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Abstract
Three apple cultivars with di�erent peel colour and known ripening dynamics were examined throughout development and 
on-tree ripening to unravel how the hormonal crosstalk may in�uence colour changes. Our results indicate that the colour of 
ripe apples in �Granny Smith� and �Opalfi� cultivars was primarily in�uenced 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 pro�le contribute to colour di�erences 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 �Opalfi� 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 MdGLK1, a transcription factor involved 
in chloroplast biogenesis, working in coordination with ethylene-dependent catabolic enzymes. Overall, understanding the 
cultivar-speci�c 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 signi�cantly 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 

health bene�ts (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 �rst 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 Schmülling 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), NYC1-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 MYB1, 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 (FernÆndez-
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 (FernÆndez-
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 (FernÆndez-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 PHYTOCHROME-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; FernÆndez-Cancelo et�al. 2022b; 
García-Pastor et�al. 2021; Lindo-García et�al. 2020; Tatsuki 
et�al. 2013).

Despite increasing research on the IAA-ethylene-ABA 
crosstalk regulating fruit biochemical changes during 

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 in�uence of the 
interplay amongst ethylene, IAA, ABA and cytokinins in the 
pigment levels and colour changes during the development 
and ripening of di�erent apple cultivars distinguished by 
their peel colour.

Material and�Methods

Plant Material and�Experimental Design

In 2021, three apple cultivars��Granny Smith�, �Opalfi� 
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. Speci�cally, �Granny 
Smith� apples present green colour even when they are ripe, 
whereas �Opalfi� and �Royal Gala� show yellow and red col-
our, respectively, in the �nal fruit developmental stages.

The studied apple cultivars were sampled from the same 
commercial orchard located in Alcarràs, Lleida, Spain. 
These cultivars exhibited similar blooming times, with a 
maximum di�erence of �ve days amongst them. �Opalfi� 
apples started their blooming period �ve days earlier than 
the �Royal Gala� and �Granny Smith� cultivars, which shared 
identical blooming times.

The �rst 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 �Opalfi�. However, since 
�Granny Smith� and �Opalfi� apples required additional time 
to achieve commercial maturity, two extra sampling points 
were included for these cultivars. The �fth sampling point 
(S5) corresponded to 151 DAFB for �Granny Smith� and 156 
DAFB for �Opalfi�, whilst the sixth sampling point (S6) and 
CHD were established at 173 DAFB for �Opalfi� 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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Fig. 1  Peel colour changes (A), Hue angle (B),  IAD (C), ratio antho-
cyanins/chlorophylls and ratio carotenoids/chlorophylls (D) during the 

development and ripening of �Granny Smith� ( ), �Opalfi� ( ) 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 × sampling point for all cul-
tivars from S1 to S4 (LSD1) and for the interaction cultivar × sampling 
point for �Opalfi� and �Granny Smith� from S1 to S6 (LSD2)







 Journal of Plant Growth Regulation

surfaced and spread across its peel after S1. By S4, the red 
colour covered nearly the entire peel surface (Fig.�1A). The 
Hue angle signi�cantly dropped from 100° at S1 to 40° 
at S4, in parallel to the noticeable visual transformation 

(Fig.�1B). Likewise, the  IAD 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 
signi�cant rise in the anthocyanin/chlorophyll ratio during 
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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�, �Opalfi� 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�µg� kg�1 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 signi�cant 
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, �Opalfi� and �Royal Gala� apples exhibited a 
more dynamic pro�le regarding IAA and ethylene metabo-
lism and signalling. In both cultivars, IAA levels showed a 
parallel trend, remaining stable at 0.4�µg� kg�1 from S1 to 

S3 and then rising to 0.70�µg� kg�1 and 1.0�µg� kg�1 at S4, 
in �Royal Gala� and �Opalfi�, respectively. After peaking 
at S4, IAA content in �Opalfi� apples declined to 0.5 µg 
 kg�1 at S6 (Fig.�2A). The expression pattern of MdARF5 
was consistent in both cultivars, remaining below 0.1 
MNE from S1 to S3, then signi�cantly increasing to 0.3 
MNE at S4. In �Opalfi� apples, MdARF5 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�1 for most of the sampling points, but brie�y rose 
to 7�nmol� kg�1 at S4 in �Opalfi� apples and to 15�nmol� kg�1 
at S3 in �Royal Gala� apples (Fig.�2B). ACO activity stayed 
below 0.02�nmol� kg�1�  h�1 until a signi�cant increase to 
0.07�nmol� kg�1� h�1 was detected at S4 in �Royal Gala� apples 
and to 0.11 nmol� kg�1� h�1 at S5 and 0.21�nmol� kg�1� h�1 at S6 
in �Opalfi� apples (Fig.�2C). In parallel with changes in ACO 
activity, MdACO1 gene expression rose from 0.15 MNE in 
the initial developmental stages to above 80 MNE at S5 and 
S6 in �Opalfi� apples and S4 in �Royal Gala� apples (Fig-
ure�S1C). However, di�erences 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 signi�cantly 
higher in �Opalfi�, 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 MdERF2. The expression of MdERF1 
evolved similarly in �Opalfi� and �Royal Gala�, rising from 
below 5 MNE at S2 to 17 MNE at S4. The expression of 
MdERF1 in �Opalfi� apples remained at the maximum in 
S5 and then decreased to 12 MNE at S6 (Figure S2E). In 
contrast, the increase in MdERF2 expression occurred ear-
lier in �Royal Gala� than in �Opalfi�. In �Royal Gala� apples, 
MdERF2 expression began increasing at S3, reaching a value 
of 10 MNE, then rose to 23 MNE at S4, whilst in �Opalfi� 
apples, it increased to 14 MNE at S5 and reached a maxi-
mum of 25 MNE at S6 (Figure S2F).

The most signi�cant di�erences between �Opalfi� and 
�Royal Gala� apples were observed in the expression on 
MdETR1. Whilst the expression of MdETR1 in �Royal 
Gala� and �Granny Smith� apples followed the same trend 
and remained below 0.07 MNE, its expression in �Opalfi� 
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, �avonol glycosides, dihy-
drochalcones, and �avanols presented a declining trend 
throughout fruit development in the three studied cultivars 
(Fig.�3). The most noticeable di�erences amongst cultivars 
were observed in the evolution of �avonol glycosides and 

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� ( ), 

�Opalfi� ( ) 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 × sam-
pling point for all cultivars from S1 to S4 (LSD1) and for the interac-
tion cultivar × sampling point for �Opalfi� and �Granny Smith� from 
S1 to S6 (LSD2). The corresponding transcript levels of MdARF5, 
MdACS3, MdACO1, MdERF1, MdERF2, MdERF3 and MdETR1 are 
represented as heatmaps. Signi�cant di�erences (p � 0.05) amongst 
cultivars at the same sampling point are denoted by asterisks at the 
top of the heatmaps, whilst di�erences (p � 0.05) amongst sampling 
points at each speci�c 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 signi�cance and the correlation coe�cient, respec-
tively. Positive correlation coe�cients are displayed in blue and nega-
tive correlation coe�cients in red

�
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chlorogenic acid. Flavonol glycosides levels in �Opalfi� 
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�1 at 
S1 to 0.5� kg�1at S4 and onwards (Fig.�3C). �Royal Gala� 
presented the highest chlorogenic acid levels, which 

decreased from 8.1�g� kg�1 at S1 to 0.8�g� kg�1 at S4. The 
remaining cultivars had signi�cantly lower levels of chlo-
rogenic acid, plummeting from 1.5�g� kg�1 at S1 to below 
0.1�g� kg�1 at the S4 stage and beyond (Fig.�3A). Changes 
in procyanidin B2, catechin and epicatechin were similar 

Fig. 3  Evolution of chlorogenic acid (A), dihydrochalcones (B), �a-
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� ( ), �Opalfi� ( ) and �Royal Gala� ( ) 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 × sampling point 
for all cultivars from S1 to S4 (LSD1) and for the interaction culti-

var × sampling point for �Opalfi� and �Granny Smith� from S1 to S6 
(LSD2). The corresponding transcript levels of MdANS, MdUFGT, 
MdMATE and MdMYB1 are represented as heatmaps. Signi�cant dif-
ferences (p � 0.05) amongst cultivars at the same sampling point are 
denoted by asterisks at the top of the heatmaps, whilst di�erences 
(p � 0.05) amongst sampling points at each speci�c 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 signi�cance and the correlation coef-
�cient, respectively. Positive correlation coe�cients are displayed in 
blue and negative correlation coe�cients in red
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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 signi�cant rise in cyanidin-3-O-galactoside lev-
els was observed, beginning from S1 (0.01�g� kg�1) to S3 
(0.04�g� kg�1), followed by a notable increase to 0.25�g� kg�1 
at S4 (Fig.�3G). Other cyanidin derivatives were only detect-
able at the S4, achieving a concentration of 0.04�g�  kg�1 
(Fig.�3J). On the other hand, cyanidin-3-O-galactoside was 
only detected in �Opalfi� at S1, presenting a concentration 
of 0.01�g� kg�1, 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 �Opalfi� and �Royal Gala�, 
both of which revealed similar downward trends in their 
lutein, carotene, and neoxanthin levels. However, a notice-
able di�erence was found in the levels of xanthophyll esters 
amongst these cultivars, with �Opalfi� reaching the high-
est levels at S5 and S6, with values of 3.0�mg� kg�1 and 
4.5�mg� kg�1, respectively (Fig.�4C). On the other hand, 
the peel of �Royal Gala� only had xanthophyll esters at S4 
(0.5�mg� kg�1), 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 �Opalfi� and 
�Royal Gala� followed similar dynamic patterns (Figs.�4G 
and S4). �Opalfi� and �Royal Gala� cultivars showed a con-
centration of ABA around 30�µg�  kg�1 at S1, descended 
below 20�µg� kg�1 during S2 and S3 and then returned above 
25�µg� kg�1 at S4 (Fig.�4G). Speci�cally, �Opalfi� 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�µg� kg�1, whereas in �Opalfi�, levels sharply rose from 
S4, reaching 770�µg� kg�1 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 �Opalfi� 
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 �Opalfi� (Figures�S3C and S3D). 
In contrast, the transcription factor MdPIF1 experienced 
a decrease in its expression as development progressed, 
although at varying rates across the cultivars (Figure S3B). 
In �Granny Smith�, MdPIF1 expression remained above 
0.20 MNE from stage S1 to S4, before descending to 0.13 
MNE at stage S5 and �nally 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 �Opalfi�, 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 di�er amongst cultivars, 
with all of them showing a decrease from 0.10 µg  kg�1 at 
S1 and S2 to less than 0.06�µg� kg�1 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�1 at 
S1 to 22.6�mg� kg�1 at S6. �Opalfi� demonstrated a sig-
ni�cant decline, dropping from 34.1�mg�  kg�1 at S1 to 
1.4�mg� kg�1 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 �Opalfi� 
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�1 at S1, immediately decreasing to 
0.5�mg� kg�1 at S2, and stabilizing at a steady 0.2 mg  kg�1 
from S3 to S6. Pheophytin a levels in �Opalfi� and �Royal 
Gala� were 0.8�mg� kg�1 and 0.3�mg� kg�1, 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, MdGLK1, 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 �OPALfi�, 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 MdGLK1 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), 
�-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� 

( ), �Opalfi� ( ) 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 × sam-
pling point for all cultivars from 
S1 to S4 (LSD1) and for the 
interaction cultivar × sampling 
point for �Opalfi� and �Granny 
Smith� from S1 to S6 (LSD2). 
The corresponding transcript 
levels of MdPIF1, MdGGPPS 
and MdPSY are represented as 
heatmaps. Signi�cant dif-
ferences (p � 0.05) amongst 
cultivars at the same sampling 
point are denoted by asterisks at 
the top of the heatmaps, whilst 
di�erences (p � 0.05) amongst 
sampling points at each speci�c 
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 
signi�cance and the correlation 
coe�cient, respectively. Posi-
tive correlation coe�cients are 
displayed in blue and negative 
correlation coe�cients in red
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development (Fig.�5B) whereas for �Opalfi� and �Royal Gala�, 
MdNYC1 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 �Opalfi� 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-
ci�c 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 (FernÆndez-Cancelo 
et�al. 2022a). In these sense, the ability to change colour 
of �Opalfi� and �Royal Gala� at di�erent fruit developmen-
tal stages seemed to be mainly caused by a substantial 
chlorophyll loss, as demonstrated by the sharp decrease 
in  IAD (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 �Opalfi� and �Royal Gala� apples 
(Figs.�1D and E). In contrast, the invariable  IAD values 
observed in �Granny Smith� partially explain the lack of 
colour changes during its development (Fig.�1C), which 
can be attributed to the masking e�ect of chlorophyll on 
the contribution of other pigments to fruit colour (i.e. 
carotenoids) (FernÆndez-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 speci�c 
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 di�er when comparing di�erent apple tissues 
(Lara and Vendrell 2003; Rudell et�al. 2000). When com-
paring di�erent 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 (FernÆndez-Cancelo et�al. 2023). In these lines, 
and despite di�erences 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 speci�c (Figure�S1). 
Whereas no correlation was found amongst MdERF1, 
MdERF2 and ethylene metabolism in pulp (FernÆndez-
Cancelo et� al., 2023), the expression of MdERF1 and 
particularly MdERF2 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 con�rm that di�erences in 
colour changes amongst and within apple cultivars during 
development were associated to di�erences 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 
MdACO1 and the expression of MdARF5 (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 MdARF5. These �ndings 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 
MdARF5 in �Granny Smith� apples would be partly responsi-
ble for the above-mentioned low expression of MdACS3 and 
MdACO1, as well as its minimal ACO activity in the peel 
of this apple cultivar (Fig.�2). Contrarily, the peel of �Royal 
Gala� and �Opalfi� apples underwent a signi�cant 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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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 (FernÆndez-Cancelo 2022a). However, in 
red-peel cultivars like �Royal Gala�, the loss of chlorophyll 
may not be su�cient 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 �Opalfi� and/
or �Granny Smith� apples.

Nevertheless, our data suggest that the accumulation 
of anthocyanins in �Royal Gala� was primarily in�uenced 
by the transcription factor MdMYB1, 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,�MdMYBA,�MdMYB1, 
and�MdMYB10� are alleles of a single locus in di�erent 
genotypes mainly di�ering in a repeated sequence of the 
promoter region (Hu et� al. 2016). MdMYB10 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 
MdMYB1 presented a positive correlation with anthocyanin 
biosynthetic genes (MdANS and MdUFGT) and, especially, 
with MdMATE, a gene associated with anthocyanin vacuolar 
transport (Hu et�al. 2016) (Figure S6). Interestingly, both 
anthocyanins levels and MdMYB1 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 MdMYB1 plays a key role in the interplay 
between ethylene and anthocyanins metabolism, in coordina-
tion with other MdERFs. Indeed, some studies have shown 
that MdERF3 (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 MdMYB1 may play a key role in 
the interplay between ethylene and anthocyanins metabolism 
of apple fruit likely via MdERF1 and not MdERF3, since 
the expression of the former followed the same accumula-
tion pattern than ACO, MdMYB1 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 (FernÆndez-Cancelo et�al. 2022a). 
Our data also revealed a negative correlation between 
MdPIF1 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 MdARF5, ethylene biosynthetic genes (MdASC3 
and MdACO1), ACO activity and MdERF2 (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 �Opalfi� 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 

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� ( ), �Opalfi� ( ) 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 cultivar × sampling point for all culti-
vars from S1 to S4 (LSD1) and for the interaction cultivar × sampling 
point for �Opalfi� and �Granny Smith� from S1 to S6 (LSD2). The 
corresponding transcript levels of MdGLK1, MdNYC1 and MdPPH 
are represented as heatmaps. Signi�cant di�erences (p � 0.05) 
amongst cultivars at the same sampling point are denoted by aster-
isks at the top of the heatmaps, whilst di�erences (p � 0.05) amongst 
sampling points at each speci�c 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 signi�cance and the correlation coe�cient, respectively. 
Positive correlation coe�cients are displayed in blue and negative 
correlation coe�cients in red

�
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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 
signi�cant decrease in carotenoids levels in �Opalfi� and 
�Royal Gala�, especially in the �nal 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 �Opalfi� and �Royal Gala� cultivars (Figs.�4G and 
S1), implies a possible ethylene-regulated mechanism for 
ABA biosynthesis, where speci�c 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 (FernÆn-
dez-Cancelo et�al. 2023) as well as during postharvest ripen-
ing (FernÆndez-Cancelo et�al. 2022b).

Nevertheless, the rise in ABA levels for both �Opalfi� 
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, �Opalfi� 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-
MØndez and Mínguez-Mosquera 2000), also showed a 
positive correlation with ethylene metabolism, suggesting a 
potential ethylene-mediated regulation of carotenoid esteri�-
cation (Figure S6). However, studies in other apple cultivars 
showed that carotenoid esteri�cation occurs independently 
of ethylene (Knee 1988), underlining the need for further 
research into the role of ethylene in activating xanthophylls 
esteri�cation 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 �Opalfi� and �Royal Gala� presented 

lesser amounts. Intriguingly, the descending biologically 
active cytokinins content did not account for the observed 
discrepancies in chlorophyll content amongst the di�er-
ent cultivars, challenging the typical association between 
cytokinins and chlorophyll biosynthesis seen in other spe-
cies (Cortleven and Schmülling 2015; Matsuo et�al. 2012; 
Pilkington et�al. 2013) (Fig.�5A). In this context, the role 
of MdGLK1, a transcription factor involved in chloroplast 
biogenesis, emerges as particularly signi�cant in the regu-
lation of chlorophyll levels in apple (An 2019; Chen et�al. 
2016) (Figure S5A). Our results showed that the expression 
of MdGLK1 positively correlated with photosynthetic pig-
ments levels (Fig.�5E). In several studies, phytohormones 
including auxin and brassinosteroids have been implicated 
in tomato fruit chloroplast development and positively cor-
related with increased�SlGLK�expression (Nadakuduti et�al. 
2014; Sagar et�al. 2013). In our study, MdGLK1 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 
MdGLK1 expression and chlorophyll levels which masked 
the carotenoids contribution to peel colour and consequently 
inhibited colour changes in this speci�c cultivar. In turn, the 
rise in ethylene biosynthesis in the last stages of �Opalfi� and 
�Royal Gala� development may downregulate MdGLK1 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 b 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 
di�erently depending on the developmental stage. Early 
during apple development, pigments appear to evolve 
independently of the hormones studied, suggesting that 
environmental and cultivar-speci�c factors could be the 
main regulators. However, as the fruit approached the �nal 
developmental stages, ethylene and its interplay with other 
hormones emerged as an important regulator of pigment 
levels in the apple peel. Speci�cally, colour changes in 
�Opalfi� and �Royal Gala� cultivars seem to be linked to the 
activation of ethylene metabolism by IAA via MdARF5. 
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 MdGLK1 and MdNYC1, respectively. Ethylene 
metabolism, IAA and ABA were negatively correlated 
with MdGLK1 and positively correlated with MdNYC1, 
suggesting the potential in�uence 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 MdMYB1. In contrast, carotenoids levels 
tended to decrease, especially in �Opalfi� 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 �ndings provide a signi�cant 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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