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On basis of fruit differential respiration and ethylene effects,
climacteric and non-climacteric fruits have been classically
defined. Over the past decades, the molecular mechanisms
of climacteric fruit ripening were abundantly described
and found to focus on ethylene perception and signaling
transduction. In contrast, until our most recent breakthroughs,
much progress has been made toward understanding the
signaling perception and transduction mechanisms for
abscisic acid (ABA) in strawberry, a model for non-climacteric
fruit ripening. Our reports not only have provided several lines
of strong evidences for ABA-regulated ripening of strawberry
fruit, but also have demonstrated that homology proteins
of Arabidopsis ABA receptors, including PYR/PYL/RCAR and
ABAR/CHLH, act as positive regulators of ripening in response
to ABA. These receptors also trigger a set of ABA downstream
signaling components, and determine significant changes in
the expression levels of both sugar and pigment metabolism-
related genes that are closely associated with ripening. Soluble
sugars, especially sucrose, may act as a signal molecular to
trigger ABA accumulation through an enzymatic action of
9-cis-epoxycarotenoid dioxygenase 1 (FaNCED1). This mini-
review offers an overview of these processes and also outlines
the possible, molecular mechanisms for ABA in the regulation
of strawberry fruit ripening through the ABA receptors.

Fruits can be classified into two types including climacteric and
non-climacteric fruits according as the patterns of respiration
and ethylene production during ripening. Ripening of a climac-
teric fruit is predominately dependent on ethylene biosynthesis
and action.! Over the past decade, much progress has been made
toward understanding the signal perception and transduction
mechanisms for ethylene-regulated ripening of climacteric fruits
in model plant tomato.? In contrast, although the molecular
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mechanisms underlying the development and ripening of non-
climacteric fruits, have been extensively studied and many ABA
signaling components have been identified, including: hexose
transporter and ASR protein,*® a calcium-dependent protein
kinase ACPKI1,’ sugar-inducible protein kinase VvSKI1,° and
calcineurin B-like calcium sensor 1-protein kinase CIPK23, as
well as G-protein signaling components GPA1, PP2C protein
phosphatases, sugar-related WRKY transcription factors, ABRE-
binding factor (ABF) and AP2 transcription factors,® neverthe-
less, the molecular mechanisms of ABA perception and signaling
transduction in the ripening of non-climacteric fruits remain
largely unclear.

Our recent reports have provided strong evidences that ABA
plays a crucial role in the regulation of ripening related-gene
expression through ABA perception and signaling transduction
in strawberry fruit.”!® These and previous studies provide several
lines of evidences that the interaction between sugar and ABA
may be a core mechanism in regulation of the ripening of non-
climacteric fruits.

ABA is Required for Strawberry Fruit Ripening

As a plant hormone, ABA not only plays a central role in the
adaptation of plants to adverse conditions, but also regulates
various aspects of plant growth and development, such as seed
dormancy, seedling growth and fruit development.'""* Notably,
ABA is considered to play even more important roles than that of
ethylene in fruit maturation and senescence.' Ripening of straw-
berry (Fragaria x ananassa), a model for non-climacteric fruits,
is previously reported to be promoted by ABA." In accordance
with this notion, our recent reports also showed that exogenous
ABA can significantly accelerate strawberry fruit ripening, and a
remarkable decrease in ABA content that results from the down-
regulation of the transcripts of a 9-cis-epoxycarotenoid dioxygen-
ase gene (FaNCEDI) by virus-induced gene silencing (VIGS),
can significantly retard the ripening process.” To our knowledge,
this is the first direct molecular evidence on the requirement of
ABA for strawberry fruit ripening.
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It is interesting to note that several previous reports show that
NCEDs is a small gene family in plants, for example, at least seven
AtNCEDs genes (1-6 and 9) in Arabidopsis,'®" five OsNCEDs
genes (1-5) in rice,'" and three PaNCEDs genes (1-3) in avocado
fruit, in which PaNCEDI and PaNCED3 were strongly induced
at ripening.” Although FaNCEDI is a predominant contribu-
tor to ABA accumulation in the ripening fruit,” characteriza-
tion of the nature of FalNCEDs gene family in strawberry fruit
is underway.

ABA Perception in Strawberry Fruit

The most outstanding progress in recent-year studies of the ABA
signaling pathway is the identification of several ABA-binding
components in Arabidopsis, including G protein-related recep-
tors, the Mg-chelatase H subunit and START-domain PYR/
PYL/RCAR.? Although the specific ABA-binding sites in grape
berries were detected ten years ago,” little progress has been
made toward understanding the ABA perception mechanism in
non-climacteric fruits, until our recent breakthroughs in straw-
berry fruits, in which at least two proteins homologous to the
Arabidopsis ABA receptor PYR/PYL/RCAR or ABAR/CHLH
were identified.”!

Usinga newly-established tobacco rattle virus (TRV)-induced
gene silencing (VIGS) technique in strawberry fruit, downregula-
tion of the expression levels of the putative ABA receptor FaPYR1
or FaCHLH/ABAR leads to similar, ABA-insensitive, various
chimeric fruits that are consistent with the RNA-interference
extent of the receptor gene, demonstrating that these poten-
tial receptors act as positive regulators of ripening in-response
to ABA ! Interestingly, the FaCHLH/ABAR gene is only one
member in the strawberry genome,” in which FaPYRs contains
11 members of the gene family."” Subsequently determination of
the ABA binding ability of the FaPYR1 and FaCHLH/ABAR
proteins will provide us with more information on the regulated
mechanism by ABA in strawberry fruit development.

ABA Downstream Signaling Components
in Strawberry Fruit

In response to environmental and developmental cues, a series
of ABA signal cascades in plant cells should be relayed from
hormone perception to gene expression and regulation. In the
past years, in addition to ABA-binding proteins, numerous cel-
lular signaling components including second messengers, protein
kinases/phosphatases, transcription factors that modulate ABA
responses have been identified in Arabidopsis.'>*

In our recent reports have also shown that downregulation
of the FaPYRIor FaCHLHIABAR gene both can alter several
classical ABA-responsive genes including ABI1, ABI3, ABI4,
ABI5, SnRK2, and the later also include both sugar and pig-
ment metabolism-related genes, such as SigF, AMY and CHS>"°
Notably, some node proteins including ABI3, ABI4, ABI5 and
SnRK2, play an important role in the interaction between sugar
and ABA during many aspects of plant growth and develop-
ment in Arabidopsis,?>* for example, ABI3/VP1 functions as
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a repressor of a-amylase genes in maize seed development, %

and SnRK2 mediates the regulation of sucrose metabolism in
Arabidopsis growth.?* More notably, several recent-year reports
have shown that CHLH/ABAR not only interacts with the SigE
sigma factor to inhibit transcription activity of SigE that is a
positive regulator of sugar catabolism,” it also interacts with
a group of WRKY transcription factors that function as nega-
tive regulators of ABA signals.?® In addition, G-protein signal-
ing components GPA1 and RGS1, PP2C protein phosphatases,
sugar-related WRKY transcription factors, ABRE-binding fac-
tor (ABF) and AP2 transcription factors are regulated by sugar
and ABA in another non-climacteric fruit (grape berry).® In
consistent with early reports that sugar can act as a signal to
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induce anthocyanin biosynthesis in fruit,
that soluble sugars, especially sucrose, may act as a promoter
to trigger ABA accumulation by the action of 9-cis-epoxyca-
rotenoid dioxygenase 1 (FaNCEDL1).” In conclusion, our and
previous reports involved in ABA downstream-signaling-
component studies in fleshy fruits suggest that the interaction
between sugar and ABA may be a core mechanism in the regu-

lation of non-climacteric fruit ripening.

Possible Mechanisms for ABA in the Regulation
of Strawberry Fruit Ripening

Fruit ripening is closely associated with changes in sugar metab-
olism, softening and color development. As described above, a
group of sugar- and pigment-related genes (such as SigE, AMY
and CHS) are regulated through ABA signal cascades, in which
are‘involved in ABA receptors (such as FaPYR1 and FaABAR/
CHLH), a set of ABA-responsive modulators (such as ABII,
ABI3, ABI4, ABI5 and SnRK2 in ripening strawberry fruit;”'° or
GPAL1, PP2C protein phosphatases, WRKY transcription factors,
ABF transcription factors in ripening grape berry®). Based on
the data available, especially two models proposed for ABA sig-
naling pathways including “PYR1-PP2C-SnRK2” and “ABAR-
WRKY40-ABI5” core signaling networks in Arabidopsis, ' we
attempt to picture the possible mechanisms for ABA in the regu-
lation of strawberry fruit at molecular level.

As showed in Figure 1, with the advent of strawberry fruit
ripening, the accumulated sugar-, declined acid- and enlarged
cell-derived physiological changes such as osmosis stress, tur-
gor, sugar and pH, might act as early signals to promote ABA
accumulation. The ABA signal is received by (at least) two
putative ABA receptors: FAABAR/CHLH and FaPYRI, or by
(maybe) strawberry homologs of G protein-related receptors
GTGs/GCR2 ¥ (the upstream of GPA1, here named FaGTG/
GCR). These receptors may convey its signal respectively as fol-
lows: FaAABAR/CHLH through SigE or WRKY transcription
factors, FaPYR1 through PP2C (ABI1) and FaGTG/GCR pre-
sumably through GPAL. In the ABA signaling pathway, second
messengers, protein kinases, protein phosphatase 2Cs and tran-
scription factors form integrated signaling pathways. Finally,
the FAABAR/CHLH and FaPYRI signaling pathways might
regulate fruit sugar and pigment metabolism through ABF
and SigE transcription factors; whereas the FaGTGs/GCR2
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signaling pathways might regulate the fruit
softening through Ca?*signals or ion channels.

Concluding Remarks
and Future Directions

Our and previous results have provided sub-
stantial evidences to demonstrate that the
expression and regulation of the ripening-
related genes of non-climacteric fruit, such as
sugar- and pigment-metabolism-related genes,
are required for both ABA accumulation and a
series of ABA signal cascades, in which include
ABA receptors, second messengers, protein
kinases, protein phosphatase 2Cs and transcrip-
tion factors. Given that all ABA receptors are
gained from Arabidopsis and that fleshy fruit
pulp is a special plant tissue, it will be necessary
to search for additional ABA receptors in fleshy
fruit. Second, the detailed information on how
ABA perception is transduced to the regulation
of their downstream events needs to be eluci-
dated in future studies. Third, the complexity
of cross-talks between ABA signaling pathway
and other-hormone signaling pathways (such
as ethylene or IAA) will be a challenge to test.
Fourth, determination of the ABA binding
ability of the strawberry putative ABA recep-
tors is an important task for future studies.
Prospectively, although the pivotal role of ABA
in mediating the response to non-climacteric
fruit ripening has been currently established,
the way from understanding and utilizing the
knowledge of ABA action to guide genetic engi-
neering for manipulation of fruit ripening is to
be long way to go in coming years.
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regulation of strawberry fruit ripening. At the onset of fruit ripening, some physiological
parameters such as osmosis stress, turgor, sugar and pH, might act as early signals to trigger
ABA biosynthesis. The ABA signal is received by three putative ABA receptors, including
FaABAR, FaPYR1 or FaGTG/GCR, then the signal is relayed respectively by their interaction
complexes, namely FaPYR1-PP2C-SnRK2, FaABAR-WARKs-ABIs or FAaABAR-SigE, and FaGTGs/
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