Chapter 14
ABA Metabolism and Signaling
in Fleshy Fruits

Yuan-Yue Shen and Jocelyn K.C. Rose

Abstract Fleshy fruits represent an important component of the human diet in
many parts of the world and often provide valuable sources of vitamins and anti-
oxidant compounds. Much of their nutritional value results from complex bio-
chemical processes that occur during ripening, including changes in color, texture,
flavor and aroma. The regulation of fruit development and subsequent ripening is
controlled by several phytohormones, of which perhaps the most characterized has
been the gaseous hormone ethylene, which triggers the ripening program in cli-
macteric fruits. However, recent studies have reinforced the importance of absci-
sic acid (ABA) biosynthesis, catabolism, and signaling in both the development
and ripening of fleshy fruits. Here, we provide an overview of these advances and
summarize the insights that they have provided into the molecular mechanisms for
ABA from production to action, with particular emphasis on strawberry fruit.
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14.1 Introduction

Ripened fleshy fruits play important roles in our food supply, nutrition, and health.
Fleshy fruits are generally divided into climacteric and non-climacteric types on the
basis on variations in respiration intensity and ethylene production during ripening.
Many of the complex biochemical, molecular and physiological processes that occur
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during the development and ripening of fleshy fruits have been shown to be regu-
lated by plant hormones. Of these, there has been particular focus on the central role
played the gaseous hormone ethylene in controlling ripening in climacteric fruits,
such as tomato (Solanum lycopersicum) (Alexander and Grierson 2002; Adams-
Phillips et al. 2004; Prasanna et al. 2007; Gapper et al. 2013; Seymour et al. 2013;
Perotti et al. 2014). However, there has been a recent increase in the number of stud-
ies that have addressed the roles of other phytohormones in fruit biology, as well as
the extent and nature of hormonal cross-talk. This is exemplified by studies of absci-
sic acid (ABA), which has been demonstrated to play an important role in regulat-
ing the ripening of non-climacteric and climacteric fleshy fruits (Zhang et al. 2009;
Gambetta et al. 2010; Jia et al. 2011; Chai et al. 2011; Akagi et al. 2012; Sun et al.
2012a, b; Romero et al. 2012; Li et al. 2013; Nicolas et al. 2014). Indeed, it has been
proposed that, in addition to ethylene, ABA is a fundamentally important regulator
of fruit maturation and senescence (Zhang et al. 2009).

It is well established that ABA is extremely important in the adaptation of
plants to adverse environmental conditions, as well as regulating various aspects
of plant growth and development, such as seed/bud dormancy and growth in
both the seedling, and root (Leung and Giraudat 1998; Finkelstein et al. 2002;
Himmelbach et al. 2003; Hirayama and Shinozaki 2007; Gapper et al. 2013;
Seymour et al. 2013; Perotti et al. 2014). Moreover, much is now known about the
molecular processes associated with ABA metabolism, signaling and downstream
responses. ABA receptors, which were sought for by scientists for several decades,
have now been identified (Fujii et al. 2009; Ma et al. 2009; Miyazono et al. 2009;
Melcher et al. 2009; Nishimura et al. 2009; Santiago et al. 2009; Shang et al.
2010), and studies using the experimental model plant Arabidopsis thaliana have
led to the discovery of two core ABA signaling pathways: ABA-PYRI1-PP2C-
SnRK2 (Fujii et al. 2009) and ABA-ABAR-WRKY40-ABI5 (Shang et al. 2010).
In addition to these breakthroughs in elucidating ABA perception and signal trans-
duction, much progress has also been made toward understanding ABA signal-
ing specifically in fleshy fruits (Zhang et al. 2009; Gambetta et al. 2010; Jia et al.
2011; Chai et al. 2011; Akagi et al. 2012; Sun et al. 2012a, b; Romero et al. 2012;
Li et al. 2013; Nicolas et al. 2014). In this review, we summarize some current
ideas and observations regarding the roles of ABA in the regulation of fleshy fruit
development and ripening and, where appropriate, recent insights into the underly-
ing molecular mechanisms.

14.2 Effects of ABA on Fleshy Fruit Development
and Ripening

Earlier studies of the significance of ABA in fleshy fruit development and ripening
primarily targeted the berries of grape (Vitis vinifera), a non-climacteric fruit,
where evidence was uncovered of a relationship between ABA and the verai-
son stage of development, which is marked by a berry color change at the onset
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of ripening (Coombe and Hale 1973; Coombe 1976; Inaba et al. 1976; Scienza
et al. 1978; Palejwala et al. 1985; Cawthon and Morris 1982; Davies et al. 1997).
Endogenous ABA levels are minimal 1 week prior to veraison and the application
of exogenous ABA to grape berries can markedly accelerate the ripening process,
including the rapid accumulation of sugars and anthocyanins (Coombe and Hale
1973; Inaba et al. 1976; Palejwala et al. 1985; Kataoka et al. 1982; Matsushima
et al. 1989; Jeong et al. 2004). It is now widely accepted that ABA is a key factor
in the regulation of diverse events during grape berry ripening including colora-
tion, sugar accumulation, acid decline and flesh softening (Yu et al. 2006; Wheeler
et al. 2009; Gambetta et al. 2010; Koyama et al. 2010; Giribaldi et al. 2010; Gagné
et al. 2011; Nicolas et al. 2014).

In addition to studies in grape berries, considerable progress has been made
recently in understanding the role of ABA in other non-climacteric fruits and envi-
ronmental factors that alter ABA levels. For example, water deficit treated straw-
berry (Fragaria x ananassa) fruits have higher ABA levels, as well as reduced berry
size, altered sugar/acid ratios, which affect the taste and levels of health-related
compounds (phenolic and antioxidant compounds, Terry et al. 2007). Indeed, there
is considerable physiological and molecular evidence to suggest an important role
for ABA in the regulation of strawberry fruit ripening: (1) exogenous application of
ABA or dimethyl sulfoxide (DMSO, an ABA biosynthesis accelerator) significantly
promotes fruit ripening, whereas fluridone (an ABA biosynthesis inhibitor) markedly
inhibits fruit ripening; (2) silencing of FaNCEDI, a key ABA biosynthesis gene in
strawberry fruit, results in a reduction in endogenous ABA levels and delayed rip-
ening; (3) exogenous ABA rescues the uncolored phenotype of FuNCEDI-RNAi
fruits, in which FaNCED] expression has been suppressed using an RNA interfer-
ence (RNAI) strategy (Jia et al. 2011). The importance of ABA in strawberry fruit
development was also confirmed by silencing of the f-glucosidase gene FauBG3,
which is involved in ABA synthesis, since the encoded protein hydrolyzes an ABA
glucose ester to release active ABA (Li et al. 2013). These findings together with
other studies indicate that ABA as a key regulator of strawberry fruit ripening (Kano
and Asahira 1981; Manning 1994; Perkins-Veazie 1995; Jiang and Joyce 2003; Terry
et al. 2007; Jia et al. 2011; Li et al. 2013). However, it should be noted that in addi-
tion to its role in grape berry and strawberry ripening, ABA has been found to influ-
ence diverse processes of characteristics in other fleshy fruit species, including the
development of astringency in persimmon (Diospyros kaki) fruit (Akagi et al. 2012),
citrus peel development (Romero et al. 2012), and cherry (Prunus species) fruit mat-
uration (Ren et al. 2010).

In addition to non-climacteric fruits, it is also now clear that ABA can regulate
fruit development and ripening in climacteric fruits. For example, it was reported
that application of ABA to detached tomato fruits substantially advances the onset
of ripening (Mizrahi et al. 1975), which raises that possibility that ABA may also
act to promote tomato fruit ripening in vivo. A role for ABA regulating tomato
fruit development was indicated by studies of an ABA deficient tomato mutant
(high-pigment 3) that accumulates 30 % more carotenoids, has an increased num-
ber of fruit plastids and a higher lycopene content (Galpaz et al. 2008) than wild



274 Y.-Y. Shen and J.K.C. Rose

type frutis. In addition, the results of targeted studies with transgenic tomato sug-
gest that ABA regulates the degree of pigmentation, carotenoid composition, and
fruit firmness during ripening (Sun et al. 2012a, b). Furthermore, the ABA-deficient
notabilis/flacca (not/flc) tomato double mutant has been used to demonstrate that
ABA stimulates cell enlargement and increases fruit size (Nitsch et al. 2012).

In addition, a recent report revealed that ABA may also be involved in suberi-
zation-based wound healing processes in tomato fruit stem scar tissue (Leide et al.
2011). Other studies have shown that ABA is involved in the regulation of avocado
fruit growth (Cowan et al. 1997) and peach fruit sugar accumulation (Kobashi
et al. 2001), suggesting that ABA is likely a common signaling molecule that mod-
ulates many processes in both climacteric and non-climacteric fleshy fruits.

14.3 ABA Metabolism in Fleshy Fruits

In land plants, ABA levels in a specific tissue are determined by the balance
between ABA biosynthesis, catabolism and conjugation. Biosynthesis results
from the oxidative cleavage of carotenoids, where the activity of the enzyme
9-cis-epoxycarotenoid dioxygenase (NCED) represents a major rate limiting step.
Conversely, ABA catabolism results mainly from 8'-hydroxylation reactions cata-
lyzed by 8'-hydroxylase enzymes, which are encoded by a small family of P450
monooxygenase CYP707A genes (Zeevaart et al. 1989; Nambara and Marion-Poll
2005). In addition, ABA conjugation can result from the action of ABA-induced
glucosyltransferases (GTs), which convert free ABA to an ABA-glucosylester
(ABA-GE; Xu et al. 2002). Earlier reports suggested that ABA-GE represents an
inactive end product of ABA catabolism (Lehmann and Schutte 1984; Zeevaart
1999). However, this idea is called into question as a result of the identification
of Arabidopsis beta-glucosidasel (AtBGl1), an enzyme that catalyzes the conver-
sion of ABA-GE back into the pool of biologically active ABA, allowing a rapid
change in ABA levels (Lee et al. 2006). A contemporary model might therefore
involve the control of plant cellular ABA levels by NCEDs and CYPs in a syn-
thesis/degradation pathway or/and by GTs and BGs in a conjugation/dissociation
pathway. Potentially, the one-step pathway catalyzed by GTs or BGs allows rapid
dynamic changes in ABA levels to meet developmental and adaptive requirements.

This foundation of knowledge resulting from studies of A. thaliana and model
crop species has been valuable in elucidating ABA biosynthesis and catabolism
in fleshy fruits and in identifying conserved mechanisms of ABA metabolism (Li
et al. 2011, 2013; Jia et al. 2011; Sun et al. 2012b). For example, down regula-
tion of FaNCEDI expression in strawberry using virus induced gene silencing
(VIGS) resulted in a significant decrease in ABA levels, as well as uncolored
fruits, demonstrating that FuNCED] is a key gene for ABA biosynthesis in fruits
and plays an important role in fruit ripening (Jia et al. 2011). Moreover, Li et al.
(2013) reported the importance of BG enzymes in strawberry, showing that
FaBG3-RNAi-treated fruit has reduced ABA levels and fruit color development
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and softening is inhibited, indicating a key role of B-glucosidases in regulation of
ripening (Li et al. 2013). Interestingly, similar results were generated through stud-
ies of tomato fruit, where ABA levels are regulated by SINCEDI and SICYP707A1
(Nitsch et al. 2009; Zhang et al. 2009). It was observed that suppressing the
expression of the SINCEDIusing RNAI lead to a 20-50 % decrease in both ABA
accumulation and SINCED] transcript compared with control fruit, and prolonged
fruit shelf life by up to 3 weeks (Sun et al. 2012b).

In addition to these important breakthroughs made through observations of straw-
berry and tomato fruits (Li et al. 2011, 2013; Jia et al. 2011; Sun et al. 2012b), simi-
lar studies have been reported of ABA biosynthesis and catabolism in other fruits.
Water deficit results in a nearly two-fold increase in ABA concentration in berries
of a red-wine grape Cabernet Sauvignon, the same stress induces a decrease in ABA
levels in the Chardonnay white-wine grape at veraison and shortly thereafter (Deluc
et al. 2009). The higher transcript levels of VWNCEDI and VvBGI together with
lower transcript abundance of VvCYPI and VvGT contribute to a continuous accu-
mulation of ABA, especially VvBG1 transcripts increased more rapidly than that of
VWNCEDI during berry red-coloring. An incubation test in vitro indicated that the
Escherichia coli-expressed VVBG1 protein had high enzymatic activity, validating
that B-glucosidase (VvBG1) has high enzymatic activity and might play a role in
berry ripening (Sun et al. 2014). In avocado fruits, PaNCEDI and PaNCED3, but
not PaNCED?2, were strongly induced as the fruit ripened, and a correlation with
water stress was also established, since PaNCEDI was induced under these condi-
tions. Furthermore, recombinant PANCED1 and PaNCED3, but not PANCED2 could
cleave 9-cis-xanthophylls into xanthoxin and C (25)-apocarotenoids in vitro, indicat-
ing that ABA biosynthesis in avocado is regulated at the level of carotenoid cleav-
age (Chernys and Zeevaart 2000). In citrus fruit, the accumulation of both ABA and
ABA-conjugates occurs during fruit maturation (Harris et al. 1986). In citrus peels,
high levels of ABA are detected and CsNCEDI1 is likely to play a primary role in
ABA biosynthesis (Rodrigo et al. 2014). Moreover, in the flavedo and juice sacs,
expression of CitNCED2 and/or CitNCED3 increases coincident with a substan-
tial accumulation of ABA (Kato et al. 2006). In watermelon fruit, the expression of
CIBG1, CINCED4 and CICYP707A1 has been shown to increase rapidly along with
ripening, and reaches the highest levels at the stage of harvest. This trend was show
to be consistent with ABA accumulation, which was also shown to be modulated
by the described dynamic balance between biosynthesis and catabolic processes via
these genes, indicating the importance of glucosidase genes in the ripening process
(Li et al. 2012). Similarly, it was shown that the endogenous ABA content of sweet
cherry fruit is regulated by PacNCEDI, PacCYP707A1 and PacCYP707A3 tran-
scripts during maturation (Ren et al. 2010), and in apple fruits, the major portion
of the ABA has been shown to pool is conjugated to B-D-glucopyranosyl abscisate
(ABA-GE) which leads to markedly lower ABA levels (Rock and Zeevaart 1990).
The peach PpNCED1 gene has been shown to initiate ABA biosynthesis at the onset
of fruit ripening (Zhang et al. 2009). These reports again reinforce the idea that ABA
accumulation is involved in the regulation of ripeness and senescence in a broad
range of fleshy fruits.
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In all, the detection of key ABA biosynthesis and catabolism genes in fleshy
fruit tissues suggests that although ABA could be transported from the leaves
to the fruits via the phloem (Shiozaki et al. 1999), it can also be synthesized in
fleshy fruits in situ. ABA levels in fleshy fruits are regulated mainly by NCED1
and CYP707A1, the accumulation of ABA-GE catalyzed by GT enzymes, contrib-
utes to a rapid response by one-step dissociation of ABA-EG catalyzed by BG in
response to developmental and stress cues. During later stages of fruit develop-
ment, beta-glucosidases (BGs) appear to play a more important role in ripening.

14.4 ABA Signaling in Fleshy Fruits

The presence of both transmembrane and cytosolic ABA receptors in plants was
suggested by early studies using experimental model plants (Hornberg and Weiler
1984; Allan et al. 1994; Schwarz and Schroeder 1998), such as the identification of
multiple receptors, secondary messengers, protein kinases and phospholipases, tran-
scription factors, cis-elements, and target genes in A. thaliana. Known ABA recep-
tors include the plasma membrane localized GTG1/GTG2 (Pandey et al. 2009), a
class of cytosolic PYR/PYL/RCAR (Park et al. 2009; Ma et al. 2009) proteins and a
plastid/chloroplast magnesium-chelatase H subunit ABAR/CHLH (Shen et al. 2006;
Wau et al. 2009; Shang et al. 2010). Signalling components include G proteins, phos-
pholipases, and various protein kinases, such as receptor-like kinases, SNF1-related
protein kinases (SnRKs), calcium dependent protein kinases (CDPKs), calcineurin
B-like protein kinases (CIPKs), and mitogen-activated protein kinases (MAPKSs).
Protein phosphatases of type-2C/A protein phosphatase (PP2C/A), various classes
of transcription factors, including MYBs/MYCs, B3 domain transcription factors,
APETALA2 domain transcription factors, bZIP domain transcription factor, and
WRKY transcription factors, are also among important regulators of ABA levels
(Nambara and Marion-Poll 2005; Hirayama and Shinozaki 2007; Verslues and Zhu
2007; Wang and Zhang 2008, and Cutler et al. 2010). To date, two core ABA signal-
ling pathways in A. thaliana have been proposed: the ‘ABA-PYR/PYL/RCAR-PP2C-
SnRK?2’ pathway (Fujii et al. 2009), and the ‘ABA-ABAR-WRKY40-ABI5’pathway
(Shang et al. 2010). At the mechanistic level, a detailed gate latch-lock mechanism
has been identified, in which ABA promotes the interaction of PYR1 and PP2C,
resulting in PP2C inhibition and SnRK2 activation. This transduces ABA signals
through phosphorylation of downstream factors such as AREB/ABF, ion channels,
and NADPH oxidases (Park et al. 2009; Ma et al. 2009; Fujii et al. 2009).

14.4.1 ABA Perception in Flesh Fruits

In addition to pioneering studies in model experimental plants, there has also been
much interest in understanding the molecular basis of ABA detection by specific
receptors and subsequent downstream signalling in fleshy fruits. In studies of
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grape berry microsomes, a high proportion of specific ABA receptors (which had
a measured Ky value of 17.5-50 nM) were shown to be localized mainly in the
endomembranes and not in the plasma membrane or in the cytoplasm (Zhang et al.
1999). In contrast, ABA binding activity was scarcely detectable in microsomes
derived from the flesh of developing apple fruit, but high ABA binding activity
was detected in the cytosolic fraction with both high affinity (K4 2.3 nM) and low
affinity sites (Kq 58.8 nM; Zhang et al. 2001). Progress has also been made in
understanding ABA perception in strawberry. Using a newly established tobacco
rattle virus (TRV)-induced gene silencing technique in strawberry fruit, down-reg-
ulation of the expression levels of FaPYRI or FaCHLH/ABAR, homologous to the
A. thaliana ABA receptor genes, was shown to inhibit ripening (Jia et al. 2011;
Chai et al. 2011). On the basis of these results, a model was proposed for ABA
perception and signalling transduction during non-climacteric fruit ripening (Li
et al. 2011). More recently, the Type 2C protein phosphatase FaABIl was dem-
onstrated to be a negative regulator of strawberry fruit ripening (Jia et al. 2013)
and it was suggested that the ‘ABA-FaPYR1-FaPP2C-FaSnRK?2’ signalling path-
way, involving the positive regulatory effect of FaPYR1 in combination with the
negative regulatory effect of FaABI1, represents a core mechanism by which ABA
regulates strawberry fruit ripening (Jia et al. 2013).

Recently, the ABA perception mechanisms and core signalling systems in other
fruit tree species have also been studied. The V. vinifera proteins VVRCARG6 and
VVRCARS may be the major receptors involved in ABA perception and signalling
in grape, mainly through VvPP2C4 (Boneh et al. 2012), while VVPYL1 may be an
ABA receptor that modulates ABA signalling by inhibiting type PP2C activity (Li
et al. 2012). In tomato, SIPYLI and SIPYL2 are expressed at high levels through-
out fruit development and ripening, and SIPP2C1 and SIPP2C5 are both strongly
expressed during the breaker stage, while SISnRK2.2, SISnRK2.3, SISnRK2.4, and
SISnRK2C are highly expressed at all maturity stages (Sun et al. 2011).

14.4.2 Downstream Components of ABA Signaling
in Fleshy Fruits

14.4.2.1 Protein Kinases and Phosphatases

Plant protein kinases and phosphatases include CDPKs, SNF1-related kinases
(SnRKs), MAPKSs, a receptor-type kinase (RPK1), and protein phosphatase PP2Cs
(Hirayama and Shinozaki 2007). As described above, reversible protein phos-
phorylation has been demonstrated to play key roles in ABA signal transduction
through the protein kinase SnRK?2 and the phosphataseABI1 (Fujii et al. 2009).

In grape berries, earlier studies revealed high activities of both the calcium-
dependent protein kinase (CDPK) and the mitogen-activated protein kinase
(MAPK) in the lag phase of fruit growth, prior to the ripening stage (Shen et al.
2004). The subsequent experiments lead to the identification and purification of
a 58-kD ABA-stimulated CDPK, ACPK1, which localizes to both the plasma
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membranes and chloroplasts/plastids. The fact that ACPK1 is expressed in a devel-
opmental stage-dependent manner, and that it positively regulates the plasma
membrane HT-ATPase in vitro, together with the observation that ABA stimu-
lates ACPK1 in a dose-dependent manner, suggest that ACPK1 may be involved
in the ABA-signalling pathway during berry development (Yu et al. 2006). Similar
studies found that an apple MAPK signalling cascade, MAMKK1-MdMPK1, is
involved in ABA signalling, and that MAMPK1 phosphorylates the ABI5 protein
through a unique residue, Ser314, making ABI5 a potential direct downstream
component of MAPK in ABA signalling (Wang et al. 2010). In grape berries, a
glycogen synthase kinase 3 protein kinase, VvSKI1, is strongly expressed when
the berries accumulate glucose, fructose, and ABA, and overexpression of VvSK]
results in an upregulation of the transcripts of four monosaccharide transporters
(VWHT3, VwvHT4, VvHTS, and VvHT6), an up to 5-fold increase in the rate of glu-
cose uptake, and a doubling in the amount of glucose and sucrose accumulation,.
This indicates that VvSK1 controls sugar uptake and accumulation by a sugar/
ABA-inducible protein kinase (Lecourieux et al. 2010). More importantly, the core
phosphorylation signaling of PP2C-SnRK2 has been established in response to
ABA during strawberry fruit ripening (Jia et al. 2013).

14.4.2.2 Transcription Factor, Cis-Elements and Target Genes

Many transcription factors, cis-elements and target genes related to ABA signal-
ing have been identified in developing fleshy fruit. For example, in persimmon
fruit, DkbZIP5 was shown to recognize ABA-responsive elements in the pro-
moter region of DkMyb4 and to act as a direct regulator of DkMyb4 in an ABA-
dependent manner. It is reported to suggest that ABA signals may be involved
in proanthocyanidin (PA) biosynthesis via DkMyb4 activation by DkbZIP5
(Akagi et al. 2012). In tomato fruit, the higher hexose and acid concentration in
SIAREBI-overexpressing lines can be correlated with an increased expression of
genes encoding a vacuolar invertase and a sucrose synthase, suggesting that an
AREB-mediated ABA signal affects the metabolism of acid and sugar in tomato
fruit development (Bastas et al. 2011). ABA can also affect cell wall catabolism
during tomato fruit ripening via down-regulation of the expression of major cata-
bolic genes (SIPG, SIPME, SITBG, SIXET, SiCels, and SIExp; Sun et al. 2012b),
but an ABA biosynthesis inhibitor can increase transcript levels corresponding to
enzyme activities associated with other aspects of fruit ripening, as is the case with
an alcohol dehydrogenase from mango (Singh et al. 2010) and an indole-3-acetic
acid-amido synthetase, DIGH3.2, in longan (Kuang et al. 2011). It has been pro-
posed that the expression of FaASR, a member of the ABA-, stress- and ripening-
induced (ASR) set of genes might partially contribute to the acceleration of the
fruit ripening (Chen et al. 2011). Alterations in strawberry FaABII expression
were reported to regulate the transcripts of a set of both ABA-responsive and rip-
ening-related genes, including ABI3, ABI4, ABI5, SnRK2, ABREI, CHS, PG, PL,
CHI, F3H, DFR, ANS, and UFGT (Jia et al. 2013).
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Taken together, much progress has been made toward understanding ABA
signaling, including the identification of ABA receptors, protein kinases, protein
phosphatases, transcription factors, cis-elements, and target genes in fleshy fruit.
These include the identification of core signaling components controlling the key
links to fleshy fruit development, including strawberry ‘ABA-FaPYR1-FaPP2C-
FaSnRK2’, grape ‘ABA-VVACPK1-HT-ATPase’ and ‘ABA-VvSKI1-VvHTS’,
apple ‘ABA-MdMKKI1-MdMPK1-ABI5’, and persimmon ‘ABA- DkbZIP5-
DkMyb4-PA’. To date, the target genes include those involved in fruit soften-
ing (PG, PL, PME, TBG, XET, Cels, and Exp)-, sugar metabolism (VvHTs,
MiADH?2)-, pigmentation (PA, CHS, CHI, F3H, DFR, ANS, and UFGT), and rip-
ening (FaASR, DIGH3.2)-related genes.

14.5 Understanding of the Mechanisms for ABA
Regulation of Fleshy Fruit Ripening

There is considerable interest at present in the relationship between ABA, ethyl-
ene and sugar content in ripening fleshy fruits. Two previous reports suggested that
ABA facilitates the initiation and progression of ethylene-mediated ripening events,
possibly by enhancing the sensitivity to ethylene (Jiang et al. 2000) or ethylene
levels (Riov et al. 1990). In grape berries, sugar and ABA signaling orthologs are
activated at the onset of the ripening, including the putative sucrose sensor SUT2,
core G-protein signaling components, GPA1 and RGSI1, hexose kinases (Hxk),
PP2C protein phosphatases, Snfl-related kinases (SnRK), the sugar-related WRKY,
ABA-related homeodomain—leucine zipper, as well as homeobox (HB) transcrip-
tions factors, ABRE-binding factor (ABF), and AP2 transcription factors (Gambetta
et al. 2010). Conserved changes in the dynamics of metabolic processes during
fruit development and ripening across species were found (Klie et al. 2014). During
tomato fruit growth, ABA stimulates cell enlargement by suppressing ethylene syn-
thesis (Nitsch et al. 2012; Sun et al. 2012b) and during the ripening, a significant
reduction in ABA levels is thought to promote coloring and firmness, resulting in the
carbon that normally channels to ABA biosynthesis and catabolism being targeted to
compounds upstream of ABA biosynthesis, including lycopene, carotene, and pectin
(Sun et al. 2012a, b). Interestingly, in citrus fruit, ABA my induce its own biosynthe-
sis at the transcriptional level and the feedback regulation of ABA has been shown
to lead to decreases in carotenoid content in citrus juice sacs in vitro (Zhang et al.
2012). In strawberry fruit, sucrose may serve as a signalling molecule to promote
mRNA expression levels of FaNCEDI, as well as playing an important role in ABA
accumulation and fruit ripening (Jia et al. 2011, 2013).

Fleshy fruit can synthesize ABA in response to developmental and environmental
cues and the accumulation of ABA in fleshy fruit is controlled by four main enzymes
classes that are fundamentally important in ABA biosynthesis and catabolism:
NCEDs, CYP707As, GTs, and BGs. In the ripening of fleshy fruit, the interaction
between ABA, ethylene and sugars occurs at physiological and molecular levels.
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ABA biosynthesis and metabolism
(NCEDs, CYP707As, GTs, BGs)

1
| Ethylene | 0-»] ABA levels |4-b| Sugar |
)

ABA receptors
(PYR1, ABAR)
!
Reversible protein phosphorylation
(ABI1, SnRK2, ACPK1, MKK1, MPK1)
!
Transcription factors, cis-elements
(bZIPS, MYb4, ABI3, ABI4, ABI5, ABRE)
!
Targetgenes
Softening: PG, PL, PME, TBG, XET, Cels, and Exp;
Sugar: SUTT, HTs, ADHZ, and H*-ATPase,
Coloring: CHS, CHI, F3H, DFR, ANS, and UFGT.

Fig. 14.1 A model for ABA metabolism and signaling in fleshy fruits. In response to develop-
mental and environmental cues, fleshy fruit can synthesize ABA mainly by NCEDs and BGs
while catabolize ABA by CYP707As and GTs. ABA levels in fleshy fruits are determined by
the balance between ABA biosynthesis and catabolism. One-step dissociation of ABA-EG by
BGs may rapidly accumulate ABA. The accumulated ABA in fleshy fruit can be perceived by
its receptors, at least including PYR and ABAR. In turn, the initial signals may be relayed by
the way of reversible protein phosphorylation, which involves ABI1, SnRK2, ACPK1, MKKI,
and MPKI1. Subsequently, the cascade signaling of phosphorylation can activate downstream
transcript factors and corresponding cis-elements, including bZIP5, MYb4, ABI3, ABI4, ABIS,
ABRE, then promote the expression of the ripening-related genes: softening-related genes
include PG, PL, PME, TBG, XET, Cels, and Exp; sugar metabolism-related genes include SUTI,
HTs, ADH2, and HY-ATPase, and coloring-related genes include CHS, CHI, F3H, DFR, ANS,
and UFGT. Finally these expressed genes accelerate fleshy fruit ripening, to a large extent, the
processes of which could be cooperated by the interaction of ABA with sugar and ethylene.
Abbreviations: NCDEs, 9-cis-epoxycarotenoid dioxygenases; CYP707As, P450 monooxyge-
nases; GTs, glucosyltransferases; BGs, beta-glucosidases; ABA-GE, ABA-glucosylester; PYR,
pyrabactin resistance; ABAR, ABA receptor; SnRK2: sucrose non-fermenting 1-related protein
kinase 2; ACPK1, ABA-stimulated calcium-dependent protein kinasel; MKKI, mitogen-acti-
vated protein kinase kinase 1; MPK1, mitogen-activated protein kinase 1; bZIP5, basic leucine-
zipper 5; MYBA4, dehydration responsive element-related transcription factor 4; ABI3-5, abscisic
acid insensitive 3-5; ABRE, ABA response element; PG, polygalacturonase gene; PL, pectate
lyase gene; PME, pectin methyl esterase gene; 7BG, B-galactosidase gene; XET, xyloglucan
endotransglycosylase gene; Cels, endo-1,4-p-cellulose gene; Exp, expansin gene; SUTI, sucrose
transporter 1 gene; HTs, monosaccharide transporter genes; ADH2, alcohol dehydrogenase
2 gene; H"-ATPase, proton-pump ATPase gene; CHS, chalcone synthase gene; CHI, chalcone
isomerase gene; F3H, flavanone 3-hydroxylase gene; DFR, dihydroflavonol 4-reductase gene;
ANS, anthocyanidin synthase gene; UFGT, UDP-glucose:flavonoid 3-O-glucosyltransferase gene

The initiation of ABA action is triggered by the perception by its receptors, includ-
ing PYRs and ABAR, causing signaling to be relayed by reversible protein phospho-
rylation of protein kinases and phosphatases, including ABI1, SnRK2, ACPK1, SK1,
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MKKI1, and MPKI1. The signalling cascade then involves transcription factors and
cis-elements, including bZIP5, MYb4, ABI3, ABI4, ABIS, ABRE, triggering ripen-
ing-related genes, which are involved in modulating softening, and accumulation of
sugars and pigments. To a large extent, the processes of which could be cooperated
by the interaction of ABA with sugar and ethylene (Fig. 14.1).

14.6 Conclusion and Perspective

Fleshy fruit ripening involves marked physiological and metabolic changes in
sugar metabolism, softening, and color development, and it is clear that these pro-
cesses are substantially regulated by plant hormones. While the role of ethylene in
climacteric fruit ripening has been definitively established at the molecular level
for many years, it is now emerging that ABA is not only involved in the regula-
tion of climacteric fruit development and ripening, but also in the developmental
processes of non-climacteric fruit. Much progress has been made toward under-
standing the molecular mechanisms involving ABA biosynthesis and signaling in
strawberry, a model plant for non-climacteric fruit research. However, given the
complexity of non-climacteric fruit ripening, the studies concerning the interaction
of ABA with ethylene, of ABA with sugar levels, and of sugars with ethylene, is
an important area of future research work.
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