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Abstract To further understand the basis of abscisic acid
(ABA) signal transduction in regulating sweet cherry fruit
development and ripening, and also the interaction between
ABA and indole acetic acid (IAA) at the onset of fruit
ripening, full-length or partial cDNA of three PaPYLs
(ABA receptor), six PaPP2Cs (type 2C protein phospha-
tase) and six PaSnRK2s (subfamily 2 of SNFI-related
kinases) were identified from sweet cherry. Multiple
alignments and phylogeny analyses showed that most of
the functional residues or domains were well conserved
within each gene family; all PaPP2Cs belonged to the
group A PP2C; PaSnRK2.4 and PaSnRK2.5 belonged to
subclass III of SnRK2. PaPYL2/3, PaPP2C3/4/6 and
PaSnRK2.4 were highly expressed at the early stages of
fruit development. Moreover, PaPYL2, PaPP2C3/4, PaS-
nRK?2.4 also had a high expression level at the onset of fruit
ripening. Exogenous ABA treatment at 28 days after full
bloom decreased the IAA level and promoted fruit ripening
by increasing anthocyanin and soluble solids content.
However, although IAA treatment induced the ABA
accumulation, it delayed the onset of fruit ripening. Most of
the PaPYLs and PaSnRK2s didn’t strongly respond to ABA
and TAA treatments at 28 days after full bloom, while
expressions of PaPP2C3, PaPP2C5 and PaPP2C6 were
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significantly induced by exogenous ABA and PaPYLI was
significantly induced by exogenous IAA.
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Abbreviations

ABA Abscisic acid

CHLH Magnesium chelatase H subunit
DAFB  Days after full bloom

1AA Indole acetic acid

PP2C Type 2C protein phosphatase

PYL Pyrabactin resistance like

PYR1  Pyrabactin resistance 1

RCAR  Regulatory components of ABA receptor
SnRK2  Subfamily 2 of SNF1-related kinases
VIGS Virus induced gene silencing
Introduction

Sweet cherry (Prunus avium L.), because of its beauty and
sweetness, has become a kind of most highly prized and
popular fruit all around the world. Although it has many
attractive features to the customers, several problems exist
in the sweet cherry production and industry, such as fruit
cracking and low storability. Many efforts have been put
into solving these problems, however, a lack of knowledge
on the sweet cherry fruit development and ripening
mechanism, especially at the molecular level, has become a
main limitation.

Phytohormones have long been known to involve in the
regulation of fruit development and ripening (Crane 1969;
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Nitsch 1988). Among the five major phytohormones:
abscisic acid (ABA), auxin, gibberellin, ethylene and
cytokinin, both ABA and auxin (mainly refers to IAA)
have been shown to modulate the growth and development
of fruit at various stages (Ozga and Rienecke 2003).
Recently, by means of silencing the key genes in ABA
biosynthesis and signal transduction pathway respectively,
ABA has been proved to directly regulate the fruit ripening
in both climacteric (tomato) and non-climacteric fruit
(strawberry) via affecting the cell wall degradation and
fruit coloring (Jia et al. 2011; Sun et al. 2012). In sweet
cherry, a typical non-climacteric fruit, ABA has also been
reported to involve in regulating fruit maturation and rip-
ening. Firstly, the endogenous ABA level and the expres-
sion level of the key genes involved in ABA biosynthesis
(PacNCEDI) and oxidative catabolism (PacCYP707As)
were related to the sweet cherry fruit development and
ripening process (Kondo and Gemma 1993; Setha et al.
2005; Ren et al. 2010). The ABA level peak which
appeared at the beginning of sweet cherry fruit softening
was thought to be the signal that triggered fruit ripening
(Setha et al. 2005; Ren et al. 2010). Secondly, exogenous
ABA application to the sweet cherry fruit at the second
rapid growth phase can not only accelerate fruit softening
and increase the maturation index levels, but also enhance
the fruit quality by increasing the content of total sugar and
anthocyanin (Kondo and Gemma 1993; Ren et al. 2010).
Furthermore, a latest study reported that ABA can directly
regulate sweet cherry fruit coloration via affecting the
expression level of the PacMYBA which is a transcription
factor that interacts with several anthocyanin-related bHLH
transcription factors to further activate the promoters of
key genes in anthocyanin biosynthesis pathway (Shen et al.
2014). Besides the effects on pericarp, ABA can also affect
the lignification process thereby regulating the seed
development in sweet cherry (Kondo and Inoue 1997). On
the other hand, besides ABA, auxin can also affect the fruit
development of sweet cherry. Applying the synthetic auxin
at the beginning of pit-hardening can lead to appreciable
and significant increase in fruit size and total yield (Stern
et al. 2007).

Phytohormones, both the endogenous and the synthetic,
have been proved to have mass of effects on the develop-
ment and ripening of many kinds of fruits (Given et al.
1988; Zhang et al. 2009; Jia et al. 2011), including sweet
cherry (Shen et al. 2014), and at most of the time, their
biological functions must depend on the perception of their
specific receptors and transduction of their signaling
pathways. There are two kinds of ABA signal transduction
pathways that have been reported: one is the PYR/PYL/
RCARSs (ABA receptor, hereafter the PYLs)—PP2C (ABA
signal negative regulators, type 2C protein phosphatases)—
SnRK2 (ABA signal positive regulators, subfamily 2 of
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SNF1-related kinases) pathway, in which the signal trans-
duction depends on the phosphorylation/dephosphorylation
of these three core components (Ma et al. 2009; Melcher
et al. 2009; Nishimura et al. 2009; Park et al. 2009;
Umezawa et al. 2009): ABA can be sensed and bound by
PYLs which belongs to the START protein superfamily
through their ligand-binding pockets; with the binding of
ABA, PYL closes two highly conserved -loops around the
entry of the ligand-binding pocket and forms a ‘cap-lock’
interface which in turn binds to PP2C phosphatase activity
site and directly inhibits the activity of PP2C; then SnRK2s
are released from the dephosphorylating of PP2C and can
phosphorylate downstream proteins or transcription factors
that trigger the expression of ABA-responsive genes.
Another pathway is the magnesium chelatase H subunit
(CHLH) pathway, in which the CHLH as an ABA receptor
antagonizes a group of WRKY transcription repressors to
relieve ABA-responsive genes of inhibition (Shen et al.
2006; Wu et al. 2009). In tomato and strawberry, the PYL—
PP2C-SnRK?2 and CHLH pathway have been shown to be
involved in the regulation of fruit ripening: in tomato the
expression of the three core components (PYL, PP2C and
SnRK2) genes were observed to coincide with the fruit
development process (Sun et al. 2011); in strawberry,
down-regulation of the PYR1 and CHLH genes in fruit by
virus induced gene silencing (VIGS), significantly inhib-
ited the fruit coloration process (Chai et al. 2011; Jia et al.
2011). However, in sweet cherry, although the CHLH gene
has been cloned and studied, its function in fruit is more
likely to involve in stress response, but not in the regulation
of fruit ripening (Ren et al. 2011). Therefore, the
involvement of ABA signal transduction pathway during
fruit ripening is still unclear in sweet cherry.

In this study, based on sequence similarity and align-
ment with Arabidopsis homologues, three PaPYLs, six
PaPP2Cs and six PaSnRK2s were identified from cDNA
contig database which was generated from sweet cherry
RNA-seq short reads pool. Expression patterns of these
genes during sweet cherry fruit development and ripening
and in response to exogenous ABA and IAA treatment
were characterized. We hope these results could lay
foundation for further studies on the molecular mechanism
of ABA in regulating sweet cherry fruit development and
ripening.

Materials and methods
In silico analysis
The PYL, PP2C and SnRK2 full-length cDNA sequences

and the corresponding amino acid sequences of Arabi-
dopsis were obtained from NCBI (http://www.ncbi.nlm.
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nih.gov/) as reported in previous studies (Huai et al. 2008;
Ma et al. 2009; Melcher et al. 2009; Park et al. 2009; Shen
et al. 2010; Umezawa et al. 2010). To identify sweet cherry
orthologues of selected Arabidopsis genes, BLASTN
searches were conducted in the sweet cherry contig data-
base with the Arabidopsis cDNA sequences as queries. The
sweet cherry contig database was obtained from Dr. Mer-
ianne Alkio (Alkio et al. 2012). All the nucleotide
sequences that we used are listed in the Supplementary
data. The identified sweet cherry sequences were further
verified by Align Sequences Protein BLAST with the
deduced sweet cherry protein sequences as query and the
homologous Arabidopsis proteins as subject sequences.
Homology alignments were performed within each gene
family by comparing the sweet cherry deduced amino acid
sequences with the orthologues in Arabidopsis, tomato,
cucumber and grape, using ClustalX software with default
option. Alignment results were visualized and edited by
BOXSHADE 3.21 software (http://www.ch.embnet.org/
software/BOX_form.html) and Jalview software (Water-
house et al. 2009). The phylogenetic trees were constructed
by using the Neighbor-Joining (N-J) method in ClustalX
software with the bootstrap analysis setting at 1,000 rep-
licates for evaluating the reliability of different phyloge-
netic groups. For the PYL gene family, phylogeny analysis
was performed by using full-length of deduced amino acid
sequences. For the PP2C and SnRK2 gene families,
because some genes (PaPP2C2, PaSnRK?2.4/2.5/2.6) are
partial, phylogeny analyses were carried out by analyzing
the conserved domains. Tree files were visualized and
edited using MEGA 4.0.2 software.

Plant materials

Fruits from Prunus avium L. cv. Sato Nishiki were col-
lected from adult trees grown in an experimental orchard at
China Agricultural University (Beijing, P. R. China) in the
spring of 2013. Fruits were collected at 10, 13, 17, 21, 25,
29, 33, 35, 37 and 40 days after full bloom (DAFB),
respectively. Pulp was immediately separated using a
knife, frozen in liquid nitrogen and stored at —80 °C for
subsequent analysis.

Exogenous ABA and IAA treatments

Bearing branches with the same bearing ability were cut at
28 DAFB and the shoot was placed in | mM ABA (Sigma,
A1049) solution, 1 mM TAA (Sigma, S12886) solution or
distilled water as control in a tissue culture room at
25 £ 2 °C with a 16 h light/8 h dark cycle for 3 days. The
treatment solution was freshly prepared every day and put
in triangular flask covered with aluminum foil. Pulp and
peel from each treatment were separated and collected after

3 days of treatment, frozen in liquid nitrogen and stored at
—80 °C for subsequent analysis. Each treatment was
repeated three times.

Determination of ABA and IAA content

Determination of ABA and IAA was conducted according
to the method described by Yu et al. (2008). Three grams
powders of each sample was extracted in 40 ml 80 %
methanol (v/v) which contained 4 mg 2, 6-di-tert-butyl-4-
methylphenol at —20 °C in dark for 18 h. The extract was
then centrifuged at 10,000xg for 20 min, 4 °C and the
supernatant saved. The pellet was re-extracted with 40 ml
80 % methanol (v/v) at —20 °C in dark for 2 h. Then the
extract was centrifuged at 10,000x g for 20 min, 4 °C and
the supernatant saved. The pellet was reextracted a third
time with 20 ml 80 % methanol (v/v) at —20 °C in dark
for 2 h. After that the extract was centrifuged at
10,000x g for 20 min, 4 °C and the supernatant saved. All
the supernatants were collected and evaporated to dryness
at 40 °C with rotary evaporator. Residue was washed with
10 ml petroleum ether and then dissolved in 10 ml 0.02 M
phosphate buffer solution (pH 8.0). The phosphate buffer
was decolorised with 10 ml petroleum ether for three
times and then added 0.2 g insoluble PVPP, mixed at 0 °C
for 15 min. Then PVPP was detached by vacuum filtra-
tion. The phosphate buffer was then extracted three times
by ethyl acetate at pH 3.0 (ethyl acetate phase retained).
The ethyl acetate phase was evaporated to dryness at
40 °C and dissolved in 1 ml 50 % methanol (v/v) for
HPLC analysis. 20 pl of each sample was separated by
HPLC (1200 Series; Agilent Technologies, Santa Clara,
CA, USA) on a 4.8 x 150 mm C18 column (Agilent
Technologies) at a flow rate of 0.8 ml min~'. The solvents
were 0.8 % (v/v) glacial acetic acid (solvent A) and 100 %
methanol (solvent B). Elution was by means of a
changeable gradient of solvent B: 0—4 min 45 %, 4-5 min
from 45 to 50 %, 5—-17 min from 50 to 60 %, 17-18 min
60 % and 18-19 min from 60 to 45 %. ABA and TAA
retention time was determined with standard substance
[(£)-abscisic acid, Sigma A1049; IAA, Sigma SI2886] at
wavelength of 260 nm. Each sample had three biological
replicates.

Measurement of single fruit weight, fruit transverse,
vertical diameter and soluble solids content

Single fruit weight was measured periodically during fruit
development using an electronic balance. Fruit transverse
and vertical diameter were measured at the same time.
Soluble solids content was obtained by determining the
juice of pulp with a Pocket Refractometer Pal-1 (ATAGO,
TOKYO; units = %Brix).
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Anthocyanin analysis

1 g peel was extracted with 0.1 % HCl-methanol for 4 h
and centrifuged at 12,000 rpm at 4 °C. Absorbance of the
extracted solution was determined at 530 and 657 nm. The
formula A = As30-0.25 Ags7 was used to compensate for
the contribution of chlorophyll and its degradation products
to the absorption at 530 nm (Rabino and Mancinelli 1986).
Anthocyanin content was a relative value and we set
A = 0.01 equal to one unit (U).

RNA extraction and real-time PCR analysis

Total RNA was extracted from 1.0 g pulp using the hot
borate method (Wan and Wilkins 1994). Genomic DNA
was eliminated using RNase Free DNase I kit (Takara,
Dalian, China) according to the manufacturer’s recom-
mendations. The quality of every RNA sample was asses-
sed by agarose gel electrophoresis. Band intensities were
measured using the Image J software. The intact total RNA
run on a denaturing gel should have sharp, clear 28S and
18S rRNA bands. The 28S rRNA band should be approx-
imately twice as intense as the 18S rRNA band. Then RNA
sample with good quality was quantified by NanoDrop
1000 Spectrophotometers (Thermo Scientific). The cDNA
was synthesized from the total RNA using the Prime-
ScriptTM RT reagent kit (Takara, Dalian, China) according
to the manufacturer’s instructions. Amplification of spe-
cific regions of targeted genes and real-time detection of
amplification production was conducted using a Rotor-
Gene 3000 system (Corbett Research, Australia) with
specific primers (Supplementary Table S1). Real-time PCR
was performed using the SYBR Premix Ex TaqTM kit
(TaKaRa, Dalian, China). Reactions contained 1 pl of
primer mix (containing 5 uM of each forward and reverse
primer), 2 ul cDNA template, 12.5 pl SYBR Premix Ex
TaqTM (2x) mix and 9.5 pl water to make a total volume
of 25 pl. Reactions were carried out under the following
conditions: 95 °C/30 s (1 cycle); 95 °C/15 s, 60 °C/20 s;
72 °C/15 s (40cycles).

PCR amplification of a single product of the correct size
for PaPYLs, PaPP2Cs and PaSnRK2s were confirmed by
agarose gel electrophoresis and double-strand sequencing.
Plasmids containing each specific gene were used in stan-
dard curve assays. Relative fold expression for the genes
were calculated using Rotor-Gene 6.1.81 software.
According to Ren et al. (2010), the PacACTI (F1560908)
gene was selected as an internal control gene and its
expression level was not only used to normalize the dif-
ference among of the template added in different PCR
tubes, but also to adjust the variations that were generated
during the whole process from RNA extraction to reverse
transcription (relative quantification).
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Results

Identification of sweet cherry orthologues
of Arabidopsis genes involved in ABA signal
transduction

In order to isolate the PYLs, PP2Cs and SnRK2 s involved
in the ABA signal transduction from the sweet cherry
contig database, BLASTN searches were conducted in the
sweet cherry contig database with the Arabidopsis cDNA
sequences as queries. In order to further verifying the
sequences obtained from sweet cherry, BLASTP searches
were conducted using the deduced sweet cherry protein
sequences as query and the corresponding Arabidopsis
protein sequences as subject. Finally, three PaPYLs, six
PaPP2Cs and six PaSnRK2s which showed high similarity
in BLASTP analysis were identified from the sweet cherry
contig database (Tables S2-S4). Based on multiple align-
ments of these deduced protein sequences (Fig. la—c; Fig.
S1), most of the functional residues or domains were well
conserved within each gene family. Phylogeny analyses
revealed that, within the PYL gene family, PaPYL1 and
PaPYL3 belonged to subfamily I, while PaPYL2 belonged
to subfamily II (Fig. la; Fig. S2). Within the PP2C gene
family, all the PaPP2Cs were classified into the group A in
both of the phylogeny analyses using full-length sequences
and conserved regions and kept a significant distance from
SIPP2C, SIPP2C3 and SIPP2C4 (Fig. 1b; Fig. S3 and S4).
Within the SnRK2 gene family, as we only obtained the
C-terminal sequences for PaSnRK2.4 and PaSnRK?2.6 and
N-terminal sequence for PaSnRK?2.5 (Fig. S1C), phylogeny
analyses were performed in three methods: full-length
analysis for PaSnRK?2.1/2.2/2.3 (Fig. S5), C-terminal ana-
lysis for PaSnRK2.1/2.2/2.3/2.4/2.6 (Fig. 1c¢) and N-ter-
minal analysis for PaSnRK2.1/2.2/2.3/2.5 (Fig. 1d). As
shown in Fig. Ic, d and Fig. S4, PaSnRK2.1 was classified
into subclass I; PaSnRK?2.2/2.3/2,6 were classified into
subclass II; PaSnRK2.4 and PaSnRK2.5 were classified
into subclass III via C-terminal analysis and N-terminal
analysis, respectively.

Growth parameters of sweet cherry fruit

By measuring changes in single fruit weight, transverse
diameter and vertical diameter, a profile of berry devel-
opment was established for ‘Sato Nishiki’ sweet cherry
fruit (Fig. 2a). Fruit growth followed a biphasic growth
pattern with time. It took about 35 days from full bloom to
maturation and about 40 days to full ripeness. The first 17
DAFB was the first rapid growth stage. The following was
the pit hardening stage, during which the fruit slightly
enlarged and the stony endocarp underwent hardening.
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Fig. 1 Sequence alignments and phylogenetic trees of the PYL,
PP2C, and SnRK2 gene families. Genes studied are marked with
black diamonds. Amino acid sequences are shown only for functional
residues and domains. Residue positions are marked with the numbers
nearby. Conserved residues are marked with black or grey shading.
More detailed alignments are shown in Supplementary Fig. SI.
Phylogenetic trees are shown only with their topological structures.
a Sequence alignment and phylogenetic tree of the PYL family.
Residues forming the ligand-binding pocket are marked with black
triangles. The gate and latch domains are indicated. Functional
residues and domains are based on reports by Melcher et al. (2009)
and Santiago et al. (2009). b Sequence alignment and phylogenetic
tree of the PP2C. The phylogenetic tree was constructed with the
N-terminal sequences. Sequences showed in break line box are

When the pit hardening stage ended, a second rapid growth
stage occurred after 25 DAFB. Fruit growth ceased at 35
DAFB and then fruit entered into the full ripe and senes-
cence stage.

ABA and TAA variations during sweet cherry fruit
development and ripening and in response to exogenous
hormone treatment

The highest ABA level during sweet cherry fruit devel-
opment and ripening appeared at 13 DAFB, and then it
sharply declined to lower levels at 17 DAFB. Only slight
changes were detected between 17 and 33 DAFB, after
which it increased and reached another peak value at 35
DAFB and after that it decreased (Fig. 2b). The highest
TAA level was detected at 10 DAFB, afterwards, it

C-terminal region of the amino acid. Residues interacting with ABA,
PYLs, and Mn/Mg ions are marked with black triangles, asterisks,
and white triangles, respectively. Phosphatase sites are marked with
black circles. Functional residues and domains are based on studies
by Melcher et al. (2009). ¢ Sequence alignment and phylogenetic tree
of the deduced C-terminal amino acid sequence of SnRK2 family.
Potential phosphatase sites are marked with black circles according to
Umezawa et al. (2009). Functional residues and domains are noted
according to Yoshida et al. (2006) and Yuasa et al. (2007).
d Phylogenetic tree constructed with deduced N-terminal amino acid
sequences of SnRK2 family in sweet cherry and Arabidopsis. The
N-terminal region, which was used to construct phylogenetic tree, was
marked with red box in Fig. S1C

gradually decreased and reached the lowest level at 29
DAFB, after which it increased and peaked at 35 DAFB
(Fig. 2b). IAA content in ABA treated fruits was decreased
compared to that in the control fruit (Fig. 3c). However,
ABA content was increased in the IAA treated fruits
(Fig. 3d).

Effects of ABA and IAA application on sweet cherry
fruit ripening

Compared to that in the control fruits, soluble solids con-
tent in ABA treated fruits was slightly increased, however,
it was decreased in IAA treated fruits (Fig. 3a). In addition,
ABA treatment significantly increased the anthocyanin
content in the peel of sweet cherry fruit, while IAA treat-
ment slightly reduced its content (Fig. 3b).
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Fig. 2 a Changes of single fruit weight, transverse diameter and
vertical diameter during sweet cherry fruit development and ripening.
Different development stages are indicated. b Changes of ABA and
TIAA contents during sweet cherry fruit development and ripening.
Standard deviation are indicated

Expressions of PaPYLs, PaPP2Cs and PaSnRK2s
during sweet cherry fruit development and ripening

Within the PaPYL gene family, PaPYLI and PaPYL2 had
similar expression patterns from 10 DAFB to 25 DAFB and
both of them reached the highest value at 21 DAFB,
however, during the following development stages, they
exhibited different expression patterns: PaPYLI had
another expression peak at 35 DAFB, while PaPYL2 had
two expression peaks at 29 and 37 DAFB, respectively
(Fig. 4a). PaPYL3 expression significantly decreased
between 10 and 13 DAFB periods and then it gradually
decreased to relatively low levels (Fig. 4a).

Within the PaPP2C gene family, PaPP2CI expression
was increased from 10 to 13 DAFB, and then it gradually
decreased to the lowest level at 33 DAFB, after which it
increased and peaked at 35 DAFB (Fig. 4b). PaPP2C2
expression gradually decreased from 10 DAFB to 29
DAFB, after that only slight changes were detected.
Expression of PaPP2C3 was relatively high at 10 DAFB
and then it significantly decreased to the lowest level at 21
DAFB, afterwards, it increased and reached the peak value

@ Springer

at 35 DAFB (Fig. 4b). PaPP2C4 had a fluctuant expression
pattern during sweet cherry fruit development and ripening
(Fig. 4b). Both PaPP2C5 and PaPP2C6 expressions gen-
erally decreased during the whole development process,
though there was a small peak appearing at 35 DAFB
(Fig. 4b).

Within the PaSnRK2 gene family, PaSnRK2.1 expres-
sion decreased sharply from 10 DAFB to 21 DAFB, after
which it increased and reached a small peak at 25 DAFB,
then it decreased again and followed by another small peak
at 35 DAFB (Fig. 4c). PaSnRK2.2 had a relatively high
expression value at 10 DAFB, then it significantly
decreased to the lowest level at 21 DAFB, afterwards, it
gradually increased and peaked at 35 DAFB (Fig. 4c).
PaSnRK2.3 expression was generally increased from 10
DAFB and reached the peak value at 25 DAFB, after which
it declined till 35 DAFB and thereafter it increased again
(Fig. 4c). PaSnRK2.4 expression was decreased from 10
DAFB to 33 DAFB, after which it gradually increased
toward 40 DAFB (Fig. 4c). PaSnRK2.5 and PaSnRK2.6
expression patterns were similar during the whole devel-
opment process, both of them reached the highest value
and peaked at 21 DAFB (Fig. 4c).

Expressions of PaPYLs, PaPP2Cs and PaSnRK2s
in response to exogenous ABA and TAA treatment
in sweet cherry fruit

Among the three PaPYLs, PaPYLI was significantly up-
regulated by IAA treatment; PaPYL2 was significantly
down-regulated by both ABA and IAA treatment; however,
PaPYL3 was insensitive to both treatments (Fig. 5a).

In terms of PaPP2C gene family, PaPP2Cl, 2 and 4
expressions were not obviously changed by exogenous
ABA and TAA treatment (Fig. 5b). However, PaPP2C3, 5
and 6 were all greatly up-regulated by both ABA and IAA
treatment (Fig. 5b).

Within the PaSnRK2 gene family, expression of PasS-
nRK2.1, 2.5 and 2.6 was down-regulated in response to
ABA treatment (Fig. 5c) and expression of PaSnRK2.2 and
2.3 was down-regulated by IAA treatment (Fig. 5c).
However, PaSnRK2.4 was insensitive to both treatments
(Fig. 5c¢).

Discussion

Core components of the ABA signal transduction pathway
emerged with the evolution of plants from aquatic to ter-
restrial environment. During the evolution process, size of
PYL family and group A of PP2C family increased. For
example, as for PYL gene family, there are 4 members in
Physcomitrella patens, 10 members in Selaginella
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moellendorffi, 14 members in Arabidopsis thaliana, 10
members in cucumber, 8 members in tomato and 6 mem-
bers in orange; as for group A PP2C gene family, there are
2 members in P. patens, 5 members in S. moellendorffi, 9
members in Arabidopsis thaliana, 7 members in tomato
and 9 members in grape (Park et al. 2009; Umezawa et al.
2010; Sun et al. 2011; Boneh et al. 2012; Romero et al.
2012; Wang et al. 2014). However, subclass III of SnRK2
family size was relatively conserved, no more than 4
members in all the reported species so far (Umezawa et al.
2010). In this study, via blasting the homologues of At-
PYL, group A AtPP2C and AtSnRK2 in the sweet cherry
contig database which was de novo assembled from an
exocarp RNA-seq short reads pool (Alkio et al. 2012), 6
group A PP2Cs and 2 subclass III SnRK2s were identified,
of which the number of family members was within the
normal range; however, for the PYL family, only three
members were obtained, which was far more less than the
number of the homologues in other species. The reason for
the small size of PaPYL family, on one hand, is that the
contig database was generated only from sweet cherry fruit
exocarp, which may lead to identification of genes only
expressed in exocarp. On the other hand, the total number
of PYL varies between different species and low total
number of PaPYL may directly result in less number of
genes that can be detected in fruit exocarp. Other genes in

AIIBA Corl1trol IAA
PaPYL family may be identified in the future with the
progress in the sequencing of the sweet cherry whole
genome.

According to previous studies, only subclass III of
SnRK2 family involves in the ABA signal transduction
(Umezawa et al. 2010). Among the five identified PaS-
nRK2s, PaSnRK2.4 and PaSnRK2.6 only have C-terminal
sequences (Fig. S1C); meanwhile PaSnRK2.5 only has
N-terminal sequence (Fig. S1C). For clarifying the phy-
logeny information and subclasses that each PaSnRK2
belonging to, three methods (full-length, N-terminal and
C-terminal alignment) were used to generate the phyloge-
netic tree (Fig. 1; Fig. S5). Among all the three types of
analysis, PaSnRK?2.1 and PaSnRK2.2/2.3, which have full-
length amino acid sequences, were always classified into
the subclass I and II, respectively (Fig. 1; Fig. S5), from
which it can be presumed that both the N-terminal and
C-terminal of PaSnRK2s have the conserved sequence that
can be used for the phylogeny analysis. Thus, based on the
phylogeny analyses and multiple-alignments, PaSnRK?2.4
and PaSnRK2.5 have a very high possibility to be the
members of subclass III of SnRK2 family and transduce
ABA signal.

By monitoring the growth parameters (Fig. 2a) and
analyzing the endogenous ABA and IAA concentration in
sweet cherry fruit during the whole development and

@ Springer



462

Plant Growth Regul (2015) 75:455-464

>

—&— PaPYL1
—h&— PaPYL2
—— PaPYL3

300 A

250 A

200 A

150 A

100 A

Copies pg'1 total RNA

50 +

350

o}

—=— PaPP2C1 —O— PaPP2C4

3004 —O— PaPP2C2 —A— PaPP2C5
—8— PaPP2C3 —/— PaPP2C6

250 A
200 -
150

100

Copies pg'1 total RNA

50

O_.

3207 —O— PaSnRK2.1
—@— PaSnRK2.2
2809  _A— paSnRK2.3
240 - —&— PaSnRK2.4
—O— PaSnRK2.5

(9]

200
160 -
120
80 1

Copies pg”' total RNA

40 -

Days after full bloom (DAFB)

Fig. 4 Expressions of PaPYL genes (a), PaPP2C genes (b) and
PaSnRK2 genes (c) during sweet cherry fruit development and
ripening. PacACT1 (FJ560908) was used as an internal control gene.
Standard deviation are indicated

ripening process (Fig. 2b), a similar double-peak variation
pattern was observed in both kinds of phytohormones. The
first peak of ABA and IAA appeared at the first rapid
growth stage: for ABA, this peak was thought to involve in
the activation of the sink and stimulate the nutrition
accumulation in fruitlets (Talon et al. 1990); for auxin, the
high concentration has been proved to involve in acceler-
ating of cell division process (Mapelli et al. 1978).
Therefore, at the first rapid growth stage of sweet cherry,
ABA and TAA can be presumed to worked together to
finish the cell division process by stimulating the nutrition
accumulation and also accelerating the cell division. Fur-
thermore, from the absolute and relative quantification
results, PaPYL1/2, PaPP2C3/4/6 and PaSnRK2.4 may play
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Fig. 5 a Expressions of PaPYLs in response to exogenous ABA and
IAA treatments. b Expressions of PaPP2Cs in response to exogenous
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as an internal control gene. Numbers above/below the bars corre-
spond to the last number of the genes in each gene family members.
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more important roles in the transduction of ABA signal at
this stage (Fig. 4).

The second peak of the two studied plant hormones were
found at 35 DAFB, which is the time point between the
second rapid growth stage and the ripen stage (Fig. 2). The
ABA peak at this time point has been proved to increase
anthocyanin biosynthesis, maturity index (SSC/TA), and
thereby promoting fruit ripening (Ren et al. 2010; Luo et al.
2014). Meanwhile, the IAA dramatic variation at this stage
was thought to be related to the fruit size enlargement at
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the second rapid stage (Liu et al. 2007). Although ABA
peaked at 35 DAFB, we found that the transition of the
second rapid growth stage to the ripening stage initiated
6 days earlier (28 DAFB). Therefore, the increase of ABA
and the low level IAA may be critical for this transition.
The functions of exogenous ABA and IAA were opposite
in the regulation of sweet cherry fruit ripening: ABA
accelerated ripening, while TAA delayed ripening process
(Fig. 3a, b and Supplementary Fig. S7). Furthermore, at
this time, ABA may play a dominant role in controlling the
ripening process, because exogenous ABA treatment can
down-regulate the endogenous IAA level, meanwhile
applying extra IAA can lead to endogenous ABA increase,
which may be caused by a negative feedback reflecting the
fruit tried to overcome the ripening inhibition caused by
TAA via increasing endogenous ABA level. In the aspect of
ABA signal transduction, during the second rapid growth
stage, PaPYL2, PaPP2C3/4/5/6, PaSnRK2.4 may be the
elements that make up the signal transduction pathway,
while at the ripening stage, PaPYLI, PaPP2C3/4 and
PaSnRK?2.4 may play critical roles in transducing the ABA
signal. As the transition period from growth to ripening is
very important for fruit ripening, and at the same time
ABA and TAA have complex interaction during this stage,
responses of ABA signal transduction core component
genes to ABA and TAA are also very important to the
regulation of sweet cherry fruit ripening. Through exoge-
nous phytohormones application, we observed that among
the three gene families studied in this work, only
PaPP2C3/5/6 and PaSnRK2.6 significantly responded to
ABA treatment (expression changes over 50 %) (Fig. 5b,
¢), which was similar to what had been found in tomato
that only few members of the three gene families respond
to exogenous ABA treatment at breaker stage (Sun et al.
2011). By comparing the expression patterns during the
whole fruit development and their responses to ABA, we
can presume that ABA could not be the only and main
regulator in controlling the variation of its signal trans-
duction core component genes’ expression during the
whole sweet cherry fruit development. Another evidence
which can support this hypothesis is that none of the
studied genes’ expression patterns coincide exactly with
the ABA variation during the whole period (Fig. 4). With
regard to IAA, although it can delay fruit ripening and
interact with ABA at the beginning of sweet cherry fruit
ripening, it may not have direct effects on the expression of
PaPYLs and PaPP2Cs which can be presumed from the
similar responses of these two genes families to both ABA
and TAA (Fig. 5a, b). The similar responses caused by IAA
may through its effects on the ABA content. However,
interestingly, within the PaSnRK2s gene family, some
opposite responses were found between ABA and IAA
treatment (Fig. 5c). Therefore, IAA may have some effects

on regulating the expression of PaSnRKZ2s, especially
PaSnRK2.4/2.5, or at least not fully through ABA.

Between the two rapid growth stages is the pit hardening
stage, during which the ABA level was relatively stable.
However, the expression of PaPYL2 and 3 changed dra-
matically at this stage. One possible explanation is the hys-
teresis effect of PaPYLs’ expression response to the ABA
variation (Fig. 4a).

Based on what mentioned above, the expression of
PaPYLs, PaPP2Cs and PaSnRK2s was related to sweet
cherry fruit development and ripening and in response to
exogenous ABA and TAA treatment at the initiation of fruit
ripening. And this relationship is more intense than that of
CHLH during sweet cherry fruit development and ripening
(Ren et al. 2010). Thus, incorporation with our previous
studies on sweet cherry, it can be presumed that at the onset
of sweet cherry fruit ripening, ABA has an important and
positive effect on promoting fruit ripening, while IAA has a
negative effect on the start of fruit ripening; at transcrip-
tional level, the endogenous ABA level was regulated by the
expression of both PacNCEDI, a key enzyme in the ABA
biosynthetic pathway, and PaCYP707As, key enzymes in
the oxidative catabolism of ABA (Ren et al. 2010; Luo et al.
2014); in the aspect of ABA signal transduction, the PYL—
PP2C-SnRK2 pathway may play a more important role in
regulating of sweet cherry fruit development and ripening
than that of the CHLH-WRKY pathway (Renetal. 2011), in
addition, based on their sequence characteristics and
expression levels, PaPYL2/3, PaPP2C3/4 and PaSnRK2.4/
2.5 may play a more important role in transducing ABA
signal and regulating fruit development and ripening. We
hope all above information could reveal some basic infor-
mation about the regulation of ABA signal transduction core
component genes in sweet cherry fruit maturation and help
us gain a deeper understanding about ABA and IAA’s
function on sweet cherry fruit ripening at the molecular
level. However, a more clear ABA signal transduction
pathway during sweet cherry fruit development and ripening
can not only be based on the transcriptional regulation, a
protein—protein interaction analysis is very necessary and
critical. Thus, direct test at protein level such as yeast-two-
hybrid should be performed in the future studies.
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