage enzymes (NI and SUS), suggested that
in kiwifruit phloem unloading is mainly sym-
plastic, at least in earlier fruit development.
Results were confirmed by a study using a
fluorescent phloem tracer (Gould et al. 2013).
Supporting this conclusion, the transport of
planteose, likewise galactosyl-sucrose oligosac-
charides, is supposed to be symplastic (Boldingh
et al. 2015) via ‘polymer trapping’ (Haritatos
et al. 1996).

G. Vizzotto and R. Falchi

The recent kiwifruit genome sequencing
allows identification of a greater number of
sucrose transporters, and the predicted proteins
grouped into the three clades belonging to the
dicots, as proposed by Kiihn and Grof (2010)
(Fig. 15.3).

15.4 Genetic Variability
and Heritability of Sugar
Content

Evidence from isozyme and nuclear DNA-RFLP
analyses supports the conclusion that A. chinen-
sis var. deliciosa is an allohexaploid originating
from hybridization of at least two diploid pro-
genitors, one of which is A. chinensis var. chi-
nensis. A. chinensis var. chinensis is itself
probably an ancient polyploid, based on the high
number of chromosomes compared with other
related genera. Given the complicated prove-
nance and ploidy of Actinidia, single analyses on
specific genes (e.g., MIPS or SPS) have provided
limited information. Therefore, the divergence of
A. chinensis var. deliciosa and A. chinensis var.
chinensis requires further investigation that
should involve a considerable gene pool and a
larger number of Actinidia species (Fung et al.
2003; Cui et al. 2013). Although Actinidia is a
challenging genus—dioecious, polyploid, taxo-
nomically difficult because of reticulate evolution
—the process of utilizing molecular genetics and
genomics to predict outputs from crosses is under
way (McNeilage et al. 2011).

Commercial kiwifruit cultivars are often only
a few generations removed from their wild rela-
tives (Ferguson 2007); however, the goals for
improvement of kiwifruit are similar to those for
other species, including the selection of
large-fruited cultivars with consistently good
quality (sweetness and flavor). In this context,
the knowledge of the processes of sucrose
unloading and conversion and of the role of each
component along the transport pathway in
delivering carbon to the fruit cells is a necessary
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Fig. 15.3 Unrooted phylogenetic dendrogram of represen-
tative sucrose transporters from monocotyledonous and
dicotyledonous species. The tree was inferred using the
UPGMA method and by means of MEGAG6 software
(Tamura et al. 2013). The analysis involved 23 amino acid
sequences from Solanum lycopersicum (LeSUTI,
CAA57726; LeSUT2, AAG12987; LeSUT4, AAG09270),

requirement for the formulation of modern pre-
dictive growth and dry matter accumulation
models, but also a high priority for understanding
the genetic variation in kiwifruit composition.

Arabidopsis thaliana (AtSUCI1, Atlg71880; AtSUC2,
Atl1g22710; AtSUT2, At2g02860; AtSUT4, Atlg09960;
AtSUCY, At5g06170), Oryza sativa (OsSUT1, AAF90181;
OsSUT3, BAB68368; OsSUTS5, BAC67165), and Actinidia
chinensis var. chinensis (marked with green circles). Sucrose
transporter proteins from Actinidia were identified as in
Table 15.1, but incomplete sequences were excluded

Consequently, a more precise approach to
selection requires information of genetic param-
eters, such as heritabilities and correlations

among characters under selection, very useful for
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predicting genetic progress in breeding programs
and developing efficient breeding strategies. The
high heritabilities of SSC (highly genetically
correlated with the main sugars), dry matter,
vitamin C, and titratable acidity (TA) suggest
that these characters will be amenable to change
through selection in this population. Conversely,
the low heritabilities of glucose, quinic acid, and
fruit number indicate that these characters will be
more difficult to change (Cheng et al. 2004).
Putative quantitative trait loci (QTLs) for fruit
characters and components from co-analyzing
phenotypic data with marker genotype data have
been hypothesized, e.g., a QTL for SSC (highly
dependent on the levels of fructose, sucrose, and
TA) and dry matter occurring without an asso-
ciation with fruit weight (Cheng et al. 2004).
Despite the availability of an extensive EST
database (Crowhurst et al. 2008) and several
genetic maps (Testolin et al. 2001; Fraser et al.
2009), until recently, the whole-genome
sequence resources for the kiwifruit, which are
critical for its breeding and improvement, were
very limited. The genome sequence of a
heterozygous kiwifruit, ‘Hongyang’ (A. chinensis
var. chinensis), is now available (Huang et al.
2013) and represents an important tool to get
insight into the molecular basis of specific
agronomically important traits of kiwifruit. This
important work makes available RNA-seq data
from A. chinensis var. chinensis leaves and fruit
and reveals that the 337 flesh fruit-specific fam-
ilies include genes associated with fruit quality
related to flavonoid, phenylpropanoid, antho-
cyanin, and oligosaccharide metabolism. In this
context, the diploid genotypes of A. chinensis
var. chinensis could be, instead of hexaploid,
green-fleshed A. chinensis var. deliciosa kiwi-
fruit, good models for understanding the molec-
ular processes of this genus, the regulation of
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metabolism-associated genes being a means to
induce variation in fruit composition and size.

15.5 Conclusion

The current breeding aims focus on an increase
in yield potential and fruit quality, mainly
through improvements in allocation efficiency
into harvestable organs. The knowledge about
carbohydrate metabolism and partitioning in
Actinidia is still incomplete, and further efforts
are needed to clarify the number and the pivotal
role of all gene family members involved in these
processes.

Additional evidence is emerging about other
mechanisms regulating source—sink partitioning.
For example, a gene encoding a putative chap-
erone protein (SPA—sugar partitioning affect-
ing) appears to be associated with changes in
primary metabolites during tomato fruit devel-
opment (Bermudez et al. 2014) and to interact
with phosphoglucomutase, sugar kinase, and
invertase enzyme activities regulating the harvest
index (Azzi et al. 2015). Furthermore, new pro-
teins, named SWEETS, have been identified, as a
class of sugar transporters that facilitate diffusion
of sugars across cell membranes down a con-
centration gradient (Baker et al. 2012).

From a broader perspective, SWEETs and
SPA encoding genes add an exciting new
dimension to our knowledge and could shed light
on processes such as sugar accumulation in fruit,
filling the gaps only partially explained to date.

In this context, the Actinidia genome
sequence (Huang et al. 2013) represents an
important resource, enabling the identification
and characterization of new genes (Table 15.1)
and providing valuable tools for genetic
improvement.
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Table 15.1 Actinidia genes involved in sugar and starch metabolism, and sugar transport

Gene name Kiwifruit ID

Sucrose-phosphate synthase

(SPS)
Sucrose synthase (SUS)

Achn383801

Achn065481, Achn065491, Achn074871, Achn218701, Achn354691,

Achn024141, Achn108361, Achn152211, Achn167901, Achn240251,

Achn290051, Achn318231, Achn335801, Achn388531

Acid B-fructofuranosidase
p-Fructofuranosidase
Vacuolar invertase (VI) Achn319701

Neutral invertase (NI)

Achn010531, Achn092641, Achn319711, Achn353961
Achn120291, Achn247521, Achn330951

Achn004941, Achn021131, Achn040971, Achn040981, Achn067101,

Achn085681, Achn178991, Achn186521, Achn204991, Achn219041,
Achn228381, Achn235821, Achn271581, Achn272821, Achn306451,
Achn340611, Achn346171, Achn372121

L-Myo-inositol-1-phosphate
synthase (MIPS)

ADP-glucose
pyrophosphorylase (AGPase)

a-Amylase (AMY)

Achn093931, Achn093941, Achnl171511, Achn332511

Achn014331, Achn197251, Achn372361, Achn061741, Achn061751,
Achn130251, Achn161011, Achn248621, Achn266381, Achn270701

Achn088581, Achn094831, Achn152371, Achn161871, Achn183691,

Achn227481, Achn343881

p-Amylase (BAM)

Achn001191, Achn042231, Achn049651, Achn071991, Achn072001,

Achn090661, Achn141771, Achn177251, Achn177681, Achn212571,
Achn217211, Achn269061, Achn273151, Achn302611, Achn302621,
Achn307661, Achn322221, Achn367861, Achn387071

Sucrose transporter (SUC)

Achn041261, Achn057701, Achn057771, Achn057781, Achn057811,

Achn086901, Achn101341, Achnl26111, Achn128071, Achn143961,
Achn183061, Achn222551, Achn238721

Hexose transporter (STP)

Achn010761, Achn051771, Achn051781, Achn051791, Achn056171,

Achn056181, Achn076561, Achn079721, Achn111201, Achn140571,
Achn186121, Achn186331, Achn186341, Achn317831, Achn330211

Hexokinase (HXK)

Achn066981, Achn069851, Achn094531, Achn147831, Achn186731,

Achn215821, Achn216451, Achn242161, Achn248151, Achn274381,
Achn305151, Achn309031, Achn312461, Achn338991, Achn347391,
Achn353211, Achn375651

Fructokinase (FK)
Achn354431

Achn083991, Achn249971, Achn268181, Achn318871, Achn336721,

Search based exclusively on gene function in the A. chinensis var. chinensis automatically annotated gene database

(Huang et al. 2013). Putative genes are included
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