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ABA influences color initiation timing in P. avium L. fruits
by sequentially modulating the transcript levels of ABA
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Abstract
In sweet cherry, as in most non-climacteric species, abscisic acid (ABA) plays a major role in the control of fruit ripening and
color development. Although the ABA treatment of sweet cherry fruits has been reported to upregulate anthocyanin pathway-
related genes or ABA pathway-related genes, the temporality of molecular and physiological events occurring during color
development and the ABA control of these events during the color initiation are lacking in this species. In this work, we analyzed
variations in the Index of Absorbance Difference (IAD), a maturity index, and total anthocyanins along with changes in transcript
abundance of ABA and anthocyanin pathway-related genes, from light green to red fruit stages. PavNCED1 and ABA signaling
pathway-related genes upregulated when fruits transitioned from light green to pink stage, whereas anthocyanin pathway-related
transcripts increased from pink to the red stage, together with increases in the anthocyanin content and IAD, suggesting
sequentiality in molecular and physiological events during color development. Additionally, ABA applied at color initiation in
planta advanced IAD, increased anthocyanin content, and yielded darker fruits at harvest. These changes were accompanied by
changes in the transcript accumulation of ABA and anthocyanin pathway-related genes. This in planta treatment of sweet cherry
fruits with ABA confirms that ABA is a central player in the control of color initiation in sweet cherries, associated with the
transcript accumulation of genes involved in ABA homeostasis and signaling, which is followed by the up-regulation of
anthocyanin pathway-related genes and color development.
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Introduction

Maturity timing is an important parameter for fruit production
and genetic breeding, tightly associated with ripening process-
es (Hardner et al. 2019), including pink color development,
which can be affected by environmental factors (Guo et al.
2018). Ripening is a complex process that combines physio-
logical and molecular events, including cellular modifications
occurring in the fruits, adjustments in the source-sink balance,
and changes in the fruit hormone content (Coombe 1976). For
physiological changes to occur coordinately with the embryo
development, the ripening process must be highly regulated to
start at a precise moment. Ripening is associated with fruit
growth resumption, chlorophyll metabolization, fruit soften-
ing, accumulation of secondary metabolites, color change,
sugar content increase, and acidity decline (Giovannoni
2001; McAtee et al. 2013). Several hormones are involved
in triggering ripening in non-climacteric fruits (McAtee et al.
2013; Cherian et al. 2014). Among these hormones, abscisic
acid (ABA) seems to have a key role in promoting ripening
since this phytohormone increases when softening begins and
pink color initiates; moreover, ABA treatment influences the
ripening-related parameters such as soluble solids and antho-
cyanin content (Kondo and Inoue 1997; Wheeler et al. 2009;
Jia et al. 2011; Sutthiwal 2012; Kuhn et al. 2014). Other hor-
mones possibly participate through complex networks, with
many of them interacting with the ABA pathway (Zhang et al.
2009; Böttcher et al. 2010; Guo et al. 2018; Kuhn et al. 2020).
Therefore, studying ABA’s role during fruit ripening may
provide a better understanding of the regulation of this
process.

ABA is involved in controlling the timing and intensity of
several plant responses (e.g., stomatal closure, transduction of
abiotic signals, and seed dormancy), where it can delay or
advance the occurrence of these processes (Umezawa et al.
2010). For instance, cyp707a2-1 and cyp707a2-2mutants pre-
senting increased ABA content exhibited delayed seed germi-
nation (Kushiro et al. 2004). In the context of fruit ripening,
ABA accelerates the fruit color development in grape (Vitis
vinifera L.; Wheeler et al. 2009). In sweet cherry fruits, RNA
interference (RNAi) lines with downregulated expression of
PavCYP707A2 (coding for a putative ABA 8′-hydroxylase,
possibly involved in ABA catabolism) had an increase in the
transcript abundance of some anthocyanin pathway-related
genes and this was correlated with increased ABA content at
harvest (Li et al. 2015). However, in this study the direct effect
of ABA on the color initiation timingwas not assessed, nor the
physiological changes occurring concomitantly with the ad-
vanced transcript accumulation of anthocyanin pathway-
related genes (only harvest evaluation; see Table 1).

During non-climacteric fruit ripening, ABA exerts its ac-
tion through a dynamic balance in its production, degradation,
transport, and the ability of the fruit cells to perceive and

transduce ABA signals (Li et al. 2011; Leng et al. 2014). In
sweet cherry, ABA levels increase at color initiation, coincid-
ing with fruit growth activation, sugar and anthocyanin con-
tent increase, and the reduction of firmness (Kondo and
Gemma 1993; Ren et al. 2011; Luo et al. 2014; Teribia et al.
2016). ABA treatments affect several ripening-related param-
eters, such as sugar content, firmness, fruit size, and acidity
(Luo et al. 2014). Regarding color development, exogenously
applied ABA increases fruit color and anthocyanin concentra-
tion (Ren et al. 2011; Luo et al. 2014; Shen et al. 2014). This is
significantly associated with the upregulation of chalcone syn-
thase (PavCHS), chalcone isomerase (PavCHI), dihydroflavo-
nol 4-reductase (PavDFR), flavanone 3β-hydroxylase
(PavF3H), anthocyanidin synthase (PavANS), and UDP-
glucose:flavonoid 3-O-glucosyltransferase (PavUFGT)
genes, possibly involved in anthocyanin biosynthesis in sweet
cherry (Liu et al. 2013; Shen et al. 2014).

The relevance of ABA in color development was further
confirmed in sweet cherry RNAi lines with downregulated
expression of PavNCED1, coding for a putative 9-cis-ep-
oxy-carotenoid dioxygenase, which had lower ABA content,
resulting in less colored fruits, with reduced anthocyanin con-
centration (Shen et al. 2014). In contrast, PavCYP707A2 in-
terference lines, with increased ABA levels, had more antho-
cyanins in the fruit than control lines (Li et al. 2015).
Regarding ABA perception and signaling pathways, putative
pyrabactin resistance-like (PavPYL) ABA receptors, subfam-
ily 2 of SNF1-related kinases (PavSnRK2s), and type 2C pro-
tein phosphatases (PavPP2Cs) genes change their transcript
abundance during sweet cherry fruit ripening, and some of
them are ABA-responsive (Wang et al. 2015; Shen et al.
2017), but their expression during this process has not been
associated with color development yet, and ABA pathway
gene profiling has been correlated with fruit size variations
(Wang et al. 2015). Together, this evidence shows that some
aspects of ripening including color initiation regulation by
ABA have been elucidated in sweet cherry fruits; however,
they have not been integrated within a single study.
Furthermore, most of these studies analyzed the effect of
ABA treatment performed ex planta, in which the shoots or
fruits were removed from the tree and treated with ABA in
controlled conditions. Table 1 summarizes the research pub-
lished on sweet cherry fruit development and ripening, includ-
ing the quantification of physiological parameters, the ABA
treatment, and the gene expression profiling of ABA and an-
thocyanin pathway genes reported to date in this species.

The timing of fruit maturity is an important trait for sweet
cherry producers (Hardner et al. 2019). As the ability of ABA
to control not only color intensity but also its timing has not
been well established in in planta experiments in this species,
our study aims to shed light on the temporality of physiolog-
ical and molecular events associated with color initiation and
the role of ABA in its timing regulation in sweet cherry fruits
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in planta (with the fruits on the trees under natural conditions).
To describe this sequence of events, we first focused on ma-
turity index IAD variations and anthocyanin accumulation in
relationship to transcript abundance changes associated with
color development. Then, we monitored the effect the in
planta of ABA treatment at the transcript and physiological
levels. To our knowledge, this is the first attempt to unravel
the temporality of color development, ABA and anthocyanin
gene expression and to address the role that ABA plays in its
regulation in sweet cherry in a single study.

Material and methods

Plant material

Fruits ofPrunus aviumL. cv. Lapins from adult trees grown in
a commercial orchard located at Rengo, Chile (Long: O 70°
43′ 6.78″, Lat: S 34° 27′ 16.92″), were used. Experiments and
quantifications were performed during the 2017–2018 season.
Full flowering (50% open flowers in the trees) was set at zero
time 0 DAFB (days after full bloom), as in previous pheno-
logical studies performed in sweet cherry (Chavoshi et al.
2014; Fadón et al. 2015). Phenology was conducted on these
trees from the green stage until harvest (Table S4). Four trees
were used for IAD curve and transcript profiling during de-
velopment (Table S2), where LG is 35 DAFB, P1 is 56
DAFB, P2 is 60 DAFB, and R is 67 DAFB, and four other
trees were used for anthocyanin concentration estimation dur-
ing development (Table S3), where LG is 40 DAFB, P2 is 61
DAFB, and R is 67 DAFB.

Physiological evaluations

For the growth curve, 80 fruits from four trees (20 fruits per
tree) were each measured every 2–5 days. Equatorial diameter
from the suture was measured with a caliper. For the IAD
curve, 80 fruits from four control trees (20 fruits per tree)
and 80 fruits from four ABA-treated trees (20 fruits per tree)
were measured every 2–5 days. For this, both sides of the
fruits were measured using VIS/NIF device Cherry Meter
(T.R. ® Turoni, Italy), and a value from 0 to 2.5 was obtained
as an average of both cheeks. IAD and width were non-
destructive assessments performed during fruit development.

For physiological assessment at harvest, fruits were collect-
ed at two harvest dates, each of them one day before the
commercial harvests. The first and second harvests were at
69 and 74 DAFB, respectively. At both harvest dates, color
distribution using CTIFL scale, fruit IAD, soluble solid con-
tent, acidity, firmness, width, and weight were quantified
(Chavoshi et al. 2014; Fig S1). For the first harvest, 25 fruits
were randomly collected from n = 4 trees; whereas for the
second harvest, 15 fruits were randomly collected from theTa
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same trees. For color distribution, CTIFL sweet cherry color
chart (CTIFL, France) was used to allocate the 25 fruits in one
to four color categories (1 the lightest; 4 the darkest). For
width and IAD curves, fruits were measured, as described
above. For weight, a portable mini-scale was used. For firm-
ness, a durometer (Durofel T.R. ® Turoni, Italy) was pressed
on both cheeks of the fruits, and a value from 1 to 100% was
obtained for each fruit as an average of both cheeks. For sol-
uble solid content and acidity, the five most homogenous
fruits (in color and size) were selected a measured using a
PAL-BX|ACID Pocket Sugar and Acidity Meter (ATAGO
USA, Inc.), which measures degrees Brix and acidity as total
malic acid content. The effect of ABA is presented as a per-
centage change (%) and was calculated using:

parABA−parControl
parControl

� �
100 ð1Þ

where “par” is the value for the parameters measured.

ABA treatment

For the ABA treatment, eight trees were randomly selected,
four control trees, and four ABA trees, and their fruits were
used for IAD and growth curves and for qPCR and ABA
analysis (sampling in Table S2). ABA (S-abscisic acid,
ProTone® SL, Valent) was applied in a final concentration
of 400 ppm to four trees with a 10-L hand sprayer when fruits
were starting to color (56 DAFB; November 16, 2017; 10%
pink-blush straw yellow fruits and 90% straw yellow fruits in
the tree). Control trees were untreated. Fruits of ABA-treated
and control trees were measured in the tree or collected and
frozen in liquid nitrogen, then stored at − 80°C until further
analyses. Fruits were also collected at harvest for ripening
parameter assessments (Fig. S1a).

Anthocyanin extraction and quantification

Anthocyanins were measured during development and also in
control and ABA-treated fruits at the 1st harvest. For total
anthocyanin estimation, three replicates (n = 3 trees), as a pool
of eight fruits each, were used. Endocarps and seeds were
removed from the fruits in the field with a sharp blade, frozen
in liquid nitrogen, and stored at – 80 °C for further analyses. A
mechanical blender was used to grind the frozen tissue with
liquid nitrogen. Following grinding, tissue was freeze-dried.
Approx. 100 mg of samples was transferred into 15-mL tubes
and mixed with 4 mL 80% methanol. Then, the samples were
sonicated, mixed on an orbital shaker for 20 min, and left
overnight in the dark at 4 °C. Next, the samples were centri-
fuged (10 min, 4000 rpm, 4 °C) and filtered using a 0.22-μm
PFTE membrane. Samples were injected into a UHPLC-MS/
MS Waters Acquity system (Milford, MA, USA). The

separation of anthocyanins was performed using a Waters
Acquity HSS T3 column 1.8 μm, 100 mm × 2.1 mm, at 40
°C. Anthocyanins were analyzed as described by Arapitsas
et al. (2012). Finally, anthocyanins were detected using mass
spectrometry on a Waters Xevo TQMS instrument equipped
with an ESI source. Mass Lynx Target Lynx Application
Manager was used for data processing. The sum of all antho-
cyanins detected was used as an estimation of total
(cumulative) anthocyanins. Student’s T-test at p < 0.05 was
used for establishing the significance of variation between
control and ABA-treated fruits.

ABA quantification

ABA was measured in the control and ABA-treated samples
collected four days after the treatment. For the extraction,
10 mg of mesocarp- and exocarp-enriched frozen and ground
tissue was mixed with an 80% methanol-1% acetic acid solu-
tion, containing internal deuterated standard [2H6]ABA
(OlChemim Ltd., Olomouc, Czech Republic) and shaken for
1 h at 4 °C. The extracted fraction was kept at − 20°C O.N.
and then centrifuged, and the supernatant was dried and dis-
solved in a 1% acetic acid solution.

A reverse-phase column (Oasis HLB) was used for the
separation of the compounds, according to Seo et al. (2011).
The dried eluate was dissolved in 5% acetonitrile-1% acetic
acid solution. Next, samples were injected into an autosampler
and reverse-phase UHPLC chromatography columns, 2.6 μm
Accucore RP-MS, 100 mm × 2.1 mm (Thermo Fisher
Scientific, San Diego, CA, USA). For ABA separation, a gra-
dient of acetonitrile (2–55%) containing 0.05% acetic acid, at
a rate of 400 μL/min over 22 min, was used. Finally, ABA
was detected in a Q-Exactive mass spectrometer (Orbitrap
detector; ThermoFisher Scientific, San Diego, CA, USA).
Targeted selected ion monitoring and electrospray ionization
(ESI) in the negative mode were used for detection (Seo et al.
2011). For the ABA concentration determination, a calibration
curve was generated using the Xcalibur 4.0 and TraceFinder
4.1 SP1 software. Student’s T-test at p-value < 0.05 was used
for establishing the significance of variation between control
and ABA-treated fruits.

RNA extraction and RT-qPCR analysis

For RT-qPCR analyses, three biological replicates (n = 3
trees), as a pool of eight fruits each, were used. Total RNA
was extracted from sweet cherry fruit samples enriched in
mesocarp-exocarp using a modified version of the CTAB
method described by Meisel et al. (2005). Genomic DNA
traces were eliminated by using DNase TURBO™ (Thermo
Fisher Scientific, CA, USA) treatment, according to the man-
ufacturer’s specifications. The reverse transcription reaction
was performed on 1 μg of total RNA, using the First Strand
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cDNA synthesis System Kit (Thermo Fisher Scientific,
Carlsbad, CA, USA), according to the manufacturer’s speci-
fications. RNA purity was estimated using A260/230 and
A260/A280 with values around 2.0 for each one. The RNA
integrity was assessed using RNA electrophoresis for ribo-
somal band resolution, using MOPS buffers.

Relative quantifications of sweet cherry transcripts were de-
termined by real-time PCR (RT-qPCR) using two technical rep-
licates for each biological replicate. Primers were selected from
Alkio et al. (2014), Li et al. (2015), and Wang et al. (2015).
Additionally, a BLAST was performed against the sweet cherry
genome and sequences from NCBI databases, to confirm that
these primers align only to the genes of interest. The efficiency
of these primers for a qRT-PCR reaction was determined by the
LinRegPCRprogram (Ruijter et al. 2009). The list of the primers
used in this study can be found in Supplementary Table S1.

For The RT-qPCR reaction was performed on the QIAGEN
Rotor-Gene Q, using the Rotor-Gene Q Series software version
2.1.0. The reactions were carried out using the Fast Plus system
EvaGreen® qPCR Master Mix (Biotum, CA, USA) according
to the manufacturer’s specifications. RT-qPCR analyses were
performed using the conditions recommended in “Minimum
information established for qRT-PCR experiments” (MIQE,
Bustin et al. 2009) and “Golden Rules of Quantitative PCR”
(Udvardi et al. 2008). Primer efficiency was taken into account
for relative transcript abundance calculations, as indicated by
Pfaffl (2001). PavCAC, PavTEF2, and PavACT1 were used as
reference genes (Alkio et al. 2014), and for the relative abun-
dance calculations, PavCAC was used, presenting the smallest
variation between samples (< 1.5 Cq).

Quantitative transcript abundance during development was
set to 1.0 at 35 DAFB for ABA signaling pathway-related
genes and at 57 DAFB for ABA homeostasis and anthocyanin
pathway-related genes, while in the ABA treatment experi-
ment, it was set to 1.0 in control.

For testing the significance of variations between different
developmental stages (LG, P1, P2, R) of ABA signaling and
anthocyanin pathway-related genes, multiple LSD-Fisher, using
Bonferroni correction for nonparametric data, with p < 0.05,
was used, and for the ABA homeostasis genes the effect of
the ABA treatment, the Mann-Whitney test for nonparametric
data with p-value < 0.05was used (Cheung andKlotz 1997). All
the graphs were made with the GraphPad software Prism ver-
sion 6.0e. ± SEM of three replicates is graphed for each value.

Results

Color, anthocyanin content, and transcript abundance
variations during sweet cherry fruit development

To understand the temporality associated with the onset of
sweet cherry fruit ripening and color development, we focused

on establishing the order of molecular and physiological
events. Hence, in the first place, we characterized the fruit
color variations. For this, a color scale from light green to dark
red was obtained based on the fruit color phenology of Lapins
variety, where P1 is the stage where fruits are mainly yellow
with some of them having pink blushes (10% of the fruits in
the tree), while P2 is the stage when 25% of the fruits in the
tree have a pink blush (Fig. 1a). The maturity index IAD and
the total anthocyanin content in the fruits were assessed at
different stages of color development (Figs. 1a and 2a, b).
We observed an increase in IAD and total anthocyanin content
from the pink 2 stage (P2) to the red stage (R) (Figs. 1a and
2a, b). These results were complemented by assessing the
relative transcript abundance of three sets of genes at different
stages of color development: anthocyanin pathway-related
genes PavCHS, PavF3H, and PavUFGT (Fig. 1b); ABA sig-
naling pathway-related genes PavPP2C3, PavPP2C4,
PavSnRK2.1, PavSnRK2.2, and PavSnRK2.3 (Fig. 1c); and
ABA homeostasis-re la ted genes PavNCED1 and
PavCYP707A2 (Fig. 1d). We found a significantly higher rel-
ative transcript abundance in the anthocyanin pathway-related
genes at the R stage than at the LG and P1 stages (Fig. 1b).We
also observed a statistically higher relative transcript abun-
dance of ABA signaling pathway-related genes at pink stages
P1 and P2 in relation to the previous LG stage, and at the R
stage compared with the P2 stage (Fig. 1c). Finally, sustained
increase and decrease in the transcript levels of putative ABA
homeostasis-related genes, PavNCED1 and PavCYP707A2,
were observed, respectively, from the LG to the R stages
(Fig. 1d). In the case of PavNCED1, there is a significantly
higher relative transcript abundance at the P2 stage compared
to the P1 and LG stages (Fig. 1d). Additionally, the transcript
abundance of the putative orthologs of the ABA signaling
pa thway gene PavPYL2 , t he homeos ta s i s gene
PavCYP707A1, and the R2R3 transcription factor PavMYBA
was analyzed during fruit development (Fig. S3). These anal-
yses revealed that the PavMYBA and PavPYL2 transcript
abundance increased linearly from the light green to pink
stages of development, whereas PavCYP707A1 did not show
a clear linear increase during development.

Effect of ABA on IAD, total anthocyanin, and color
distribution

As changes in the transcript abundance of ABA pathway-
related genes were observed (Fig. 1), and advanced transcript
accumulation of some of these genes was found in
PavCYP707A2 sweet cherry RNAi lines (Li et al. 2015), we
evaluated whether ABA controls the timing of molecular
events leading to color development. First, the effect of
ABA on ripening parameters and in the fruit growth curve
was analyzed. It was found that ABA modifies fruit width,
fruit firmness, and fruit color, among others (Fig. S2). As
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shown in Fig. 2a, an advance in the IAD occurs a few days
after ABA application in the field, implying a slope change
between two time points in ABA-treated fruits while no dif-
ference was observed in control fruits. In this case, a signifi-
cant IAD increase was observed between 67 and 69 DAFB in
ABA-treated fruits (Fig. 2a).

Additionally, there are statistically significant differ-
ences in cumulative anthocyanin content in ABA-treated
fruits at harvest (Fig. 2b). This is accompanied by a more
intense red color distribution in ABA-treated fruits at both
the 1st and 2nd harvests (Fig. 2c). These results show that
ABA treatment advances maturity index IAD, which is
associated with increased total anthocyanin content and
darker fruits at harvest.

Effect of ABA on the transcript abundance of
anthocyanin pathway-related genes and ABA
pathway-related genes

To determine whether the advancement of IAD caused
by ABA treatment was correlated with transcriptional
changes, the same sets of genes (anthocyanin pathway-
related and ABA pathway-related genes) showing
sequentiality during sweet cherry fruit development
(Fig. 1) were analyzed in response to exogenous appli-
cation of ABA, at the P1 stage (see Table S2). The ABA
treatment caused a statistically higher relative transcript
abundance of anthocyanin pathway-related genes,
PavF3H and PavCHS (Fig. 3a). PavUFGT did not
change between ABA-treated and control fruits in our
experimental conditions (Fig. 3a). In addition, signifi-
cantly higher relative transcript abundance of ABA sig-
naling pathway-related genes PavPP2C3, PavPP2C4,
and PavSnRK2.1 was observed in response to ABA treat-
ment (F ig . 3b) , whereas the PavSnRK2.2 and
PavSnRK2.1 transcripts did not change significantly.
Finally, ABA homeostasis-related gene PavNCED1 sig-
nificantly increased its transcript abundance in response
to ABA, whereas PavCYP707A2 showed significantly
lower transcript abundance in ABA-treated fruits com-
pared to control f rui ts (Fig. 3c) . Furthermore,

�Fig. 1 Anthocyanin and ABA-related gene expression variations during
sweet cherry fruit development. aChanges in IAD and total anthocyanins
on a fresh weight (FW) basis. b Transcript abundance relative to PavCAC
of putative orthologs of anthocyanin pathway-related genes. c Transcript
abundance relative to PavCAC of putative orthologs of ABA signaling
pathway-related genes. d Transcript abundance relative to PavCAC of
putative orthologs of ABA homeostasis-related genes. LG, P1, P2, and
R are light green, pink 1, pink 2, and red stages, respectively. Sampling
for qPCR and IAD in Table S2; sampling for total anthocyanin
determination in Table S3. For total anthocyanin estimation and qPCR
analyses, three replicates (n=3 trees), as a pool of eight fruits each, were
used; for IAD, 20 fruits from four trees each (n = 4 trees) were measured.
In a, data asmean ± SD. In b, c, and d, data as mean ± SEM. In c, data was
set to 1.0 in LG. In b and d, data was set to 1.0 in P1. In b and c, multiple
LSD-Fisher, with Bonferroni correction, p < 0.05 was used. In d, the
Mann-Whitney test for nonparametric data with p-value < 0.05 was
used. Different letters denote significant differences between groups in
b and c, or between stages for a given gene (d). n.d., not detected. Color
scale obtained from phenological data of Table S4 including
representative pictures of each developmental stage
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endogenous ABA levels were higher in the ABA-treated
fruits than in the control fruits (Fig. 3d). No statistically
significant variation in the relative transcript abundance
of PavPYL2, PavCYP707A1, and PavMYBA was detected
in response to ABA treatment (Fig. S4).

Discussion

Different transcript profiling patterns underlie sweet
cherry color initiation

Color initiation is related to anthocyanin accumulation in
sweet cherry fruits. An increase in transcript abundance of
structural genes from flavonoid and anthocyanin pathway
(e.g., PavCHS, PavCHI, PavDFR, PavF3H, PavANS, and
PavUFGT) has been correlated with anthocyanin accumula-
tion (Liu et al. 2013; Shen et al. 2014). The expression of these
genes is highly regulated. For instance, the transcripts of the
PacCOP1 gene, possibly encoding and Ubiquitin E3 ligase,
negatively correlated with mRNA levels of PacDFR and
PacANS among others (Liang et al. 2020). On the other hand,
hormones such as ABA upregulate the expression of these
genes (Shen et al. 2014).

Regarding the ABA pathway-related gene expression,
PavNCED1 (coding for putative ABA biosynthetic enzyme)
increases its transcript abundance in association with ABA
and anthocyanin accumulation, whereas the PavCYP707A2
transcripts, possibly encoding ABA-degrading enzymes, de-
crease at the same time (Luo et al. 2014). Changes in the
relative expression of PavPYLs, PavSnRKs, and PavPP2Cs,
coding for ABA perception and signaling pathway, occur
throughout the fruit ripening process (Wang et al. 2015;
Shen et al. 2017). However, given that the ABA signaling
pathway and anthocyanin pathways have been analyzed sep-
arately, the sequentiality of the molecular events underlying
color development has not been clearly established. For ex-
ample, changes in PavSnRK2s and PP2Cs transcript abun-
dance and ABA content increase have been described during
ripening of sweet cherry; however, these changes were not
associated with anthocyanin accumulation nor anthocyanin
pathway-related transcription (Wang et al. 2015; Shen et al.
2017).

Here, we found that color change is accompanied by an-
thocyanin increase, closely reflected by the maturity index,
IAD (Fig. 1a). Non-destructive IAD device excites at
560 nm (chlorophyll, anthocyanin, and other flavonoid

�Fig. 2 Effect of exogenousABA on IAD, anthocyanins, and fruit color. a
IAD changes during fruit ripening in control and ABA-treated fruits. b
Total anthocyanins on a fresh weight (FW) basis at 1st harvest (69 DAFB;
December 1, 2017). c Color distribution using CTIFL color chart at 1st

harvest and 2nd harvest (74 DAFB; December 4, 2017). ABAwas applied
at the color initiation (arrow at 56DAFB; November 16, 2017; P1). For a,
80 fruits from four trees (20 fruits per tree) were randomly selected. For b,
pools of eight fruit per tree (n = 3 trees) were used. For c, 25 and 15 fruits
per tree (n = 4 trees) were selected in the 1st and 2nd harvests, respectively;
CTIFL scale from 1 to 4 was used (see Fig. S1a). In a and b, data as mean
± SD. Student’s T-test at p-value < 0.05 was used for comparing means at
the indicated dates (a) or ABA versus control (b), where an asterisk
denotes statistical differences between ABA-treated and control fruits
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absorption) and 640 nm (mainly chlorophyll absorption).
Thus, the IAD value is obtained from the absorbance differ-
ences between 560 nm, 640 nm, and the reference value at
750 nm (Costa et al. 2016) and estimates the content of an-
thocyanin and other flavonoids that act as a filter for chloro-
phyll absorption (Betemps et al. 2012). Therefore, IAD can be
used as a maturity index, where IAD values positively corre-
late with the anthocyanin content of cherries (Nagpala et al.
2017).

In our results, an increase in IAD and anthocyanin content
is more visible from P2 to the R stage (Fig. 1a), which is
accompanied by a significant increase in the transcript abun-
dance of anthocyanin pathway-related genes, specifically
from P1 to R (Fig. 1b). Luo et al. (2014) reported the same
increase but earlier, from the straw-yellow to the pink stage,
with minor differences in relative expression between pink
and red stages. In contrast, Liu et al. (2013) and Shen et al.
(2014) reported an increase in the relative expression of an-
thocyanin pathway-related genes between pink and red stages,
in line with our results. Possibly, there are differences depend-
ing on the varieties utilized in each study. A summary of these
studies in contrast with our work is summarized in Table 1.

We also observed that changes in the transcript abundance
of anthocyanin structural genes are preceded by PavMYBA
transcript abundance increase, occurring from LG to P1 stages
(Fig S3). In contrast, Shen et al. (2014) reported that
PavMYBA relative expression increases from green to yellow
stage, and then from pink to red stage. It is important to men-
tion that the results presented here refer to dark red-colored
varieties since the transcript profile is different in yellow or
blush varieties (Starkevič et al. 2015; Jin et al. 2016).

In this work, the anthocyanin pathway-related genes are
upregulated after the increase in ABA signaling pathway-
related transcript abundance occurring from LG to P1 stage
(Fig. 1c). The expression of the anthocyanin pathway-related
genes may depend on the ABA pathway activation. ABA

�Fig. 3 Effect of ABA treatment on the ABA content and the transcript
abundance relative to PavCAC of putative orthologs of ABA signaling,
ABA homeostasis, and anthocyanin pathway at the onset of ripening. a
Transcript abundance relative to PavCAC of putative orthologs of
anthocyanin pathway-related genes. b Transcript abundance relative to
PavCAC of putative orthologs of ABA signaling pathway-related genes.
c Transcript abundance relative to PavCAC of putative orthologs of ABA
homeostasis-related genes. dABA content as dry weight (DW) in control
and ABA-treated fruits. In a, b, and c, data are represented as mean ±
SEM and set to 1.0 at the onset of ripening. In d, data is represented as
mean ± DS. ABA was applied at the color initiation (56 DAFB;
November 16, 2017; P1), and transcript abundance and the ABA
content were evaluated 4 days later, at 60 DAFB (November 16, 2017;
P2) in control and ABA-treated fruits. For qPCR analyses and ABA
quantification, pools of eight fruits per tree (n = 3 trees) for control and
ABA-treated trees were used. The Mann-Whitney test for nonparametric
data with p-value < 0.05 was used for qPCR; ANOVA with post hoc
Tukey test, p-value < 0.05 was used for ABA levels. An asterisk denotes
statistical differences between ABA-treated and control fruits
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signaling genes include SNF1-related kinases (PavSnRK2s)
and putative type 2C protein phosphatases (PavPP2Cs). As
these genes are themselves ABA-responsive (Wang et al.
2015; Shen et al. 2017), as soon as ABA induces ABA sig-
naling pathway-related gene expression, it could transduce the
ABA signal into anthocyanin pathway activation. It is worth
mentioning that not onlyABA influences anthocyanin biosyn-
thesis and secondary metabolism. For instance, recent reports
show that exogenous application of calcium changes the ex-
pression of several genes involved in anthocyanin biosynthe-
sis and modifies the accumulation profile of several secondary
metabolites (Michailidis et al. 2020).

Regarding ABA homeostasis-related genes, a sustained in-
crease inPavNCED1, along with a decrease in PavCYP707A2
transcripts, was observed (Fig. 1d). These genes are possibly
involved in ABA homeostasis, with PavNCED1 coding for a
putative ABA biosynthetic enzyme and PAvCYP707A2 cod-
ing for a possible ABA hydroxylase. Interference lines in
these genes support their functionality in sweet cherry fruits
(Li et al. 2015; Shen et al. 2014). Although PavCYP707A2
changes were not significant from LG to P2 stages, there is a
marked decrease up to the R stage. PavNCED1, in turn, sig-
nificantly increased from LG to P2 and also from P1 to P2.
Possibly, PavNCED1 and PavCYP707A2 expression changes
together could generate an additive effect in which increased
ABA biosynthesis combined with reduced ABA degradation
could raise ABA content.

Regarding the upregulation of ABA signaling pathway-
related genes (Fig. 1c), PavSnRK2s and PavPP2Cs transcripts
were previously measured during sweet cherry fruit develop-
ment (Wang et al. 2015; Shen et al. 2017) but not associated
with the color development. We selected PavSnRK2.1,
PavSnRK2.2, PavSnRK2.3, PavPP2C3, and PavPP2C4 as
they were the most highly expressed ABA signaling
pathway-related genes (Wang et al. 2015). Although Wang
et al. (2015) did not measure the anthocyanin levels nor color
changes in the fruits, the ABA content increases when most of
these genes increase. It was found that both PavSnRK2s and
PavPP2Cs transcripts increased at the onset of the color initi-
ation, from LG to P1 stages (Fig. 1c), possibly in response to
ABA increase, as some of them are ABA-responsive (Wang
et al. 2015; Shen et al. 2017).

In Arabidopsis, SnRK2 and PP2C genes are positive and
negative regulators of the ABA pathway, respectively
(Umezawa et al. 2010). PP2C directly inactivates and dephos-
phorylates subclass III SnRK2 in vitro (Umezawa et al. 2009).
Upon ABA stimulus, ABA binds to the PYR/PYL/RCAR
receptors, thus preventing its interaction with PP2C inhibiting
its phosphorylation activity (Park et al. 2009) and SnRK2 is
then released from negative regulation by PP2C, thus allowing
the ABA pathway to turn on (Umezawa et al. 2010).
PavSnRK2s and PavPP2Cs are expressed at color initiation
(Fig. 1c). However, PavSnRK2.3 variation is the most abrupt

(Fig. 1c); hence, this could produce a rapid activation of ABA
signaling, and then, a compensation mechanism, in which
PavPP2Cs putative negative regulators increase their expres-
sion, turning off the ABA signaling pathway and avoiding
excessive ABA signal amplification. Finally, the ABA signal-
ing pathway would be turned off at the red stage since a de-
crease in PavSnRK2.3 transcript abundance is observed.

In summary, a temporality of molecular events might occur
before and during color development, in which ABA biosyn-
thesis and ABA signaling activation positively regulate antho-
cyanin biosynthesis.

ABA influences color initiation timing and modulates
ABA pathway- and anthocyanin pathway-related
gene expression

Shen et al. (2014) and Luo et al. (2014) showed increased
anthocyanin content a few days after the ABA treatment.
However, as only one point was assessed, it is unclear whether
ABA triggers the color initiation or increases the color inten-
sity, or both. To determine if ABA advances color initiation,
we performed an IAD curve for control and ABA-treated
fruits to detect the differences in situ between the fruits during
development. As shown in Fig. 2a, there is a significant in-
crease in IAD from 67 to 69 DAFB in ABA-treated fruits.
Moreover, control fruits reached the 69 DAFB value of
ABA-treated fruits around 72 DAFB, so ABA treatment ad-
vanced IAD by approximately 3 days. Recently, our team has
reported that exogenous application of GA3 can alter the tran-
script abundance of ABA pathway orthologs and modulate
sweet cherry fruit ripening in early- and mid-season varieties
(Kuhn et al. 2020). Interestingly, GA3 treatment performs the
opposite effect than ABA; i.e., in mid-season varieties, GA3

seems to delay ripening initiation whereas here we report that
ABA advances IAD evolution (Fig. 2a). Interaction between
both pathways might control the timing of ripening initiation
by the modulation of common regulatory modules.

Besides the ABA effect on IAD, ABA treatment signifi-
cantly increased the anthocyanin content in ABA-treated fruits
at harvest (Fig. 2b). Additionally, a higher number of fruits
were darker after ABA treatment at both harvest dates (Fig.
2c), supporting that these fruits are advanced in their color
development process.

In grapevine, ABA advances color development (Wheeler
et al. 2009). In peach, ABA affects ripening when applied at
mid-S3, which correlated with downregulation of ripening-
related genes, but it promotes ripening when applied at more
advanced stages, inducing the same genes previously down-
regulated (Soto et al. 2013). However, we disagree with their
interpretation of the results as not necessarily downregulation
of gene expression would lead to advance or delay; instead, it
may result only in intensity change. Therefore, to distinguish
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between both effects, time courses of gene expression should
be performed.

Regarding the molecular features underlying this IAD ad-
vance caused by ABA, we hypothesized that transcriptional
changes should occur a few days after ABA treatment. This
transcriptional effect could occur in ABA homeostasis and
signaling pathway-related genes and ABA response genes,
such as anthocyanin pathway-related genes. In fact, in
PavCYP707A2 RNAi lines, an increase in the relative expres-
sion of PavMYBA, PavUFGT, and PavANS occurred (Wang
et al. 2015). We found differences in the transcript abundance
of several genes in response to ABA (Fig. 3). For example,
PavCHS and PavF3H significantly increase their transcript
abundance in ABA-treated fruits, similar to previously report-
ed (Luo et al. 2014; Shen et al. 2014), whereas PavUFGT
transcript abundance was not affected (Fig. 3a). Li et al.
(2015) found that PavMYBA, PavUFGT, and PavANS have
advanced gene expression in PavCYP707A2 RNAi fruits.
However, in our study, PavMYBA and PavUFGT did not
present significant differences between control and treatment.
As we did not perform a time course for their expression, it is
difficult to say whether the apparent lack of ABA effect is due
to an eventual advance rather than a variation in intensity
response. For instance, PavCYP707A2 RNAi lines had slight
differences in the relative expression of PavMYBA,
PavUFGT, and PavANSwith control lines at the full red stage,
despite the differences observed at the initial red stage due to
the advance in transcript accumulation (Li et al. 2015). In
future work, transcript accumulation time courses may clarify
which genes change in response to ABA treatment.

As putative negative regulators of the ABA pathway,
PavPP2C3 and PavPP2C4 transcripts significantly increase
after ABA treatment (Fig. 3b). These genes increase during
color initiation (Fig. 1c), which has been previously reported
for PavPP2C3 (Wang et al. 2015; Shen et al. 2017), but not
for PavPP2C4 (Wang et al. 2015). Possibly, ABA increases
the ABA negative regulators in order to avoid excessive ABA
response amplification.

As putative positive regulators of ABA signaling, only
PavSnRK2.1 increased significantly in response to ABA un-
der our experimental conditions (Fig. 3b). At the same time, in
other reports, it is downregulated (Wang et al. 2015) or not
affected by ABA at the color initiation stage (Shen et al.
2017). PavSnRK2.2 expression is not significantly affected
by ABA (Fig. 3b), while it decreases in previous reports
(Wang et al. 2015; Shen et al. 2017). Maybe the difference
between this study and those works is that they use fruit-
bearing branches cut at the color change and placed in a
growth chamber. In this condition, the stress associated with
the cutting and eventual dehydration could increase ABA con-
tent over physiological levels, making it difficult to extrapo-
late results to the normal ripening processes. In grapevine
berry cultures, ABA induces most of VvPP2Cs and

VvSnRKs expressed during ripening at or after veraison
(Gambetta et al. 2010), which is in agreement with our results.
On the other hand, we observed lower transcript accumulation
of PavSnRK2.3 upon ABA treatment (Fig. 3b). PavSnRK2.3
transcript abundance increases sharply during color initiation
but then decreases (Fig 1c), so this could be associated with a
mechanism in which this gene first activates and then ABA
represses its expression in a negative feedback mechanism.

Concerning PavNCED1 and PavCYP707A2 transcripts,
ABA treatment seems to mimic developmental changes, i.e.,
PavNCED1 transcript abundance increases during color initi-
a t ion and after the ABA treatment , whereas the
PavCYP707A2 transcripts decrease their transcript abundance
during color initiation and are downregulated by ABA (Fig.
1d; Fig. 3c). This supports the hypothesis that ABA controls
its own levels by increasing its biosynthesis and reducing its
degradation (Ren et al. 2010; Luo et al. 2014). Supporting our
results, the increase in PavNCED1 and the decrease in
PavCYP707A2 transcripts are accompanied by increased
ABA content four days after the treatment (Fig. 3d).

Taking these results together, we postulate that IAD ad-
vance in ABA-treated fruits could then be a combination of
ABA accumulation advance with an ABA regulation over its
own signaling, which in turn could upregulate anthocyanin
pathway-related genes. Future work is needed in order to shed
more light on the role of ABA on the ripening initiation timing
control.

Conclusions

The evidence presented in our in planta experimental design
confirms that ABA is a central player in controlling the color
initiation in sweet cherries during development. This is likely
associated with a sequentiality in the transcript accumulation of
genes possibly involved in ABA homeostasis and signaling, as
well as anthocyanin pathway-related genes. This suggests a
tight control of these ABA-responsive genes to trigger the mo-
lecular and physiological responses associated with fruit ripen-
ing. Dissecting the role of ABA in the color initiation timing
would be an important improvement in breeding programs
looking for genetic factors involved in the maturity time trait.
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