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Abstract

Three apple cultivars with different peel colour and known ripening dynamics were examined throughout development and
on-tree ripening to unravel how the hormonal crosstalk may influence colour changes. Our results indicate that the colour of
ripe apples in ‘Granny Smith’ and ‘Opal® cultivars was primarily influenced by chlorophyll levels masking the contribution
of other pigments, whilst the development of red colour in the ‘Royal Gala’ was not only due to an important loss of chloro-
phyll during ripening but also to anthocyanins accumulation. The interplay amongst indole-3-acetic acid (IAA), ethylene and
abscisic acid (ABA) seemed to control pigment content during the later stages of development, indicating that variations in
the hormonal profile contribute to colour differences in ripe apples. In ‘Granny Smith’ apples, basal levels of IAA, ethylene
and ABA were associated with the inhibition of chlorophyll loss, which was responsible for its green colour, despite the
presence of high carotenoid levels. In contrast, the peel of ‘Opal® and ‘Royal Gala’ apples underwent a degreening process
facilitated by the IAA-mediated activation of ethylene metabolism, in a crosstalk facilitated by MdARF5. The accumulation
of anthocyanins in the peel of ‘Royal Gala’ apples seemed to be regulated in an ethylene-dependent manner, with MdMYB1
acting as the mediator between ethylene signalling and the anthocyanins biosynthesis and vacuolar transport pathways. On
the other hand, the decline in carotenoid content during fruit development in the three cultivars appeared to be regulated at
the catabolic level through ABA and its derivatives and possibly also facilitated by ethylene-mediated mechanisms. Notably,
chlorophyll levels, crucial for the observed colour changes, were likely controlled by MdGLK, a transcription factor involved
in chloroplast biogenesis, working in coordination with ethylene-dependent catabolic enzymes. Overall, understanding the
cultivar-specific hormonal regulation of apple colour provides valuable insights for developing preharvest and postharvest
strategies to ensure an optimal fruit colour aligned with consumer preferences.
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Introduction

Fruit colour significantly impacts consumer perception and
acceptance, not only because it serves as an indicator of ripe-
ness and quality, but also because of its impact with human
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health benefits (Dar et al. 2019). For instance, carotenoids
play a crucial role in maintaining healthy vision due to their
involvement in retinol biosynthesis whilst anthocyanins are
potent antioxidants which reduce the risk of multiple chronic
diseases (De Pascual-Teresa and Sanchez-Ballesta 2008;
Eggersdorfer and Wyss 2018).

Colour development in fruit is linked to the balance
amongst pigments, which in turn is modulated by signal-
ling pathways involving a complex interplay amongst hor-
mones, transcription factors and response to environmental
stimuli (Liu et al. 2021). Generally, during the first stages
of fruit development, cytokinins, and the transcription factor
GOLDEN2-LIKE (GLK) are key hormones and signalling
components, respectively, participating in chloroplast bio-
genesis and the accumulation of chlorophylls, the pigments
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responsible for the green colour of unripe fruit (An 2019;
Cackett et al. 2022; Cortleven and Schmiilling 2015). As
fruit mature, chlorophyll levels tend to decrease allowing
the emergence of other pigments, such as carotenoids and
anthocyanins, responsible for the characteristic yellow and
red colour in ripe fruit, respectively (Reay et al. 1998).

In climacteric fruit, ethylene predominantly stimulates
chlorophyll degradation by inducing genes encoding chlo-
rophyll catabolic enzymes, including NON-YELLOW COL-
OURING1 (NYC1), NYCI1-LIKE (NOL), PHEOPHYTI-
NASE (PPH), and PHEOPHORBIDE A OXIGENASE
(PAO) (Wei et al. 2021). However, ethylene not only contrib-
utes to chlorophyll degradation but also promotes expression
of MYBI, a transcription factor that enhances the expression
of anthocyanins biosynthetic genes, such as the DIHYDRO-
FLAVONOL 4-REDUCTASE (DFR), ANTHOCYANIDIN
SYNTHASE (ANS), and UDP-GLUCOSE:FLAVONOID
3-O-GLUCOSYLTRANSFERASE (UFGT), which in turn
favour the development of red colour in apples (Liu et al.
2021). Carotenoids, on the other hand, contribute to the yel-
low colour in apples and serve as precursors for the biosyn-
thesis of abscisic acid (ABA), a hormone that orchestrates
various aspects of fruit development and ripening in non-
climacteric fruit and occasionally, in coordination with eth-
ylene, also in climacteric fruit including apples (Fernandez-
Cancelo et al. 2022b; Gupta et al. 2022; Mou et al. 2016).
Whilst carotenoids accumulate during fruit development in
tomatoes, a model fruit for climacteric ripening, they tend to
dwindle during apple development and ripening (Ferndndez-
Cancelo et al. 2022a; Llorente et al. 2016). Hence, the surge
of yellow colour, in certain apple varieties, results from the
depletion of chlorophylls rather than carotenoids accumula-
tion (Fernandez-Cancelo et al. 2022a; Knee 1972). It is well
documented that both in tomatoes and apples, the rate-lim-
iting step of carotenoids biosynthesis is regulated by PHY-
TOENE SYNTHASE (PSY) (Ampomah-Dwamena et al.
2022, 2015; Zhou et al. 2022). The expression of PSY is
negatively regulated by PHY TOCHROME-INTERACTING
FACTORS (PIF), a family of transcription factors involved
in environmental stimuli and hormonal signalling integra-
tion in Arabidopsis and tomato (Cruz et al. 2018; Lucas and
Prat 2014).

Although ethylene is considered the key regulator of col-
our development during climacteric fruit ripening, recent
studies suggested that other hormones, such as IAA and
ABA, may participate, either alone or in cooperation with
ethylene, in triggering ripening-related changes in climac-
teric fruit, including tomatoes, pears, peaches and apples
(Chaabouni et al. 2009; Fernandez-Cancelo et al. 2022b;
Garcia-Pastor et al. 2021; Lindo-Garcia et al. 2020; Tatsuki
et al. 2013).

Despite increasing research on the IAA-ethylene-ABA
crosstalk regulating fruit biochemical changes during
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development, the role of these hormones in regulating col-
our changes in apples, and in other fruit, remains elusive.
Accordingly, our study aims to investigate, both at biochemi-
cal and gene expression level, the potential influence of the
interplay amongst ethylene, IAA, ABA and cytokinins in the
pigment levels and colour changes during the development
and ripening of different apple cultivars distinguished by
their peel colour.

Material and Methods
Plant Material and Experimental Design

In 2021, three apple cultivars—‘Granny Smith’, ‘Opal®
and ‘Royal Gala’— were chosen to investigate their colour
changes during development and on-tree ripening. These
cultivars were selected based on their commercial relevance
in the Ebro Valley (Spain), ethylene production capac-
ity and/or their distinct peel colour. Specifically, ‘Granny
Smith’ apples present green colour even when they are ripe,
whereas ‘Opal® and ‘Royal Gala’ show yellow and red col-
our, respectively, in the final fruit developmental stages.

The studied apple cultivars were sampled from the same
commercial orchard located in Alcarras, Lleida, Spain.
These cultivars exhibited similar blooming times, with a
maximum difference of five days amongst them. ‘Opal®
apples started their blooming period five days earlier than
the ‘Royal Gala’ and ‘Granny Smith’ cultivars, which shared
identical blooming times.

The first four sampling points were performed simulta-
neously for all three cultivars every 25-30 days. The fourth
sampling point (S4) coincided with the commercial harvest
date (CHD) of the ‘Royal Gala’ apples, which occurred
125 days after full bloom (DAFB) for ‘Royal Gala’ and
‘Granny Smith’ and 130 DAFB for ‘Opal®’. Howeyver, since
‘Granny Smith’ and ‘Opal®” apples required additional time
to achieve commercial maturity, two extra sampling points
were included for these cultivars. The fifth sampling point
(S5) corresponded to 151 DAFB for ‘Granny Smith’ and 156
DAFB for ‘Opal®’, whilst the sixth sampling point (S6) and
CHD were established at 173 DAFB for ‘Opal® and 172
DAFB for ‘Granny Smith’ (Fig. 1A).

To conduct our analysis, 20 trees were randomly selected
for each cultivar and apples were collected from the mid-
outer canopy at the same height, as well as from both sides
of the tree that were exposed and non-exposed to the sun.
For each cultivar and sampling point, 20 fruit were used for
colour instrumental evaluations. Additionally, for each cul-
tivar and sampling point, 40 apples (10 apples per replicate
and four replicates) were peeled and the peel from the col-
oured face snap-frozen in liquid nitrogen, ground and stored
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at—80 °C until further biochemical analysis. A portion of
the frozen and ground sample was freeze-dried for 72 h to
conduct the biochemical analysis of hormones, pigments and
phenolic compounds.

Determination of Colour Parameters

Within a time frame of less than two hours after harvest,
colour and the Index of Absorbance Difference (I,,) were
measured on the coloured face of 20 individual fruit per cul-
tivar and sampling point. The objective evaluation of colour
was performed using a portable colorimeter (CM-2600d;
Konica Minolta Sensing, Osaka, Japan) to determine the
Hue angle, a colorimetric parameter representing the type of
colour perceived on a 360° scale, where 0° represents maxi-
mum redness, 90° maximum yellowness and 180° maximum
greenness (Scalisi et al. 2022).

A DA-meter (FR Turoni, Forli, Italy) was used to measure
the I, index. The I, index is commonly used to evalu-
ate the ripening stage of the fruit by measuring the differ-
ence in absorbance between chlorophyll a (670 nm) and the
background spectrum (720 nm). The I, index ranges from
0.0 to 2.2, where a value 2.2 represents high chlorophyll
content and 0.0 represents absence of chlorophyll (Zhang
et al. 2017).

Hormonal Profiling

Endogenous phytohormones were extracted by mixing
100 mg of the freeze-dried apple peel samples with SmL
methanol:water:formic acid, 60:35:5 (v/v/v) and 50 pL of
Deuterium-labelled internal standards (100 ng mL~"). The
mixture was vortexed for 2 min at 2000 rpm, kept in ice
and dark for 20 min and centrifuged at 4500 g for 10 min at
4 °C. The supernatant was recovered and freeze-dried over-
night. The freeze-dried samples were dissolved with 0.5mL
methanol:water:formic acid 1:9:0.1 solution (v/v/v) con-
taining ammonium formate (1 mM), vortexed at 2000 rpm
for 3 min and centrifuged at 4500 g for 10 min at 4 °C.
The supernatant was collected and filtered through 0.22-pm
PTEFE filter into silanized amber vials. Hormones separation
and identification were carried out according to Collings
et al. (2023). Briefly, 10 pL of extract were injected on a
LC-MS/MS instrument with an Agilent 1200 series HPLC
system (Agilent, Berkshire, United Kingdom) coupled with
a Q-Trap 6500 mass spectrometer (AB Sciex, Framing-
ham, MA, USA), and equipped with a Hypersil GOLD C18
column (50 % 2.1 mm, 1.9 pm; Thermo Fisher Scientific,
Waltham, MA, USA) held at 30 °C. Separation was carried
out at a flow rate of 0.4 mL min~! using a mobile phase
consisting in a mixture of 0.1% formic acid and ammo-
nium formate (1 mM) in water (A) and 0.1% formic acid
and ammonium formate (1 mM) in methanol (B), using an
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increasing gradient of B (5% for 1 min, 40% at 5 min, 95%
at 6.5 min which was hold for 1 min, then back to 5% at
8.5). The concentration of the plant hormones was quantified
using a 10-point calibration curve ranging from 1 ng mL~!
to 250 ng mL~! for each analysed phytohormone, and it
was expressed in pg kg~! dry weight (DW). Deuterated and
non-deuterated ABA metabolites: (+)-ABA-glucose ester
(ABA-GE), (—)-phasic acid (PA), (—)-dihydrophaseic acid
(DPA), (—)-neo-PA (neo-PA), and (+)-7'-OH-hydroxy-ABA
(7-OH-ABA) were purchased from the National Research
Council of Canada—Plant Biotechnology Institute (Sas-
katoon, SK, Canada); (+)-ABA was obtained from Sigma-
Aldrich (Darmstadt, Germany); and the deuterated and
non-deuterated indole-3-acetic acid (IAA), isopentenylad-
enine (iP), isopentenyladenosine (iPR) trans- zeatin (1Z),
cis-zeatin (cZ), trans-zeatin (tZR), cis-zeatin riboside (cZR),
dihydrozeatin (DZ) and dihydrozeatin riboside (DZR) were
purchased from OlChemIm, Olomouc, Czech Republic. The
content of active cytokinins was calculated by summing the
concentrations of iP, Z, ¢Z and DZ.

Phenolic Compounds and Anthocyanins
Identification and Quantification

Phenolic compounds were extracted following the protocol
described by (Ferndndez-Cancelo et al. 2022a), with some
modifications. Briefly, 50 mg of freeze-dried peel tissue were
mixed with 1 mL of 79.5% (v/v) methanol and 0.5% (v/v)
HCI in Milli-Q water, incubated in a water batch for 30 min
at 35 °C and centrifuged at 20,000 g for 30 min at room
temperature. The extract was filtered through 0.22-pm PTFE
filter and injected (10 uL) on an Agilent 1200 liquid chro-
matograph (Agilent Technologies, Santa Clara, CA, USA)
fitted with an Eclipse XDB-C18 column (250 X 4.6 mm,
5.0 pm; Agilent Technologies, Santa Clara, CA, USA).
Based on Anastasiadi et al. (2017), phenolic compounds
separation was performed at flow rate of 1 mL min~! with
mobile phases consisting of 0.1% formic acid in water (A)
and acetonitrile (B). The gradient increased linearly from
0% B to 15% B in 15 min, then raised to 22% B in 21 min
and finally elevated to 100% B in 5 min and held at 100%
B for 5 min. The separation of procyanidin B2 and antho-
cyanins was performed in a Kinetex LUNA C18 column
(250 % 4.6 mm, 5.0 pm; Phenomenex Inc., Torrance; CA,
USA) with mobile phases consisting of 0.1% formic acid in
water (A) and methanol (B). The flow rate was 1 mL min~!
and the gradient used increased linearly from 0% B to 20%
B in 20 min, then raised to 28% B in 10 min followed by
an increase to 38% in 25 min and finally elevated to 100%
B in 3 min and held at 100% B for 5 min. In both separa-
tions, column temperature was kept at 35 °C and the sample
compartment was refrigerated at 10 °C. Detection was per-
formed at 280, 320, 360, and 520 nm, yet the online spectra
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were acquired in the 220-650-nm wavelength range with
a resolution of 0.5 nm. Phenolic compounds were identi-
fied according to their retention time, spectral features and
ratios of maximum absorption peaks (4). Quantification was
performed using calibration curves prepared with standard
stock solutions of cyanidin 3-O-galactoside, procyanidin
B1, procyanidin B2, chlorogenic acid, catechin, epicatechin,
quercetin-3-O-rutinoside and phloretin-2'-O-glucoside and
their concentrations were expressed as g kg~' DW. When
no commercial standard was available, detected cyanidin,
quercetin and phloretin derivatives were quantified using
cyanidin 3-O-galactoside, quercetin-3-O-rutinoside and
phloretin-2'-O-glucoside standard curves, respectively.

Carotenoids and Chlorophylls Analysis

Carotenoids and chlorophylls were extracted based on the
method described by Alagoz et al. (2020) by mixing 100 mg
of freeze-dried peel tissue with 800 pL of acetone-ethyl ace-
tate (6:4, v/v) solution containing 0.1% butylated hydroxy-
toluene (BHT) and 0.1% canthaxanthin (0.5 mg mL™") as
internal standard. An equal volume of water was added,
samples were mixed by inversion and centrifuged 5 min at
12,000 g at 4 °C. The upper phase was collected and centri-
fuged again 5 min at 12,000 g and 4 °C. The organic extract
was filtered through a 0.22-pm filter and injected (20 pL)
on an Agilent 1260 Infinity II liquid chromatograph HPLC
fitted with a YMC C30 Carotenoid column (250 mm X4 mm
i.d., 3 pm; Teknokroma, Barcelona, Spain) and a guard col-
umn of the same material (10 mm X 4.0 mm, 3 pm). Separa-
tion was carried out at a flow rate of 1 mL min~! using a
binary gradient elution initially composed by 95% meth-
anol and 5% methyl tert-butyl ether (MTBE), which was
increased linearly to 25% MTBE in 15 min, then raised to
40% in 2 min, elevated to 50% in 3 min and finally raised to
100% in 3 min and maintained for 10 min. The temperature
of the column was kept at 25 °C and the sample compart-
ment was refrigerated at 10 °C. Detection was performed at
454 nm yet the online spectra was acquired in the 330-700-
nm wavelength range with a resolution of 1 nm. Carotenoids
and chlorophylls were identified according to their retention
time, spectral features, and ratios of maximum absorption
peaks (M). Identified compounds were quantified using an
external calibration curve prepared with a canthaxanthin
standard stock solution and their canthaxanthin equivalent
concentration were expressed as mg kg~'.

RNA Isolation and qPCR Analysis

RNA was extracted from lyophilized peel samples, using
the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, St
Louis, MO, United States) following the manufacturer’s rec-
ommendation. The cDNA synthesis was performed on 1 pg

of RNA (quantified by a NanoDrop 2000 spectrophotometer
[Thermo Fisher Scientific, Waltham, MA, USA]) using the
SuperScript IV First-Strand Synthesis System (Invitrogen,
Carlsbad, CA, United States). The gene expression analy-
sis (Table S1) was performed by mixing KAPA SYBR®
Fast qPCR Master Mix (Kapa Biosystems, Inc., Wilming-
ton, MA, United States), 100 nM of each primer, and the
corresponding diluted cDNA. The reaction was performed
on a 7,500 Real-Time PCR System (Applied Biosystems,
Waltham, MA, United States) under the following condi-
tions: 10 s at 95 °C followed by 40cycles of 95 °C during
15 s and 60 °C for 1 min. A non-template control (NTC)
was included using DNA-free water instead of cDNA. A
melt curve analysis was performed to check primer specific
by including a final amplification cycle at 95 °C for 15 s,
60 °C for 1 min, 95 °C for 30 s and 60 °C for 15 s. Prim-
ers used in this study were retrieved from the literature or
designed de novo when indicated (Table S1). Relative gene
expression was expressed as Mean Normalized Expression
(MNE) according to previous studies (Muller et al. 2002)
using Md8283 as a reference gene.

Results
Colour Evolution

‘Granny Smith’, ‘Opal® and ‘Royal Gala’ apples differed
substantially in their colour evolution during development
and on-tree ripening (Fig. 1A). ‘Granny Smith’ apples main-
tained their characteristic green colour, with Hue angle val-
ues persistently above 105° during development (Fig. 1B).
Simultaneously, the 1, for ‘Granny Smith’ displayed a sub-
tle decline, ranging from 2.2 at S1 to 1.8 at S6 (Fig. 1C). In
this apple cultivar, the anthocyanin/chlorophyll and carot-
enoid/chlorophyll ratios remained low and stable throughout
fruit development (Figs. 1D and E).

On the other hand, ‘Opal® apples underwent a noticeable
colour shift during development. Beginning with a green
colour speckled with red patches at S1, the red colour dis-
appeared in the onward stages and the green colour gradu-
ally faded from S2 to S4, before finally adopting a yellow
colour at S5 and S6 (Fig. 1A). Accordingly, the Hue angles
for ‘Opal®” steadily dropped, shifting from 104° at S1 to
88° at S6 (Fig. 1B). Similarly, the I, followed a declin-
ing trend, with a significant decrease from 1.8 at S3 to 0.6
at S5 (Fig. 1C). Whilst the anthocyanin/chlorophyll ratio
remained consistently low throughout fruit development, the
carotenoid/chlorophyll ratio remained low and steady until
it significantly rose at S5 and S6 with values of 2.8 and 4.9,
respectively (Figs. 1D and E).

‘Royal Gala’ apples also changed its colour during devel-
opment. Starting as a green fruit, red patches gradually
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surfaced and spread across its peel after S1. By S4, the red
colour covered nearly the entire peel surface (Fig. 1A). The
Hue angle significantly dropped from 100° at S1 to 40°
at S4, in parallel to the noticeable visual transformation
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(Fig. 1B). Likewise, the I, values also dwindled, initi-
ating at 2.1 at S1 and dropping to 0.5 at S4 (Fig. 1C). In
contrast to the other two cultivars, ‘Royal Gala’ displayed a
significant rise in the anthocyanin/chlorophyll ratio during
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«Fig. 2 Scheme of the crosstalk between indole acetic acid (IAA) and
ethylene metabolism showing the evolution of IAA (A), ACC con-
centration (B) and ACO (ACC OXIDASE activity) (C) and correla-
tions amongst the parameters related with auxin-ethylene hormonal

crosstalk (D) during the development and of ‘Granny Smith’ (@),
‘Opal® (A) and ‘Royal Gala’ (@) apples. Each point represents the

mean of four biological replicates (10 apples per replicate). Error bars
represent the LSD values (p=0.05) for the interaction cultivar X sam-
pling point for all cultivars from S1 to S4 (LSD1) and for the interac-
tion cultivar x sampling point for ‘Opal® and ‘Granny Smith’ from
S1 to S6 (LSD2). The corresponding transcript levels of MdARFS,
MAACS3, MdACO1, MdERF 1, MdERF2, MdERF3 and MdETRI are
represented as heatmaps. Significant differences (p <0.05) amongst
cultivars at the same sampling point are denoted by asterisks at the
top of the heatmaps, whilst differences (p <0.05) amongst sampling
points at each specific cultivar are indicated by asterisks at the left of
the heatmap. Green arrows represent hypothetical positive regulation.
Black dashed lines indicate that some steps in the signalling pathway
have been omitted. The size of the circle for each correlation and the
colour depicts the significance and the correlation coefficient, respec-
tively. Positive correlation coefficients are displayed in blue and nega-
tive correlation coefficients in red

fruit maturation, increasing rapidly from 2 at S3 to 35 at
S4 (Fig. 1D), whereas the carotenoid/chlorophyll ratios
remained low and stable throughout the fruit development
(Fig. 1E).

IAA Signalling and Ethylene Metabolism

Throughout their development and on-tree ripening, the
apple cultivars ‘Granny Smith’, ‘Opal® and ‘Royal Gala’
exhibited distinct variations in the peel content of IAA,
MdARF5 gene expression, and the evolution of the eth-
ylene biosynthetic and signalling pathways (Fig. 2). The
levels of IAA and MdARF5 expression remained steady
and below 0.4 pg kg™! and 0.04 MNE, respectively, dur-
ing ‘Granny Smith’ development (Figs. 2A and S1A). In
this particular cultivar, the expression of genes associ-
ated to ethylene biosynthesis and signalling pathways, as
well as the peel 1-aminocyclopropane-1-carboxylic acid
(ACC) concentration and ACC OXIDASE (ACO) activity
remained low and steady during development and on-tree
ripening (Figs. 2B, and C). MdERF1 gene expression in
the peel of ‘Granny Smith’ apples showed a significant
increasing trend from 1.7 MNE at S1, culminating at 10.5
MNE at S5 and then decreasing to 8.4 MNE at S6 (Fig-
ure S1E). MdERF3, in contrast, followed the same trend
as in the other cultivars and remained below 0.4 MNE
until S5 when increased up to 0.5 MNE and remained
in the same level until the time of commercial harvest
(Figure S1G).

In contrast, ‘Opal® and ‘Royal Gala’ apples exhibited a
more dynamic profile regarding IAA and ethylene metabo-
lism and signalling. In both cultivars, IAA levels showed a
parallel trend, remaining stable at 0.4 ug kg~! from S1 to

S3 and then rising to 0.70 pg kg~! and 1.0 ug kg™' at S4,
in ‘Royal Gala’ and ‘Opal®’, respectively. After peaking
at S4, IAA content in ‘Opal® apples declined to 0.5 pg
kg~! at S6 (Fig. 2A). The expression pattern of MdARFS
was consistent in both cultivars, remaining below 0.1
MNE from S1 to S3, then significantly increasing to 0.3
MNE at S4. In ‘Opal® apples, MdARFS expression con-
tinued to rise, peaking at 0.5 MNE during both S5 and S6
(Figure S1A).

Conversely, ACC levels remained stable around
5 nmol kg~! for most of the sampling points, but briefly rose
to 7 nmol kg~! at S4 in ‘Opal® apples and to 15 nmol kg~
at S3 in ‘Royal Gala’ apples (Fig. 2B). ACO activity stayed
below 0.02 nmol kg~! h™! until a significant increase to
0.07 nmol kg~! h™! was detected at S4 in ‘Royal Gala’ apples
and to 0.11 nmol kg=' h~! at S5 and 0.21 nmol kg~' h~! at S6
in ‘Opal® apples (Fig. 2C). In parallel with changes in ACO
activity, MdACOI gene expression rose from 0.15 MNE in
the initial developmental stages to above 80 MNE at S5 and
S6 in ‘Opal® apples and S4 in ‘Royal Gala’ apples (Fig-
ure S1C). However, differences in MdACS3 were observed
between both cultivars in the later developmental stages.
Whilst MdACS3 expression only rose to 0.90 MNE at S4
in ‘Royal Gala’ apples, expression levels were significantly
higher in ‘Opal®, reaching 1.85 MNE at S5 and 2.41 MNE
at S6 (Figure S1B).

An increasing trend was also observed in the expres-
sion of MdERF1 and MdERF?2. The expression of MdERF'I
evolved similarly in ‘Opal® and ‘Royal Gala’, rising from
below 5 MNE at S2 to 17 MNE at S4. The expression of
MAERFI in ‘Opal® apples remained at the maximum in
S5 and then decreased to 12 MNE at S6 (Figure S2E). In
contrast, the increase in MdERF?2 expression occurred ear-
lier in ‘Royal Gala’ than in ‘Opal®. In ‘Royal Gala’ apples,
MAERF?2 expression began increasing at S3, reaching a value
of 10 MNE, then rose to 23 MNE at S4, whilst in ‘Opal®’
apples, it increased to 14 MNE at S5 and reached a maxi-
mum of 25 MNE at S6 (Figure S2F).

The most significant differences between ‘Opal® and
‘Royal Gala’ apples were observed in the expression on
MAETRI. Whilst the expression of MdETRI in ‘Royal
Gala’ and ‘Granny Smith’ apples followed the same trend
and remained below 0.07 MNE, its expression in ‘Opal®’
apples increased to 0.13 MNE at S4 and remained at that
level until harvest (Figure S2D).

Phenolic Compounds and Anthocyanins Evolution

The levels of chlorogenic acid, flavonol glycosides, dihy-
drochalcones, and flavanols presented a declining trend
throughout fruit development in the three studied cultivars
(Fig. 3). The most noticeable differences amongst cultivars
were observed in the evolution of flavonol glycosides and
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Fig.3 Evolution of chlorogenic acid (A), dihydrochalcones (B), fla-
vonol glycosides (C), catechin (D), procyanidin B2 (E), epicatechin
(F), cyanidin-3-galactoside (G), cyanidin derivatives (J), and cor-
relations amongst the parameters related with phenolic compounds
metabolism (H) during the development and ripening of ‘Granny
Smith’ (.), ‘Opa1®’ (/\) and ‘Royal Gala’ (J)) apples. Green lines
represent positive regulation. Each point represents the mean of four
biological replicates (10 apples per replicate). Error bars represent
the LSD values (p=0.05) for the interaction cultivar X sampling point
for all cultivars from S1 to S4 (LSD1) and for the interaction culti-

chlorogenic acid. Flavonol glycosides levels in ‘Opal®
apples were less than half of those observed in ‘Granny
Smith’ and ‘Royal Gala’ throughout the maturation pro-
cess and presented a subtle decrease from 1.3 g kg~!

S1 to 0.5 kg~ 'at S4 and onwards (Fig. 3C). ‘Royal Gala’
presented the highest chlorogenic acid levels, which
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var x sampling point for ‘Opal® and ‘Granny Smith’ from S1 to S6
(LSD2). The corresponding transcript levels of MdANS, MdUFGT,
MAMATE and MdMYBI are represented as heatmaps. Significant dif-
ferences (p <0.05) amongst cultivars at the same sampling point are
denoted by asterisks at the top of the heatmaps, whilst differences
(p<0.05) amongst sampling points at each specific cultivar are indi-
cated by asterisks at the left of the heatmap. Green lines represent
hypothetical positive regulation. The size of the circle for each corre-
lation and the colour depicts the significance and the correlation coef-
ficient, respectively. Positive correlation coefficients are displayed in
blue and negative correlation coefficients in red

decreased from 8.1 g kg™! at S1 to 0.8 g kg™! at S4. The
remaining cultivars had significantly lower levels of chlo-
rogenic acid, plummeting from 1.5 g kg~! at S1 to below
0.1 g kg~! at the S4 stage and beyond (Fig. 3A). Changes
in procyanidin B2, catechin and epicatechin were similar
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amongst cultivars and steadily declined as the fruit devel-
oped and ripened on-tree (Figs. 3D, Eand F).

As expected, ‘Royal Gala’ was the only cultivar to exhibit
an increase in anthocyanin concentration during develop-
ment. A significant rise in cyanidin-3-O-galactoside lev-
els was observed, beginning from S1 (0.01 g kg™!) to S3
(0.04 g kg™ 1), followed by a notable increase to 0.25 g kg™!
at S4 (Fig. 3G). Other cyanidin derivatives were only detect-
able at the S4, achieving a concentration of 0.04 g kg™!
(Fig. 3J). On the other hand, cyanidin-3-O-galactoside was
only detected in ‘Opal®” at S1, presenting a concentration
of 0.01 g kg™!, whilst ‘Granny Smith’ did not show detect-
able levels of anthocyanins at any stage of development or
ripening (Fig. 3G).

Carotenoids and ABA Metabolism

All studied cultivars exhibited a general decline in total and
individual carotenoid peel content throughout their devel-
opment (Figs. 4 and S3A). Interestingly, ‘Granny Smith’
consistently exhibited the highest carotenoid concentration
at each sampling point and its carotenoid levels underwent
a more subtle drop if compared to ‘Opal® and ‘Royal Gala’,
both of which revealed similar downward trends in their
lutein, carotene, and neoxanthin levels. However, a notice-
able difference was found in the levels of xanthophyll esters
amongst these cultivars, with ‘Opal® reaching the high-
est levels at S5 and S6, with values of 3.0 mg kg~! and
4.5 mg kg™, respectively (Fig. 4C). On the other hand,
the peel of ‘Royal Gala’ only had xanthophyll esters at S4
(0.5 mg kg™!), whereas ‘Granny Smith’ did not show any
detectable levels of these compounds (Fig. 4C).

Concerning ABA and their catabolites, ‘Granny Smith’
maintained stable basal levels whereas both ‘Opal® and
‘Royal Gala’ followed similar dynamic patterns (Figs. 4G
and S4). ‘Opal® and ‘Royal Gala’ cultivars showed a con-
centration of ABA around 30 ug kg~! at S1, descended
below 20 pg kg~! during S2 and S3 and then returned above
25 ug kg~! at S4 (Fig. 4G). Specifically, ‘Opal®” preserved
those elevated levels until stage S6. In general, the evolu-
tion of ABA catabolites (viz., PA, neo-PA, DPA and 7-OH-
ABA) followed a similar pattern as ABA (Figures S4A, S4B,
S4D and S4E). However, ABA-GE substantially diverged
from this pattern; in the peel of ‘Granny Smith’ and ‘Royal
Gala’ ABA-GE concentrations remained consistently below
200 pg kg~!, whereas in ‘Opal®’, levels sharply rose from
S4, reaching 770 pg kg™! at S6 (Figure S4C).

The expression of MdGGPPS and MdPSY, which
encode for the entry enzymes to the carotenoid pathway
geranylgeranyl pyrophosphate synthase and phytoene syn-
thase, remained basal in ‘Granny Smith’, whilst in ‘Opa1®’
and ‘Royal Gala’, a parallel increase was noted from stage
S3 onwards, reaching maximum gene expression at S4 in

‘Royal Gala’ and at S6 in ‘Opal® (Figures S3C and S3D).
In contrast, the transcription factor MdPIF I experienced
a decrease in its expression as development progressed,
although at varying rates across the cultivars (Figure S3B).
In ‘Granny Smith’, MdPIF] expression remained above
0.20 MNE from stage S1 to S4, before descending to 0.13
MNE at stage S5 and finally 0.11 MNE at stage S6. The
most profound decline was noted in ‘Royal Gala’, where
its expression dropped from 0.19 MNE at S1 to a mere
0.02 MNE at S4. For ‘Opal®’, the expression decreased
from 0.07 MNE at S1 to consistently below 0.05 MNE
from S2 onwards.

Cytokinins and Chlorophyll Metabolism

Active cytokinin levels did not differ amongst cultivars,
with all of them showing a decrease from 0.10 ug kg~! at
S1 and S2 to less than 0.06 ug kg™! at S4 and subsequent
stages. (Fig. 5A). A decreasing trend was also observed in
the chlorophyll a levels in all studied cultivars throughout
development (Fig. 5B). The peel of ‘Granny Smith’ exhib-
ited the highest chlorophyll levels at all stages, presenting
a slower reduction in chlorophyll content if compared to
the other cultivars; with a decrease from 44.9 mg kg~! at
S1 to 22.6 mg kg~! at S6. ‘Opal® demonstrated a sig-
nificant decline, dropping from 34.1 mg kg~! at S1 to
1.4 mg kg~! at S6. ‘Royal Gala’ initially had the lowest
concentration, around 22 mg kg'1 at S1 and S2, before
aligning with the content observed in the peel of ‘Opal®
apples. Analogous patterns were detected for chlorophyll b
evolution (Fig. 5C). Pheophytin a concentration peaked at
S1 for all cultivars. Amongst them, ‘Granny Smith’ main-
tained the highest levels throughout development, begin-
ning with 1.8 mg kg™! at S1, immediately decreasing to
0.5 mg kg~! at S2, and stabilizing at a steady 0.2 mg kg™!
from S3 to S6. Pheophytin a levels in ‘Opal®’ and ‘Royal
Gala® were 0.8 mg kg™! and 0.3 mg kg™!, respectively, at
S1 but fell to undetectable levels in their later developmen-
tal stages (Fig. 5D).

The expression levels of the GOLDEN2-LIKE transcrip-
tion factor, MdGLK, involved in the regulation of chloro-
plast biogenesis, were the highest in ‘Granny Smith’ and the
lowest in ‘Royal Gala’. In ‘Granny Smith’, MdGLK1 expres-
sion remained around 1.0 from S1 to S3, peaked at 1.23
MNE at S4, and fell to 0.76 MNE at S5 and S6 (Figure S5A).
In ‘OPAL®, it remained stable at approximately 0.70 MNE
from S1 to S4, then declined to 0.20 MNE at S5 and S6.
On the other hand, ‘Royal Gala’ showed a stable decrease
in MdGLK] transcription, shifting from 0.56 MNE at S1
to 0.09 MNE at S6. Regarding the genes involved in chlo-
rophyll catabolism, transcription levels of MdNYC1 stayed
steady and under 0.25 MNE throughout ‘Granny Smith’
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Fig.4 Evolution of lutein (A),
f-carotene (B), xanthophyll
esters (C), violaxanthin (D),
neoxanthin (E), luteoxanthin
(F), ABA (G) and correlations
amongst the parameters related
with carotenoids metabolism
(H) during the development
and ripening of ‘Granny Smith’
(@)- ‘Opal® (A) and ‘Royal
Gala’ () apples. Each point
represents the mean of four bio-
logical replicates (10 apples per
replicate). Error bars represent
the LSD values (p =0.05) for
the interaction cultivar X sam-
pling point for all cultivars from
S1 to S4 (LSD1) and for the
interaction cultivar X sampling
point for ‘Opal® and ‘Granny
Smith’ from S1 to S6 (LSD2).
The corresponding transcript
levels of MdPIFI, MdGGPPS
and MdPSY are represented as
heatmaps. Significant dif-
ferences (p <0.05) amongst
cultivars at the same sampling
point are denoted by asterisks at
the top of the heatmaps, whilst
differences (p <0.05) amongst
sampling points at each specific
cultivar are indicated by aster-
isks at the left of the heatmap.
Red lines represent hypothetical
negative regulation. The size

of the circle for each correla-
tion and the colour depicts the
significance and the correlation
coefficient, respectively. Posi-
tive correlation coefficients are
displayed in blue and negative
correlation coefficients in red
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development (Fig. 5B) whereas for ‘Opal® and ‘Royal Gala’,
MdNYC] expression followed a similar rising trend from
around 0.30 MNE at S2 to 0.50 MNE at S4. The transcrip-
tion of MdPPH displayed a regular upward trend in all three
cultivars, peaking at 0.20 MNE at S4 (Figure S5C). Thereaf-
ter, both ‘Opal® and ‘Granny Smith’ had a decrease in their
transcription levels, settling around 0.10 MNE at S5 and S6.

Discussion

Colour Changes may be Triggered by IAA-Ethylene
Crosstalk

One of the most noticeable changes during apple develop-
ment and ripening are the changes on peel colour (Ran-
ganath 2022). Whilst it is widely known that, in apples,
such colour changes are driven by the accumulation of spe-
cific pigments, not only pigment accumulation but more
importantly the loss of chlorophyll seems responsible for
such colour changes during the last stages of development
and ripening in yellow peel apples (Ferndndez-Cancelo
et al. 2022a). In these sense, the ability to change colour
of ‘Opal® and ‘Royal Gala’ at different fruit developmen-
tal stages seemed to be mainly caused by a substantial
chlorophyll loss, as demonstrated by the sharp decrease
in I, (Fig. 1C) (Peifer et al. 2018). As a result, the carot-
enoids/chlorophylls and anthocyanins/chlorophylls ratios
increased, and colour changes were noticeable at the later
developmental stages of ‘Opal® and ‘Royal Gala’ apples
(Figs. 1D and E). In contrast, the invariable I, values
observed in ‘Granny Smith’ partially explain the lack of
colour changes during its development (Fig. 1C), which
can be attributed to the masking effect of chlorophyll on
the contribution of other pigments to fruit colour (i.e.
carotenoids) (Fernandez-Cancelo et al. 2022a).

In apples, as well as in other climacteric fruit, the col-
our changes caused by chlorophyll loss and in some cases
to the accumulation of anthocyanins and carotenoids dur-
ing ripening are commonly linked to ethylene (Gao et al.
2020). This said, ethylene metabolism of apple peel during
development is less studied than in pulp tissues (Whale
and Singh 2007) and little or no information is currently
available regarding the hormonal interplay in this specific
tissue of apple fruit. Previous studies have shown that eth-
ylene precursors, the activity of enzymes mediating the
last steps of ethylene biosynthesis or the expression of
genes involved in ethylene signalling and biosynthesis,
strongly differ when comparing different apple tissues
(Lara and Vendrell 2003; Rudell et al. 2000). When com-
paring different varieties (Fig. 2), our data showed that dif-
ferences amongst cultivars regarding ethylene biosynthesis
and signalling were mainly noticeable from S3 onwards

and generally agreed with previous studies on apple pulp
tissue (Fernandez-Cancelo et al. 2023). In these lines,
and despite differences in absolute levels amongst apple
tissues, it seems that the temporal changes in ethylene
biosynthetic genes expression were quite consistent dur-
ing apple peel or pulp development, although the expres-
sion pattern of MdERFs were tissue specific (Figure S1).
Whereas no correlation was found amongst MdERF 1,
MAERF?2 and ethylene metabolism in pulp (Fernandez-
Cancelo et al., 2023), the expression of MdERFI and
particularly MdERF?2 positively correlated with ethylene
metabolism in the peel (Figure S6), likely due to their role
in upregulating the expression of MdACS3 in conjunction
with MdARF5 (Wang et al. 2007). In contrast, the lim-
ited transcription of MdERF3 and minor variances in the
expression patterns across cultivars (Figure S1G) probably
discards its involvement in modulating ethylene metabo-
lism during development and on-tree ripening.

Overall, our results further confirm that differences in
colour changes amongst and within apple cultivars during
development were associated to differences in the expression
levels of ethylene biosynthetic enzymes and ACO activity,
which, in turn, appeared to be positively regulated by IAA
(Fig. 2). The high correlation amongst the transcription
of genes involved in ethylene biosynthesis, MdACS3 and
MdAACOI and the expression of MdARFS (Figs. 2 and S6)
pointed out an active involvement of IAA in the activation of
ethylene metabolism in the apple peel through the transcrip-
tion factor MdARFS5. These findings are in agreement with
previous studies made in apple pulp (Fernandez-Cancelo
et al. 2023; Busatto et al. 2021; Yue et al. 2020) and further
reinforce the crosstalk between IAA and ethylene in regulat-
ing ripening-related changes of apples. In this context, the
maintenance of IAA at basal levels and the low expression of
MAdARFS5 in ‘Granny Smith’ apples would be partly responsi-
ble for the above-mentioned low expression of MdACS3 and
MdACOI1, as well as its minimal ACO activity in the peel
of this apple cultivar (Fig. 2). Contrarily, the peel of ‘Royal
Gala’ and ‘Opal® apples underwent a significant degreen-
ing process through development and on-tree ripening in
parallel to the activation of ethylene metabolism (Figs. 1 and
2), which was possibly triggered by IAA as suggested not
only by the positive correlation amongst IAA, MdARF5 and
ethylene metabolism observed in our study but also with the
results from studies employing exogenous auxins treatments
in apple (Yue et al. 2020).

Anthocyanins Accumulation is Regulated by MYB1
in an Ethylene-Dependent Manner

Chlorophylls, carotenoids and anthocyanins contribute to

the green, yellow and red colours of apple peel, respectively.
In yellow apple cultivars such as ‘Golden’ which present
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«Fig.5 Evolution of total cytokinins (A), chlorophyll a (B), chloro-
phyll b (C), pheophytin a (D) and correlations amongst the param-
eters related with chlorophyll metabolism (E) during the development
and ripening of ‘Granny Smith’ (@), ‘Opal® (A) and ‘Royal Gala’

(@) apples. Each point represents the mean of four biological repli-

cates (10 apples per replicate). Error bars represent the LSD values
(p=0.05) for the interaction cultivarXsampling point for all culti-
vars from S1 to S4 (LSD1) and for the interaction cultivar X sampling
point for ‘Opal® and ‘Granny Smith’ from S1 to S6 (LSD2). The
corresponding transcript levels of MdGLKI, MdNYC1 and MdPPH
are represented as heatmaps. Significant differences (p<0.05)
amongst cultivars at the same sampling point are denoted by aster-
isks at the top of the heatmaps, whilst differences (p <0.05) amongst
sampling points at each specific cultivar are indicated by asterisks at
the left of the heatmap. Green lines represent hypothetical positive
regulation. The size of the circle for each correlation and the colour
depicts the significance and the correlation coefficient, respectively.
Positive correlation coefficients are displayed in blue and negative
correlation coefficients in red

high carotenoids content during all developmental stages,
the mere loss of chlorophyll during ripening is enough to
trigger colour changes independently from the evolution of
carotenoids levels (Fernandez-Cancelo 2022a). However, in
red-peel cultivars like ‘Royal Gala’, the loss of chlorophyll
may not be sufficient to promote the appearance of red col-
our in this cultivar due to low levels of anthocyanins dur-
ing most of the fruit development (S1 to S3) (Figs. 3G and
J). Accordingly, the characteristic red colour of the ‘Royal
Gala’ apple cultivar surged not exclusively due to a reduc-
tion in chlorophylls, but also through an increase in antho-
cyanin levels during fruit development (Figs. 3G and J) in
a process that paralleled the decline of the rest of phenolic
compounds (Fig. 3). The reduction of phenolic compounds
was also observed in cultivars that did not accumulate antho-
cyanins, suggesting that substrate availability was not the
limiting factor in anthocyanin biosynthesis for ‘Opal® and/
or ‘Granny Smith’ apples.

Nevertheless, our data suggest that the accumulation
of anthocyanins in ‘Royal Gala’ was primarily influenced
by the transcription factor MdMYBI, a well-known posi-
tive regulator of anthocyanins biosynthetic genes, which
was exclusively expressed in this cultivar (Figure S2D)
(Wang et al. 2020a, b). In apples, MdAMYBA, MdMYBI,
and MdMYBIO0 are alleles of a single locus in different
genotypes mainly differing in a repeated sequence of the
promoter region (Hu et al. 2016). MdMYBI0 is highly
expressed in the apple pulp and foliage whereas MdMYB1 an
d MdMYBA alleles are expressed only in apple peels (Espley
et al. 2007; Lin-Wang et al. 2010). Our results showed that
MdMYBI presented a positive correlation with anthocyanin
biosynthetic genes (MdANS and MdUFGT) and, especially,
with MAMATE, a gene associated with anthocyanin vacuolar
transport (Hu et al. 2016) (Figure S6). Interestingly, both
anthocyanins levels and MdMYB]I expression followed the

same evolution as ACO activity in ‘Royal Gala’, suggest-
ing a potential dependency of anthocyanins accumulation
on ethylene production, and hence in agreement with other
studies made in red apple cultivars (Wang et al. 2022). As
pointed out by An et al. (2018), it is then feasible that the
transcription factor MdMYBI plays a key role in the interplay
between ethylene and anthocyanins metabolism, in coordina-
tion with other MdERF's. Indeed, some studies have shown
that MAERF3 (An et al. 2018) or MdERF1 (Zhang et al.
2018) may play a key role in the ethylene-dependent regula-
tion of red colour development of apples. Accordingly, our
data further reinforce that MdMYBI1 may play a key role in
the interplay between ethylene and anthocyanins metabolism
of apple fruit likely via MdERF1 and not MdAERF 3, since
the expression of the former followed the same accumula-
tion pattern than ACO, MdMYBI and anthocyanins content
(Figures S1E, 2C, S2D and 3G).

Carotenoids Content is Regulated at Catabolic Level

Unlike anthocyanins, carotenoids level in the apple peel
tended to decrease during fruit development in the three
analysed cultivars, with the rate of carotenoid loss being cul-
tivar dependent (Fig. 4). It is commonly accepted that higher
pulp and peel carotenoid content is attributable to elevated
activity of PSY. This enzyme catalyses the entrance in the
carotenoids pathway to produce phytoene and is considered
the limiting step in the carotenoid biosynthesis (Ampomah-
Dwamena et al. 2022). However, our results showed a nega-
tive correlation between MdPSY and carotenoids, in agree-
ment with previous studies made during development of
‘Golden Reinders’ apples (Fernandez-Cancelo et al. 2022a).
Our data also revealed a negative correlation between
MdAPIF1 and MdPSY (Figs. 4H, S3B, S3D), indicating that
PIF transcription factors may participate in the inhibition
of PSY expression in apple, as already described for tomato
and grape (Llorente et al. 2016; Zhuge et al. 2023). Although
the regulatory role of MdPIF1 seems to be cultivar depend-
ent, its expression was not correlated with the evolution of
any of the studied hormones, ethylene biosynthetic genes
expression and ACO activity (Figure S6). Conversely, the
expression of the entry genes into the carotenoid pathway
(MdGGPPS and MdPSY) showed strong and positive corre-
lation with MdARFS, ethylene biosynthetic genes (MdASC3
and MdACO1), ACO activity and MdERF?2 (Figure S6).
Despite correlation does not imply causation, this positive
correlation may indicate that carotenogenic metabolism was
triggered in response to an increase in ethylene biosynthetic
metabolism in the last developmental stages of ‘Opal®’ and
‘Royal Gala’ and hence in agreement to that reported in apri-
cot (Marty et al. 2005) and tomato (Lee et al. 2012).
Furthermore, the negative correlation amongst MdG-
GPPS and MdPSY with carotenes and xanthophylls levels
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indicates that carotenoids content in apple peel may be
regulated at the catabolic level (Figs. 4, S4 and S6). Indeed,
the observed low ABA production and absence of xantho-
phyll ester biosynthesis in ‘Granny Smith’ might suggest an
inhibition of carotenoid catabolism in this cultivar (Fig. 4C
and G). In this sense, the reduced carotenoid catabolism in
‘Granny Smith’ could account, in turn, for its higher carot-
enoid content, regardless of its reduced MdGGPPS and
MdPSY expression (Figures S3C and 3D). In contrast, the
significant decrease in carotenoids levels in ‘Opal® and
‘Royal Gala’, especially in the final developmental stages,
was likely the result of their usage as substrates for ABA and
xanthophyll esters biosynthesis (Figs. 4 and S4).

The concomitant increase in ABA levels and MdARF5
expression, alongside the activation of ethylene metabo-
lism in ‘Opal® and ‘Royal Gala’ cultivars (Figs. 4G and
S1), implies a possible ethylene-regulated mechanism for
ABA biosynthesis, where specific genes or enzymes, such as
NCED, could be activated as previously described in peach
fruit (Wang et al. 2019). This regulatory mechanism could
explain not only the results described herein but also the
simultaneous increase in ethylene and ABA levels observed
in apples during development and on-tree ripening (Fernan-
dez-Cancelo et al. 2023) as well as during postharvest ripen-
ing (Fernandez-Cancelo et al. 2022b).

Nevertheless, the rise in ABA levels for both ‘Opal®’
and ‘Royal Gala’ did not proportionally correspond to the
observed ACO activity changes (Figs. 2C and 4G). This dis-
crepancy may arise due to variations in ABA catabolism
across cultivars (Figure S4), which may be also regulated
to some extent by ethylene (Figure S6) as pointed out for
pepper (Hou et al. 2018). In particular, ‘Opal® exhibited a
slower increase in ABA but a higher accumulation of ABA
derivatives if compared to ‘Royal Gala’, which would further
support an ethylene-dependent activation of ABA catabolic
pathways (Figs. 4G and S4). Simultaneously, xanthophyll
esters levels, considered indicators of ripening (Hornero-
Méndez and Minguez-Mosquera 2000), also showed a
positive correlation with ethylene metabolism, suggesting a
potential ethylene-mediated regulation of carotenoid esterifi-
cation (Figure S6). However, studies in other apple cultivars
showed that carotenoid esterification occurs independently
of ethylene (Knee 1988), underlining the need for further
research into the role of ethylene in activating xanthophylls
esterification as well as ABA biosynthesis and catabolism.

Chlorophylls Levels may be Regulated by MdGLK1

Chlorophyll levels also decreased during apple develop-
ment, although the rate and intensity of this decline was
again cultivar dependent (Fig. 5B and C). ‘Granny Smith’
cultivar showed the most abundant chlorophyll levels at all
sampling points, whilst ‘Opal® and ‘Royal Gala’ presented
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lesser amounts. Intriguingly, the descending biologically
active cytokinins content did not account for the observed
discrepancies in chlorophyll content amongst the differ-
ent cultivars, challenging the typical association between
cytokinins and chlorophyll biosynthesis seen in other spe-
cies (Cortleven and Schmiilling 2015; Matsuo et al. 2012;
Pilkington et al. 2013) (Fig. 5A). In this context, the role
of MdGLK], a transcription factor involved in chloroplast
biogenesis, emerges as particularly significant in the regu-
lation of chlorophyll levels in apple (An 2019; Chen et al.
2016) (Figure S5A). Our results showed that the expression
of MdGLK] positively correlated with photosynthetic pig-
ments levels (Fig. SE). In several studies, phytohormones
including auxin and brassinosteroids have been implicated
in tomato fruit chloroplast development and positively cor-
related with increased SIGLK expression (Nadakuduti et al.
2014; Sagar et al. 2013). In our study, MdGLKI expres-
sion was negatively correlated to ethylene metabolism or
auxin levels (Figure S6). Indeed, the sustained basal ethylene
metabolism in ‘Granny Smith’ development upheld elevated
MdGLK]1 expression and chlorophyll levels which masked
the carotenoids contribution to peel colour and consequently
inhibited colour changes in this specific cultivar. In turn, the
rise in ethylene biosynthesis in the last stages of ‘Opal®” and
‘Royal Gala’ development may downregulate MdGLKI and
lead to a decrease in chlorophyll content, arising the colour
changes associated with apple ripening in the last sampling
points (Figs. 1, 2 and 5). However, catabolic pathways may
also regulate chlorophylls content as suggested by the asso-
ciation between chlorophylls and MdNYC1, a gene which
encodes the enzyme involved in chlorophyll » degradation.
The expression of MdNYC1 exhibited a positive correlation
with ethylene metabolism, in agreement with prior research
which demonstrated that ethylene promotes the expression
of genes associated with chlorophyll catabolism (Figure S6)
(Wei et al. 2021). On the other hand, the expression pat-
tern of MdPPH, as well as the levels of pheophytin from
S2 onwards, showed the same evolution in the three studied
cultivars regardless of the hormonal dynamics (Figs. 5D and
S5C). This behaviour suggests that the limiting step of chlo-
rophyll catabolism may be located upstream in the pathway
or that alternative routes may be used during apple chloro-
phyll degradation. Since chlorophyll loss is key for colour
changes in apple, a deeper analysis of the environmental
and developmental factors as well as the regulatory path-
ways involved in chlorophyll catabolism are necessary to
understand in depth the colour evolution during apple fruit
development and ripening.
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Conclusion

The levels of pigment in apples seemed to be regulated
differently depending on the developmental stage. Early
during apple development, pigments appear to evolve
independently of the hormones studied, suggesting that
environmental and cultivar-specific factors could be the
main regulators. However, as the fruit approached the final
developmental stages, ethylene and its interplay with other
hormones emerged as an important regulator of pigment
levels in the apple peel. Specifically, colour changes in
‘Opal® and ‘Royal Gala’ cultivars seem to be linked to the
activation of ethylene metabolism by IAA via MdARFS.
In contrast, the persistence of a green colour in ‘Granny
Smith’ apples can be attributed to the basal IAA and eth-
ylene levels, hence not promoting chlorophyll losses,
masking the contribution of carotenoids to the apple peel
colour. Control of chlorophyll levels in apples appeared to
occur both at the biosynthetic and catabolic level, medi-
ated by MdGLKI and MdNYC]I, respectively. Ethylene
metabolism, IAA and ABA were negatively correlated
with MdGLK]I and positively correlated with MdNYCI,
suggesting the potential influence of these hormones on
determining chlorophyll content during the late devel-
opmental stages. The red colour of ‘Royal Gala’ apples
occurred not only due to a decline in chlorophyll level but
to an important accumulation of anthocyanins during fruit
development, in a process regulated at the biosynthetic and
storage levels by MdMYBI. In contrast, carotenoids levels
tended to decrease, especially in ‘Opal® and ‘Royal Gala’
apples during the later stages of development, potentially
due to their usage as substrates for ABA and xanthophyll
esters biosynthesis, thereby, suggesting that carotenoid
concentrations are primarily controlled at the catabolic
level and that their contribution to the apple peel colour
is somehow limited.

Whilst these findings provide a significant advance in
our understanding of the complex hormonal mechanisms
controlling apple colour changes, future research should
explore the crosstalk between environmental and develop-
mental factors on the regulation of pigments metabolism.
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