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Abstract 

The hormonal interplay during the on-tree development and ripening of three apple 

cultivars with known differences in their postharvest ripening patterns was studied, at the 

biochemical and targeted gene expression level, along with characterizing the changes in 

main sugars, acids, phenylpropanoids and volatile organic compounds (VOCs). Our 

findings suggest that in ‘Royal Gala’ and ‘Opal®’ apples, a peak in indole 3-acetic acid 

(IAA) seems necessary to activate ethylene metabolism, being its intensity proportional 

to the ethylene production. The interplay between IAA and ethylene appears to be 

mediated by MdARF5, responsible for activating the expression of MdACS3 and 

triggering ethylene metabolism. On the other hand, the lack of ethylene production 

observed in ‘Granny Smith’ apples was likely related to the absence of an IAA peak and 

possibly caused by the over activation of IAA conjugation mechanisms leading to a 

greater accumulation of IAA inactive conjugates such as indole-3-acetyl-aspartate 

(IAAsp). Abscisic acid (ABA) accumulation was only observed in cultivars with the 

ability to accumulate sucrose and produce ethylene, suggesting a possible crosstalk 

among those hormones and sucrose in orchestrating apple on-tree ripening. While 

differences in hormone levels among cultivars led to noticeable differences in some 

specific VOCs, no evident associations were found between hormone changes and the 

accumulation or degradation of monosaccharides, organic acids or phenolic compounds 

during fruit development and ripening. Likewise, no clear relationship was found between 

the fruit susceptibility to blue mould and hormonal levels yet certain specific biochemical 

compounds (i.e., procyanidins and sucrose) could be acting as a source of resistance or 

susceptibility, respectively, to blue mould development. Overall, understanding the 

cultivar specific hormonal regulation of apple on-tree ripening provides valuable insights 

to optimize fruit quality at the time of harvest as well as to develop strategies for improved 

postharvest management. 
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Introduction 

Ethylene plays a crucial role in triggering the physiological changes during the ripening 

of climacteric fruit, including apples (Bapat et al., 2010). However, recent evidence 

suggests that not only ethylene but other hormones, such as indole 3-acetic acid (IAA) 

and abscisic acid (ABA), are also involved in the ripening process (Ji and Wang, 2021). 

In climacteric fruit, changes associated to ripening, including softening and changes in 

taste and aroma, mainly occur when ethylene transits from the autoinhibitory phase 

(system 1) to the autocatalytic phase (system 2). This transition is characterized by a burst 

in the ethylene production and is associated to rapid changes in specific quality 

parameters (Sfakiotakis and Dilley, 1973; Tan et al., 2013). In the specific case of apple, 

a model fruit for climacteric ripening besides tomato, the transition from system 1 to 

system 2 is paralleled by changes in the expression of ethylene response factors 

(MdERFs) and paralogous genes encoding for the enzymes involved in the last steps of 

the ethylene biosynthesis pathway, 1-aminocyclopropane-1-carboxylic (ACC) synthase 

(ACS) and ACC oxidase (ACO) (i.e. MdACS1 and MdACO1; Pattyn et al., 2021). 

During the autoinhibitory phase (system 1), the low ethylene biosynthesis is sustained by 

the expression of MdACS6 and MdACS3 as well as MdERF2, the latter inhibiting the 

expression of MdACS1 and MdACO1 (Li et al., 2015; T. Li et al., 2016; Tan et al., 2013). 

While the real driver of the transition from system 1 to system 2 is not yet fully 

understood, recent studies in apples suggest that such transition may be mediated by 

auxins and auxin response factor 5 (MdARF5), both being able to inhibit the expression 

of MdERF2 while concomitantly activating the expression of MdACO1 (Yue et al., 2020). 

Likewise, auxins have also been described as key regulators of ethylene biosynthesis in 

other climacteric fruit species including tomato (Fernie and Alseekh, 2018), peach 

(Tatsuki et al., 2013) and pear (Lindo-García et al., 2020). ABA, on the other hand, has 



also been pointed out to trigger ethylene production in climacteric fruit since an increase 

in endogenous ABA levels prior to the ethylene burst was observed in pear (Lindo-García 

et al., 2020) and peach (García-Pastor et al., 2021), while exogenous ABA treatments 

generally induced ethylene production in apple and tomato (Vendrell and Buesa, 1989; 

Zhang et al., 2009). Recently, results from a more comprehensive study comparing 

attached and detached apple ripening revealed that ABA may not be required to initiate 

ethylene production (Fernández-Cancelo et al., 2022b), but rather involved in the ethylene 

signalling cascade, hence in agreement to that suggested for other climacteric fruit (i.e. 

figs; Qiao et al., 2021). 

Nowadays, however, strong evidence suggest that ripening is regulated through a 

complex hormonal crosstalk rather than by the action of individual hormones. A good 

example is the synergistic interaction between ABA and ethylene, which promotes 

softening in bananas and apples (Fernández-Cancelo et al., 2022b; Jiang et al., 2000) and 

enhances the biosynthesis of volatile esters in apples (Wang et al., 2018) or the 

cooperation between auxin and ethylene being tightly involved in the biosynthetic 

regulation of some VOCs in tomatoes (Tobaruela et al., 2021). Not only hormones, but 

also other compounds including sugars and reactive oxygen species (ROS) have been 

proposed to play an essential role in triggering fruit ripening (Decros et al., 2019; Durán-

Soria et al., 2020; Vall-llaura et al., 2022a), while some phenolic compounds can have 

the opposite effect (Xi et al., 2016). Sucrose and ROS, for instance, may promote the 

autocatalytic burst of ethylene production in pear (Lindo-García et al., 2019) and tomato 

(Kumar et al., 2016), whereas certain phenolic compounds may inhibit ripening in apple 

(Xi et al., 2016) and peach (Vall-llaura et al., 2022a). 

Interestingly, ROS and certain hormones, alone or in combination, not only affect fruit 

ripening but also can influence the fruit susceptibility/resistance to certain postharvest 



rots (reviewed by Vall-llaura et al., 2022b). This said, little information is currently 

available regarding the role of specific hormones or ripening-related biochemical 

compounds on the apple susceptibility or resistance to the main postharvest disease of 

apples – the blue mould caused by Penicillium expansum. 

Accordingly, the main objective of our study was to investigate, at both the biochemical 

and targeted gene expression level, the interplay among ethylene, IAA, and ABA during 

the development and ripening of different apple cultivars, as well as their possible 

involvement in regulating the content of flavour and ripening-related compounds such as 

sugars, organic acids, and VOCs. Moreover, given the potential participation of the 

targeted biochemical components in the fruit defence against postharvest rots, the 

secondary objective of our investigation was to elucidate whether hormonal or 

biochemical changes during apple growth and ripening influence the fruit's susceptibility 

to P. expansum infection. 

 

Material and methods 

Fruit material and experimental design 

In 2021, three apple cultivars – ‘Royal Gala’, ‘Granny Smith’, and ‘Opal®’ – were chosen 

to investigate their development and ripening on the tree. These cultivars were selected 

based on their commercial relevance in the Ebro Valley (Spain) as well as their distinct 

ripening patterns and ethylene production capacities. Specifically, ‘Royal Gala’ apples 

can produce ethylene in the final stages of on-tree ripening, while ‘Granny Smith’ apples 

maintained low ethylene levels even at harvest (Busatto et al., 2021; Favre et al., 2022). 

On the other hand, the ripening pattern of ‘Opal®’ apple, a novel commercial cultivar, has 

not been investigated yet. 



The study was conducted in a commercial orchard located in Alcarràs, Lleida, Spain. The 

analyzed apple cultivars had similar flowering times, with a maximum difference of 5 

days among them. 'Opal®' apples initiated their blooming period 5 days earlier than the 

'Royal Gala' and 'Granny Smith' cultivars, which had the same flowering times. ‘Opal®’ 

and ‘Granny Smith’ apples were studied at 6 sampling points, while ‘Royal Gala’ apples 

were sampled at 4 sampling points (Table 1). The first four sampling points were 

performed simultaneously for all three cultivars every 25-30 days. The sampling point S4 

corresponded to 125 DAFB for ‘Royal Gala’ and ‘Granny Smith’ and 130 DAFB for 

‘Opal®’. Since ‘Granny Smith’ and ‘Opal®’ apples required more time to ripen, two 

additional sampling points were included. The fifth sampling point (S5) corresponded to 

151 DAFB for ‘Granny Smith’ and 156 DAFB for ‘Opal®’, while the sixth sampling point 

(S6) and CHD were set at 173 DAFB (September 27th) for 'Opal®' and 172 DAFB 

(October 1st) for 'Granny Smith' (Table 1). To conduct our analysis, twenty trees were 

randomly selected for each cultivar, and apples were collected at the same canopy height 

(mid canopy). For each cultivar and sampling point, 20 fruit were used for quality 

evaluations and another 20 fruit were used for P. expansum inoculation assays. Ethylene 

measurements were performed using four replicates per cultivar of about 1 kg of fruit per 

replicate. Additionally, for each cultivar and sampling point, 40 apples (10 apples per 

replicate and 4 replicates) were peeled and the pulp was snap-frozen in liquid nitrogen, 

ground and stored at −80°C until further biochemical analysis. A portion of the frozen 

and ground sample was freeze-dried for 72 hours to conduct hormones and phenolic 

compounds analyses. 

 



Fruit quality evaluation 

Fruit diameter was measured on 20 fruit per sampling point and cultivar combination, 

whereas firmness and starch index were only measured at two sampling points: at the 

commercial harvest date (CHD) and at the immediately preceding sampling point, as 

described by Fernández-Cancelo et al. (2021). The same fruits used for firmness 

measurements were used to produce four juices (5 fruit per juice, considering juices as 

replicates) required to determine the Soluble Solids Content (SSC) and Total Titratable 

Acidity (TTA) as described by Giné-Bordonaba et al. (2016). 

 

Ethylene production and ethylene-related metabolites and enzymes 

At each sampling point, four replicates per cultivar of about 1 kg of fruit per replicate 

were placed in an acclimatized chamber at 20 °C in 3.8 L flasks sealed with a silicon 

septum. After 2 h incubation, ethylene production (nmol kg−1 s−1) was measured by taking 

1 mL of gas from the headspace of the flask with a syringe and injected into a gas 

chromatograph (GC) Agilent 6890 (Agilent Technologies, Santa Clara, CA, USA) fitted 

with a flame ionization detector (FID) detector and an alumina column F1 80/100 (2 m × 

1/8″ OD × 2.1 mm ID, Teknokroma, Barcelona, Spain) as previously described by Lindo-

García et al., (2020). Determination of enzymatic activities (ACO and ACS) and 

metabolites levels (ACC and MACC) involved in ethylene metabolism were carried out 

on apple flesh samples  according to Bulens et al. (2011) with some modifications (Lindo-

García et al., 2020). 

 

Hormonal profiling 

Endogenous phytohormones were extracted by mixing 100 mg of the freeze-dried apple 

pulp samples with 5 mL methanol:water:formic acid, 60:35:5 (v/v/v) and 50 µL of 



Deuterium-labelled internal standards (100 ng mL-1). The mixture was vortexed for 2 min 

at 2,000 rpm, kept in ice and dark for 20 min and centrifuged at 4,500 g for 10 minutes at 

4ºC. The supernatant was recovered and freeze-dried overnight. The freeze-dried samples 

were dissolved with 0.5 mL methanol:water:formic acid 1:9:0.1 solution (v/v/v) 

containing ammonium formate (1mM), vortexed at 2,000 rpm for 3 min and centrifuged 

at 4,500 g for 10 minutes at 4ºC. The supernatant was collected and filtered through 0.22 

µm Polytetrafluoroethylene (PTFE) filter into silanized amber vials. Hormones 

separation and identification were carried out according to Collings et al., (under 

publication). Briefly, 10 µL of extract were injected on a LC–MS/MS instrument with an 

Agilent 1200 series High Performance Liquid Chromatography (HPLC) system (Agilent, 

Berkshire, United Kingdom) coupled with a Q-Trap 6500 mass spectrometer (AB Sciex, 

Framingham, MA, USA), and equipped with a Hypersil GOLD C18 (50 x 2.1 mm, 1.9 

μm) (ThermoFisher Scientific, Waltham, MA, USA) held at 30 °C. Separation was 

carried out at a flow rate of 0.4 mL min-1 using a mobile phase consisting in a mixture of 

0.1% formic acid and ammonium formate (1mM) in water (A) and 0.1% formic acid and 

ammonium formate (1mM) in methanol (B), using an 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-1 to 250 ng mL-1 for each analysed phytohormone, and it was 

expressed in μg kg-1 dry weight (DW). Deuterated and non-deuterated ABA metabolites: 

(+)-ABA-glucose ester (ABA-GE), (−)-phasic acid (PA), (−)-dihydrophaseic acid (DPA), 

(−)-neo-PA, and (±)-7’-OH-hydroxy-ABA were purchased from the National Research 

Council of Canada - Plant Biotechnology Institute (Saskatoon, SK, Canada); (±)-ABA 

was obtained from Sigma-Aldrich (Darmstadt, Germany); and the auxins Indole-3-acetic 



acid (IAA) and indole-3-acetyl-aspartic acid (IAAsp) were purchased from OlChemIm, 

Olomouc, Czech Republic. 

 

Sugars and acids quantification 

The protocols described by Fernández-Cancelo et al., (2021) were used for extracting 

malic acid and sugars (sucrose, glucose, and fructose) from 0.5 g of frozen pulp tissue 

and using 1 mL of extraction solvent. Ascorbic acid (AsA) and dehydroascorbic acid 

(DHA) were extracted from 2.5 g of frozen pulp tissue mixed with 5 mL of 

metaphosphoric acid suspension (3% metaphosphoric acid, 8% acetic acid) and 

quantified via HPLC as previously described (Fernández-Cancelo et al., 2021). 

 

Phenolic compounds identification and quantification 

Phenolic compounds were extracted following the protocol described by Fernández-

Cancelo et al. (2022a), with some modifications. Briefly, 50 mg of freeze-dried pulp 

tissue were mixed with 1 mL of 79.5% (v/v) methanol and 0.5% (v/v) HCl in Milli-Q 

water, incubated in a water batch for 30 min at 35 ºC, and centrifugated at 20,000 g for 

30 min at room temperature. The extract was filtered through 0.22 μm PTFE filter and 

injected (10 µL) on an Agilent 1200 liquid chromatograph (Agilent Technologies, Santa 

Clara, CA, USA) fitted with an Eclipse XDB-C18 column (250 x 4.6 mm, 5.0 μm) 

(Agilent Technologies, Santa Clara, CA, USA). Phenolic compounds were separated and 

identified according to Anastasiadi et al. (2017) methodology. Quantification was 

performed using calibration curves prepared with standard stock solutions of procyanidin 

B1, procyanidin B2, chlorogenic acid, catechin, epicatechin and phloretin-2'-O-glucoside, 

and their concentrations were expressed as g kg−1 DW. When no commercial standard 



was available, detected phloretin derivatives were quantified using phloretin-2'-O-

glucoside standard curve. 

 

Volatile profiling 

Headspace solid-phase microextraction (HS-SPME) was performed for extracting and 

determining the volatile organic compounds (VOCs). Based on previous protocols (Yang 

et al., 2022), the extraction of volatile compounds was performed by mixing 3 g of frozen 

apple pulp, 1.25 g NaCl, 3 mL Milli-Q water and 20 µL internal standard (3-

nonanone/diethyl ether = 1:10000, v/v) in a 28 mL screw-capped vial. Immediately, the 

vial was sealed, and the suspension vortexed and incubated in an ultrasonic bath (JP 

Selecta, Abrera, Barcelona, Spain) for 10 min to facilitate the release of the volatile 

compounds. Afterwards, the headspace vial was equilibrated at 40 ºC for 15 min on a 

metal heating agitation platform, and a SPME fibre coated with 50/30 µm thickness of 

divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS, Supelco, 

Bellefonte, PA, USA) was inserted into the headspace with continuous heating and 

agitation (200 rpm) for 10 min to adsorb the VOCs. Then, the fibre was introduced into 

the heated injector port of the chromatograph for desorption at 250 ºC for 5 min. The 

volatile compounds were analysed with an Agilent 7890A gas chromatograph (GC) 

coupled to an Agilent 5977A Mass Selective Detector (MSD) (Agilent Technologies, 

Santa Clara, CA, USA), equipped with a 50 m × 0.20 mm × 0.33 μm HP-FFAP capillary 

column (Agilent Technologies, Santa Clara, CA, USA). Helium was circulated as the 

carrier gas with a flow of 1.0 mL min-1 in a splitless mode. The initial oven temperature 

was kept at 40 ºC for 3 min, then increased to 220 ºC at a rate of 4 ºC min-1, and finally 

held for 5 min. Mass spectra were operated in electron ionization mode of 70 eV with the 

scan range from m/z 30 to 350. Identification of VOCs was based on mass spectra 



matching with the database of National Institute of Standards and Technology (NIST, 

2011). Quantification was carried out by the internal standard method where the 

concentration of each volatile compound was relativized to the concentration of 3-

nonanone. 

 

RNA isolation and qPCR analysis 

RNA extraction, cDNA synthesis and gene expression analysis were performed following 

the protocols described by Fernández-Cancelo et al. (2022a). Primers 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. 

 

P. expansum inoculation 

Conidial suspensions of P. expansum were prepared to obtain 105 conidia mL-1 following 

the method described by Vilanova et al., (2014). Immediately after harvest at each 

developmental stage (sampling point), including the commercial harvest of ‘Royal Gala’ 

at S4 and ‘Granny Smith’ and ‘Opal®’ at S6, twenty apples per cultivar were wounded 

with a nail (1 mm wide and 2 mm deep) to produce an injury on the equatorial part and 

expose the pulp avoiding the possible influence of peel on the rot development tacking 

into account that P. expansum is an injury pathogen. The wounds were inoculated with 

15 µL of an aqueous suspension of P. expansum and fruit were allowed to dry at room 

temperature. Then, inoculated apples were incubated at 20 °C and 85% relative humidity 

and rot lesion diameters (severity) were determined 10 days after postharvest inoculation. 

 



Statistical data analysis 

Biochemical and gene expression data were subjected to analysis of variance (ANOVA) 

test using the R ‘agricolae’ package. Least significant difference values (LSD, p=0.05) 

for the interaction cultivar × sampling point were calculated for mean separation, for all 

cultivars from S1 to S4 (LSD1) and for ‘Opal®’ and ‘Granny Smith’ apples from S1 to 

S6 (LSD2), using critical values of t for two-tailed tests.  Rot severity data were also 

subjected to analysis of variance (ANOVA) test when comparison was made among three 

cultivars at each sampling point from S1 to S4 and to Students’ t-test when ‘Opal®’ and 

‘Granny Smith’ were compared at S5 and S6. When the analysis was statistically 

significant, Tukey’s HSD test at the level p ≤ 0.05 was performed for comparison of 

means for among cultivars at each developmental stage. Pearson’s correlation matrix (p 

≤ 0.05) was done using the R ‘corrplot’ package. A hierarchical cluster analysis (HCA) 

dendrogram was done applying Ward method of minimum variance to stablish a 

relationship among the VOCs detected in the studied cultivars and sampling points. 

Partial least square (PLS) regression models were used to correlate biochemical 

composition, gene expression and ethylene production (as X variables or explanatory 

variables) with P. expansum severity as response variable (Y). The Non-Linear Iterative 

Partial Least Squares (NIPALS) algorithm with four factors was used for estimating the 

model parameters. Data for PLS model were centred and weighed by the inverse of the 

standard deviation of each variable to avoid dependence on measured units. JMP software 

version 16.0.0 (SAS Institute Inc. Cary, NC, USA) was used to perform the HCA and 

PLS analysis. 

 



Results 

 

Fruit quality parameters 

‘Royal Gala’, ‘Opal®’ and ‘Granny Smith’ apples presented the same growth dynamics, 

increasing their diameters from 38 mm at the first sampling point (S1) to 73 mm at S4, 

when ‘Royal Gala’ apples were harvested (Figure S1). During the first four sampling 

points, fruit growth rate slowed down from an average of 0.6 mm day-1 during the period 

S1 to S2 to 0.3 mm day-1 in the period from S3 to S4.  Growth continued thereafter in 

‘Opal®’ and ‘Granny Smith’ with a growth rate below 0.3 mm day-1 while no growth was 

observed in ‘Opal®’ in the period from S5 to S6. At the commercial harvest date (CHD, 

sampling point S6), ‘Opal®’ and 'Granny Smith' apples reached a final size of 78 mm and 

82 mm, respectively (Figure S1). Quality parameters were analysed both at harvest and 

at the preharvest sampling point (Table 2). ‘Royal Gala’ apples showed the greatest 

decrease in firmness (30 N) and starch index (6 units), while ‘Granny Smith’ and ‘Opal®’ 

showed the same decrease in firmness (10 N) and starch index (2 units) among the last 

two sampling points. This said, at the CHD, firmness was highest in ‘Granny Smith’ (79 

N), followed by ‘Royal Gala’ (76 N) and ‘Opal®’ (74N) while starch index was highest 

in ‘Opal®’ (8 units), followed by ‘Royal Gala’ (7 units) and ‘Granny Smith’ (5 units). 

Differences in SCC and TTA were also observed among cultivars at harvest, being 

‘Granny Smith’ the cultivar with higher TTA (5.6 g L-1) and lower SCC (11.0 ºBrix) 

levels, whereas ‘Opal®’ presented the highest SCC (14.5 ºBrix) values (Table 2). 

 

Ethylene metabolism 

Ethylene metabolism was strongly dependent on the cultivar, particularly during the latter 

stages of fruit development (Figure 1). During the first three developmental stages, 

ethylene production remained below 2·10-4 nmol kg-1 in all cultivars, with ‘Granny 



Smith’ remaining within these values even in successive stages (Figure 1D). In turn, 

‘Opal®’ and ‘Royal Gala’ were able to produce ethylene in the final developmental stages, 

but with substantial different behaviours. ‘Royal Gala’ showed a sharp increase in 

ethylene only at harvest (S4), reaching 9·10-3 nmol kg-1, whereas ‘Opal®’ reached a peak 

of ethylene prior to harvest (S5) (3·10-3 nmol kg-1) followed by a 2-fold reduction at the 

time of harvest (S6). Differences among cultivars were also observed in the enzymes 

involved in ethylene biosynthesis. ACO showed the same evolution as ethylene (Figure 

1C), reaching the maximum activity at S4 in ‘Royal Gala’ (0.9 nmol kg-1 s-1) and at S5 in 

‘Opal®’ (0.3 nmol kg-1 s-1). Differences in ACS activity, ACC and MACC levels were 

less significant among cultivars given their generally low levels during on-tree 

development (Figures 1A, 1B and 1E). However, an upward trend was observed in ACS 

activity (Figure 1A) and ACC levels (Figure 1B) during fruit development, especially in 

‘Royal Gala’. The highest ACS activity was detected in ‘Royal Gala’ at S4 (0.003 nmol 

kg-1 s-1), followed by ‘Opal®’ at S5 (2.8·10-3 nmol kg-1 s-1) whereas the ACS activity 

remained below 2.0·10-3 nmol kg-1 s-1 during all fruit development in ‘Granny Smith’ 

(Figure 1A). ACC levels reached a peak of 133 nmol kg-1 at S3 in ‘Royal Gala’ whereas 

the maximum ACC concentration was reached at S5 in ‘Opal®’ (96 nmol kg-1) and at S6 

in ‘Granny Smith’ (71 nmol kg-1) (Figure 1B). MACC only differed at S1 when ‘Opal®’ 

and ‘Granny Smith’ showed 1.7-fold higher levels if compared to ‘Royal Gala’ (Figure 

2D). However, during the last stages of fruit development MACC levels remained to 

similar levels (ca.300 nmol kg-1) in the three studied cultivars. 

Differences among apple cultivars were also observed in the genes involved in ethylene 

biosynthesis and signalling, except for MdERF1 (Figure S2). An increase in the 

expression of MdACS3 and MdACO1 was observed in the last developmental stages in 

‘Royal Gala’ and ‘Opal®’, whereas the expression of these genes remained low in 



‘Granny Smith’ (Figures S2B and S2C). In contrast, the expression of MdACS1 remained 

low and practically unchanged during fruit development in the three studied cultivars 

(Figure S2A). However, it is important to notice that in ‘Granny Smith’ apples, the 

expression of MdACS1 was 10-fold greater than that observed for MdACS3 during the 

initial fruit developmental stages and that this specific gene remained as the most 

expressed MdACS paralogue in ‘Granny Smith’ even at the time of commercial harvest 

(Figures S2A and S2B). MdERF1 was highly expressed in all cultivars (Figure S2E), 

showing a similar increasing trend in all three cultivars until it reached a peak at stages 

S4 for ‘Gala’ and ‘Opal®’ and S5 for ‘Granny Smith’, followed by a decrease in ‘Opal®’ 

and ‘Granny Smith’. In turn, MdERF2 and MdERF3 presented low expression levels and 

remained practically unchanged during development (Figures S2F and S2G), except for 

an increase observed in the expression of MdERF2 at S5 and S6 in ‘Opal®’ and in 

MdERF3 at S2 in ‘Granny Smith’. The expression of the ethylene receptor MdETR1 

remained unchanged in the three studied cultivars except in Gala at S4, when transcription 

increased 2.2-fold (Figure S2H).  

 

Auxin and ABA metabolism 

Differences among cultivars were also observed in the evolution of indole-3-acetic acid 

(IAA) and indole-3-acetyl-aspartate (IAAsp), the IAA-amide conjugate (Figure 2). IAA 

levels remained below 0.5 µg kg-1 during fruit development except in ‘Royal Gala’ at S3 

and in ‘Opal®’ at S5 and S6 when levels rose to 0.9 µg kg-1 and 0.6 µg kg-1, respectively 

(Figure 2A). IAAsp levels declined in ‘Royal Gala’ from 0.18 ng kg-1 at S1 to 0.03 ng kg-

1 at S4 whereas IAAsp remained unchanged and below 0.06 ng kg-1 ‘Opal®’. In turn, 

‘Granny Smith’ showed a peak of IAAsp at S1 and S5, reaching levels of 0.14 ng kg-1 in 

both points (Figure 2B) and being 3 to 4-fold higher than that observed in the other 



cultivars at S4 and S5. Accompanying the differences in the auxin levels, differences in 

the expression of auxin response factors (ARFs) among cultivars were especially 

pronounced in the last stages of fruit development (Figure S3). The expression of 

MdARF5 remained low and unchanged in ‘Granny Smith’ (Figures S3C) whereas the 

transcription of MdARF2 and MdARF4 tended to be higher in ‘Granny Smith’ in the later 

sampling points (S4 to S6) if compared with the other cultivars (Figures S3A and S3B). 

In turn, an increase in the expression of MdARF5 was only observed in ‘Royal Gala’ and 

‘Opal®’ at S4, and it remained high in ‘Opal®’ during the last stages of development 

(Figure S3C). 

Overall, the major concentration differences in ABA and its catabolites were found in the 

later stages of development (S4 to S6) and, to a lesser extent, at the first sampling point 

(S1) (Figure 3). ABA and its catabolites remained low and unchanged in ‘Granny Smith’ 

from S2 to S6, whereas a sharp accumulation was observed in ‘Royal Gala’ at S4 and in 

‘Opal®’ at S4 and thereafter. ABA presented a similar evolution profile in ‘Royal Gala’ 

and ‘Opal®’, reaching the maximum concentration (150 µg kg-1) at S4 and S5, 

respectively (Figure 3B). The other ABA catabolites followed the same trend as observed 

for ABA except for DPA and ABA-GE (Figures 3E and 3F). Only ‘Opal®’ apples 

presented an accumulation of ABA-GE in the last steps of fruit development, increasing 

from 10 µg kg-1 at S3 to 120 µg kg-1 at S6 (Figure 3E). 

 

Sugars, acids and phenolic compounds content 

The biochemical compounds that showed the greatest differences in their behaviour 

among the cultivars were glucose, sucrose, and malic acid, whereas the evolution of 

fructose and phenolic compounds along fruit development was barely affected by the 

cultivar (Figures 4 and 5). Glucose raised from 9 g kg-1 to 15 g kg-1 during ‘Granny Smith’ 



development. In turn, glucose levels in ‘Royal Gala’ and ‘Opal®’ decreased from 11 g kg-

1 at S1 to 4 and 6 g kg-1, respectively. Sucrose levels followed an upward trend from less 

than 10 g kg-1 in all cultivars at S1 to 15 g kg-1 in ‘Granny Smith’ at S6, 43 g kg-1 in 

‘Royal Gala’ at S4 and 32 g kg-1 in ‘Opal®’ at S5 and S6 (Figure 4E). Malic acid showed 

a decrease in ‘Opal®’ and ‘Granny Smith’ from 16 g kg-1 at S1 to 7 g kg-1 at S6, whereas 

malic acid levels in ‘Royal Gala’ remained unchanged around 5 g kg-1 between S2 and 

S4 (Figure 4B). 

The levels of the identified seven phenolic compounds also exhibited a general decreasing 

trend in all cultivars, characterised by a sharp reduction in the transition from S1 to S2 

(Figure 5). Chlorogenic acid was the most abundant phenolic compound found among 

the cultivars, with 'Royal Gala' presenting the highest levels ranging from 4.8 g kg-1 at S1 

to 0.7g kg-1 at S4, while ‘Opal®’ exhibited the lowest levels ranging from 1.5 to 0.2 g kg-

1, which matched with the levels in ‘Granny Smith’ at S6 (Figure 5C). In contrast, 

epicatechin (Figure 5E), the second most abundant phenolic compound and the main 

flavanol, presented the lowest levels in 'Royal Gala' (decreasing from 2.0 g kg-1 at S1 to 

0.2 g kg-1 at S4), while ‘Opal®’ showed the highest levels, especially in the early stages 

(2.6 g kg-1 at S1). Procyanidin B1 and procyanidin B2 showed a smoother decline during 

development but differences in their levels were more pronounced among the cultivars if 

compared to other phenolic compounds (Figures 5F and 5G). 'Granny Smith' presented 

the highest levels of procyanidin B1 (decreasing from 0.10 g kg-1 during the first three 

sampling points to 0.06 g kg-1 at S6), while the levels in 'Royal Gala' and ‘Opal®’ were 

2-fold lower than those in 'Granny Smith' from S3 to S6 (Figure 5F). Procyanidin B2 

levels in 'Granny Smith' decreased from 0.82 g kg-1 at S1 to 0.20 g kg-1 at S6, while 'Royal 

Gala' and ‘Opal®’ had a similar progression but with levels 3-fold and 1.5-fold lower, 

respectively, during most of the development period (Figure 5G). Dihydrochalcones 



exhibited the lowest concentration in the pulp among the phenolic compound classes, 

with levels of phloretin 2'-O-glucoside and phloretin 2'-O-xylosyl-glucoside lower than 

0.1 g kg-1 from S3 and beyond in all cultivars (Figures 5A and 5B). Flavonols or 

anthocyanins were not detected in the pulp any of the three cultivars studied. 

 

VOCs levels 

Developmental stage and cultivar had a strong influence in the levels of VOCs (Figure 

6). Aldehydes were the predominant group of VOCs in the early stages of development 

in both ‘Granny Smith’ and ‘Royal Gala’ apples, being more than 80% of total VOCs 

emitted in ‘Granny Smith’ and ranging between 60-80% in ‘Royal Gala’. In contrast, the 

contribution of aldehydes to the total VOCs in ‘Opal®’ was found to be around 40-60% 

at earlier developmental stages. Aldehydes remained the main group of VOCs in ‘Granny 

Smith’ at the last developmental stages, whereas a strong increase of esters, alcohols and 

volatile phenylpropanoids levels was observed in ‘Royal Gala’ at S4 and ‘Opal®’ at S5 

and S6 (Figure 6). Alcohols and esters levels were around 26 µg kg-1 and 200 µg kg-1 in 

‘Royal Gala’ at S4 and ‘Opal®’ at S5, respectively, and continued to rise until 65 µg kg-1 

and 515 µg kg-1 in ‘Opal®’ at S6 (Figures 6A and 6C), mainly favoured by the 

biosynthesis of hexyl acetate, 2-methylbutyl acetate, 1-hexanol and 2-ethyl hexanol 

(Table S2). Consequently, esters became the main group of VOCs emitted in ‘Royal Gala’ 

at S4 and ‘Opal®’ at S6, representing 60% and 78% of total VOCs. In the same 

developmental stages (S4 or S6), an increase of phenylpropanoids levels were observed 

in ‘Royal Gala’ (27 µg kg-1) and ‘Opal®’ (13 µg kg-1), respectively, (Figure 6D) driven 

by the rise in estragole levels (Table S2). 

 



Cultivar susceptibility to ‘P. expansum’ 

Apple susceptibility to blue mould, measured as the rot diameter after inoculation, 

increased during fruit development in the three studied cultivars (Figure 7A). In the two 

first sampling points (S1 and S2), lesion diameters remained below 0.5 cm in all cultivars, 

being ‘Royal Gala’ the least susceptible cultivar to P. expansum infection. A strong 

increase in the susceptibility was observed in ‘Opal®’ apples at S3, reaching 4.3 cm of rot 

diameter whereas ‘Royal Gala’ and ‘Granny Smith’ apples were more resistant to the 

pathogen, with 1.5 and 1.3 cm rot diameters, respectively, at the same developmental 

stage. ‘Royal Gala’ apples reached the maximum rot diameter (4.6 cm) at S4 whereas 

‘Granny Smith’ apples only reached their highest (4.4 cm) at S6, similar to the rot 

diameter observed in ‘Opal®’ at S6 (4.5 cm). The PLS model pointed out that phenolics 

compounds, specially procyanidin B1, and some VOCs like 6-methyl-5-hepten-2-one and 

4-penten-1-yl acetate had a negative effect in the development of blue mould, whereas 

fructose and sucrose were positively associated to P. expansum growth (Figure 7C and 

7D). 

 

Discussion 

An intermediate transition system between ethylene system 1 and 2 arises at the last 

stages of apple developmental. 

Ethylene is well known to play a crucial role in the biochemical changes associated with 

apple ripening (Yang et al., 2013) and pome fruit development (Giné-Bordonaba et al., 

2019; Lindo-García et al., 2020). The results from our study reveal that ethylene 

biosynthesis and to a lesser extent ethylene perception and signalling strongly differed 

among the studied cultivars throughout fruit development and ripening (Figure 1), despite 

all cultivars displaying similar growth dynamics (Figure S1) and fruit being harvested, at 



the last stage, using similar quality criteria (firmness between 70 and 80 N and starch 

index of 5 or higher) (Table 2). 

At the biosynthetic level, the differences among cultivars were regulated enzymatically 

since ethylene was strongly positively correlated with the enzymatic activity of ACS and 

particularly ACO (Figure S4). Indeed, ACO seemed to modulate ethylene production 

during on-tree ripening in the same way it was observed during ripening of detached apple 

fruit (Fernández-Cancelo et al., 2022b), since not only the pattern but the intensity of the 

ethylene peak was closely linked to the activity of ACO when comparing different 

cultivars (Figures 1C and 1D). 

It is well documented, that ethylene biosynthetic enzymes are encoded by different 

paralogous genes whose expression depends on the fruit development/ripening stage 

(Shin et al., 2016). In our study, the strong positive correlation between the expression of 

MdACS3 and MdACO1 with ACS and ACO activities highlights the importance of these 

genes in triggering ethylene production in the last stages of on-tree apple ripening (Figure 

S4). Likewise, MdACS3 transcription preceded the expression of MdACO1, suggesting 

that the slight accumulation of ACC caused by the earlier activation of MdACS3 may be 

a prerequisite for the activation of MdACO1 in ‘Royal Gala’ and ‘Opal®’, whereas the 

absence of expression of MdACS3 in ‘Granny Smith’ is likely responsible to maintain 

ethylene production at basal levels in this particular cultivar (Figures 1, S2B and S2C). 

Interestingly, the expression of MdACO1 in ‘Royal Gala’ and ‘Opal®’, which is typically 

found in system 2 (Schaffer et al., 2007), was not accompanied by the expression of the 

corresponding MdACS paralogue associated to system 2, MdACS1, but rather of MdACS3, 

which has been previously described as characteristic of system 1 (Tan et al., 2013). 

Based on these observations, it may be assumed that an intermediate system between 

system 1 and system 2, involving MdACS3, may be occurring in the final stages of ‘Royal 



Gala’ and ‘Opal®’ on-tree development while the expression of MdACS1 and the full 

transition to system 2 occurs exclusively when apple fruit is detached from the tree (Tan 

et al., 2013). 

Ethylene response factors (ERFs) are considered to be involved in the regulation of 

MdACS and MdACO genes and in the regulation of the fruit responses to ethylene (T. Li 

et al., 2016). However, the involvement of ERFs during on-tree apple fruit ripening is 

still elusive. In our study, the expression of the three studied MdERFs showed a low 

positive correlation with ethylene biosynthetic genes or enzymes (Figure S4). In apple, 

MdERF1 is considered a positive regulator of ripening (Wang et al., 2007) yet our data 

showed a similar evolution and high expression of this gene among the three studied 

cultivars (Figure S2E), regardless on whether the fruit ripened on-tree (‘Opal®’ and 

‘Royal Gala’) or not (‘Granny Smith’) and thereby suggesting that its expression may be 

regulated by developmental or environmental factors not strictly dependent on the fruit 

ripening pattern. On the other hand, the low of expression of MdACS1 (Figure S2A) 

during on-tree ripening was likely caused by the low expression of its positive regulator 

MdERF3 (Figure S2F), as suggested in other studies (T. Li et al., 2016). Whether the low 

expression levels of MdERF3 were related to the expression of MdERF2, a known 

inhibitor of MdERF3 and MdACS1 (T. Li et al., 2016), its however debatable given the 

low expression of  MdERF2 observed in our study  (Figures S2A, S2F and S2G). 

In addition to MdERFs, ethylene receptors such as MdETR1 (Cin et al., 2005) may also 

be involved in the regulation of the fruit response to ethylene. During on-tree fruit 

development, the expression of MdETR1 remained low and only increased with the rise 

in ethylene production in 'Royal Gala' apples (Figure S2H). However, in ‘Opal®’ apples, 

which produced ethylene in smaller amounts compared to 'Royal Gala', and 'Granny 

Smith' apples, which had low and unchanged ethylene emissions, the expression of 



MdETR1 remained practically unaffected (Figure S2H). This result suggests that 

MdETR1 expression was dependent on the level of ethylene production in each cultivar, 

which is consistent with previous studies showing that cultivars with high ethylene 

emission, such as 'Golden Delicious', presented an enhanced MdETR1 expression (Li et 

al., 2010). It is then possible that the differences in MdETR1 expression levels may have 

contributed to the observed variations in fruit quality parameters among cultivars at the 

time of harvest (Table 2). The higher expression of MdETR1 in 'Royal Gala' was linked 

to a higher rate of firmness loss, a result consistent with previous studies that showed an 

acceleration of softening in cultivars with higher expression of MdETR1 (Wang et al., 

2009). The expression of MdETR1 may facilitate the efficient transmission of the ethylene 

signal and accelerate some changes associated to fruit ripening, pointing out the key role 

of ethylene receptors in ripening-related quality changes.  

This said, strong evidence from model species such as tomato suggests that not only 

ethylene but its crosstalk with other hormones may be orchestrating fruit ripening events 

(Wang and Seymour, 2022). Accordingly, several hormones including ABA and its 

catabolites, as well as IAA were investigated in parallel to ethylene metabolism and will 

be discussed in the following sections.  

 

Ethylene is activated by IAA via MdARF5 while ABA may participate in ethylene signal 

transduction. 

Although IAA is considered an inhibitor of ethylene and ripening in tomato (Chirinos et 

al., 2023), some studies conducted during on-tree ripening on other climacteric fruit, such 

as peach, suggested that auxins may play a role in triggering ethylene metabolism and 

ripening (Tatsuki et al., 2013). Indeed, the differential ability to produce ethylene during 

on-tree ripening among the three studied cultivars seemed to depend on their capacity to 



accumulate IAA (Figures 1D and 2A), as it was previously suggested during the ripening 

of detached apple fruit (Busatto et al., 2021; Fernández-Cancelo et al., 2022b). The high 

positive correlation between ethylene and MdARF5 found in our study (Figure S4) 

indicates that this transcription factor mediates in the crosstalk between IAA and ethylene, 

possibly by triggering the expression of MdACS3 by binding to its promoter as observed 

in previous studies in apples (Yue et al., 2020). Hence, the MdACS3 expression observed 

in ‘Royal Gala’ and ‘Opal®’ apples would account for their enhanced ACS activity 

resulting in an accumulation of ACC, which may serve as a signal to trigger ACO activity 

and ethylene production in the last stages of fruit development (Figure 1). Our data also 

suggest that once ethylene production was activated, the auxin signal may become 

unnecessary for fruit ripening, and consequently, ethylene may activate GH3-mediated 

conjugation mechanisms leading to the observed decline of free IAA levels. Similar 

observations have been previously made in peach (Yue et al., 2019) and tomato 

(Sravankumar et al., 2018). 

Contrastingly, the inability of 'Granny Smith' apples to produce ethylene seems to be 

caused by the activation of IAA conjugation pathways leading to inactive auxin 

conjugates such as IAAsp (Figure 2B), which can be driven towards degradation 

pathways (Kramer and Ackelsberg, 2015). These conjugation pathways would likely be 

responsible for maintaining low IAA levels and therefore inhibiting MdARF5 expression 

and the activation of ethylene metabolism (Figures 1 and 2). Besides, the high expression 

of MdARF2 and MdARF4 in ‘Granny Smith’ apples (Figures S3A and S3B) suggests that 

both transcription factors may also be involved in suppressing IAA accumulation and 

fruit ripening. Indeed, MdARF2 and MdARF4 were negatively correlated with compounds 

that accumulated at the final stages of development, such as ABA and volatile esters and 

alcohols (Figure S4). Furthermore, MdARFs, and particularly MdARF4, may be involved 



in the auxin-ABA interaction given the association between its expression pattern and the 

evolution of ABA levels and its catabolites (Figures 2, 3 and S4). As such, the auxin-

ABA interaction has been described in other plant species during development 

(Emenecker and Strader, 2020) and MdARF2 has been proposed to be involved in the 

regulation of ABA signalling in apple (Wang et al., 2022). This said, it should be noted 

that although our data provide a starting point for further studies on auxin-ABA 

interaction in apple or other climacteric fruits, further research is needed to fully 

understand the function of MdARFs in the hormonal interplay during apple ripening. 

ABA has been also proposed to play an active role in climacteric fruit ripening, even as 

activator of ethylene metabolism during postharvest ripening of peach fruit (García-

Pastor et al., 2021). Likewise, our data suggest that ABA and its catabolites are closely 

related to ethylene metabolism during apple ripening (Figures 3, S2 and S4). In ‘Royal 

Gala’ and ‘Opal®’ cultivars, ABA, PA, and 7-OH-ABA began to accumulate before 

ethylene production, indicating a potential participation in the onset of the ethylene burst 

(Figures 1D, 3B, 3C, and 3D). However, the lack of proportionality between ABA 

concentration and ethylene production intensity (Figures 1D and 3B), as well as the 

desynchronization between ethylene production and ABA accumulation in apple fruit 

under certain postharvest conditions (Fernández-Cancelo et al., 2022b), suggests that 

ABA or its catabolites may only be indirectly involved in the regulation of ethylene 

biosynthesis during apple ripening. It is also possible that these hormones are synthesised 

in response to similar stimuli, as for instance, the auxin peak (Emenecker and Strader, 

2020), or act co-ordinately to trigger apple ripening. Indeed, high ethylene production 

during apple postharvest ripening was unable to trigger ripening-associated changes until 

ABA levels rise (Fernández-Cancelo et al., 2022b), indicating that ABA may mediate the 

perception of the ethylene signal during development or ripening as also suggested for 



other climacteric fruit (Qiao et al., 2021). In the case of ‘Granny’ apples, characterized 

by very low ethylene production (Figure 1D), the function of ABA or its catabolites as 

ethylene mediators seemed not to be necessary, and their concentrations remained very 

low during the final stages of ripening (Figure 3B). Unfortunately, the similar evolution 

of ABA and its catabolites –except DPA and ABA-GE– in the last stages of ‘Royal Gala’ 

and ‘Opal®’ development makes difficult to assign a specific role to each ABA-catabolite 

in the ripening process and ethylene signalling in these cultivars (Figures 1D and 3). 

However, since ABA catabolites have low or no biological activity, any hypothetical 

regulation of ethylene signalling and apple ripening would be likely mediated by ABA 

(Torres et al., 2018; Weng et al., 2016). On the other hand, the strong increase of ABA-

GE in ‘Opal®’ (Figure 3E), an ABA conjugate product (Burla et al., 2013) and the 

decrease of ABA in the transition from S5 to S6 (Figure 3B), may indicate an attempt to 

reduce the ethylene signal leading to a slower ripening of ‘Opal®’ apple if compared to 

‘Royal Gala’. Since ABA-GE is accumulated under some stress conditions in other 

species (Han et al., 2020), it is also possible that the behaviour observed in ‘Opal®’ apples 

indicates a lack of adaptation of this cultivar to the orchard agronomical or environmental 

conditions. This said, the high positive correlation among MdARF5, ethylene and ABA 

metabolism suggest that apple ripening is regulated by a complex crosstalk among IAA, 

ethylene and ABA. However, further studies are required to clarify the involvement of 

ABA and its catabolites in the regulation of the ethylene signalling in apple, as well as 

the possible involvement of auxin in ABA biosynthesis and apple ripening in fruit grown 

under different environments. 

 



Potential crosstalk among sucrose and hormones plays a minor yet cultivar-dependent 

role in apple biochemical changes 

The hormonal crosstalk appears to be fundamental in regulating fruit ripening, which in 

climacteric fruit not only involves an increase in ethylene production but also significant 

biochemical shifts including, among others, changes in the levels of sugars, acids, and 

VOCs (Brumos, 2021). It has been proposed that some of these biochemical changes 

could be ripening inducers rather than effects of the ripening process. Indeed, sugars and 

ROS are considered signalling molecules that can interact with hormones and regulate 

the metabolic changes associated with fruit ripening (Decros et al., 2019; Durán-Soria et 

al., 2020). For instance, the crosstalk between sucrose and ABA can promote colour 

changes in non-climacteric fruit like strawberry (Jia et al., 2016). Similarly, it has been 

proposed that sucrose and ROS may trigger ethylene production and ripening in 

climacteric fruits such as tomato, pear and peach (D. Li et al., 2016; Lindo-García et al., 

2020; Vall-llaura et al., 2022a). In apples, these interactions are less studied, although it 

has been observed that fruits tending to have higher levels of sucrose produce more 

ethylene (Fernández-Cancelo et al., 2021). While ethylene is typically associated with the 

initiation of biochemical shifts in climacteric fruits (Bapat et al., 2010), the changes 

observed during on-tree apple ripening reveal varying degrees of dependence on ethylene 

or any other hormones investigated herein (Figure S2). 

As previously described in banana and melon (Pech et al., 2008), our results suggest that 

sugars and acids (Figure 4) evolved independently of ethylene, ABA, and IAA levels in 

the three cultivars studied (Figure S4). Indeed, no differences among cultivars were 

observed in the evolution of fructose, ascorbic acid and dehydroascorbic acid (DHA) 

suggesting that the accumulation of these compounds was regulated at the specie level or 

strongly influenced by environmental cues (Fenech et al., 2019; Fernández-Cancelo et 



al., 2021; Xu et al., 2022). In contrast, the higher accumulation of glucose in ‘Granny 

Smith’ and the lower accumulation levels of malic acid in ‘Royal Gala’, if compared to 

the other cultivars, seemed to be regulated at the cultivar level yet not associated to the 

hormonal dynamics. Only sucrose showed some dependence on ethylene production and 

especially with ABA levels (Figure S4), since this compound increased slowly during 

early development stages when ethylene and ABA levels were low and then accelerated 

its accumulation accompanying the increase of ethylene and ABA (Figures 1E, 3B and 

4E). In these lines, sucrose has earlier been proposed to be a key compound triggering 

ripening in both non-climacteric fruit, favouring the increase of ABA levels (Jia et al., 

2013), and in climacteric fruit, favouring the biosynthesis of ethylene (Durán-Soria et al., 

2020; Lindo-Garcia et al., 2020; Vall-llaura et al. 2021). Based on our results, a minimum 

concentration of this sugar might be required to activate the biosynthesis of ABA and 

ethylene in the later stages of apple development (Figures 1A, 3B and 4C). Additionally, 

the high correlation between sucrose and the auxin response factor MdARF5 suggests that 

a complex signalling network involving the crosstalk among sucrose, IAA, ABA and 

ethylene may ultimately regulate apple ripening, yet further studies at the molecular level 

would be needed to fully understand the involvement of sucrose on apple ripening. 

Phenolic compounds, such as chlorogenic acid, have also been proposed as regulators of 

fruit ripening by reducing ethylene biosynthesis in apple and inhibiting to some extent 

softening (Xi et al., 2016). However, our results do not support such statements when 

comparing multiple cultivars since ‘Royal Gala’ apples had higher levels of chlorogenic 

acid and yet showed higher ethylene production. Like for other biochemical compounds, 

changes on the pulp phenolic composition seemed to be regulated at the cultivar level and 

not dependent on the hormonal dynamics (Figures 5 and S4). Indeed, the decrease in 

phenylpropanoid levels, seems to be more influenced by environmental cues (Fernández-



Cancelo et al., 2022a) than ripening hormones, although it is also possible that 

phenylpropanoids changes during apple development and ripening are related to the 

decrease in cytokinins content (not determined herein), which is known to decrease during 

fruit development (McAtee et al., 2013). A similar decrease in phenylpropanoid levels 

during the last stages of fruit development and ripening is widely reported in the literature 

for multiple fruit species (i.e. peach: Vall-llaura, Fernández-Cancelo et al., 2022; apple: 

Fernández-Cancelo et al., 2022a). Only the volatile phenylpropanoid estragole was 

strongly correlated with ethylene (Figure S5), suggesting the involvement of ethylene in 

the regulation of estragole biosynthesis likely through MdOMT as reported in previous 

studies (Yauk et al., 2015). Likewise, the activity of alcohol dehydrogenase (ADH) and 

alcohol acyltransferase (AAT), which mediate alcohol and ester biosynthesis are known 

to be promoted by ethylene (Schaffer et al., 2007), explaining the high correlation 

between ethylene and alcohols, such as 1-butanol and 1-pentanol, and volatile esters, 

particularly straight-chain acetates, in both 'Royal Gala' and ‘Opal®’ cultivars (Figure S5). 

However, once ethylene was activated, the levels of esters and alcohols continued to 

increase independently of ethylene levels, pointing out that their biosynthesis is likely 

controlled by substrate availability once ADH and AAT are fully expressed (Ortiz et al., 

2011). In turn, the production of some alcohols (1-heptanol, 2-methyl-butanol 2-ethyl 

hexanol) and esters (ethyl acetate, 2-methylbutyl propanoate) in 'Granny Smith' and in 

the early stages of 'Royal Gala' and ‘Opal®’ development (Figure 6E), when ethylene 

levels were in all cases basal, suggests that their biosynthesis may be controlled by ADH 

and AAT ethylene-independent isoforms (Souleyre et al., 2014). Although it has been 

proposed that some esters biosynthesis may be triggered by ABA (Wang et al., 2018), the 

similar correlation among ethylene, ABA and esters discards the involvement of ABA as 

exclusive regulator of some esters biosynthesis during on-tree apple ripening (Figure S5), 



but sustains the potential cooperation between ethylene and ABA in the activation of 

ripening related changes such as the biosynthesis of these volatiles. On the other hand, 

aldehydes were produced by all three cultivars during all stages of on-tree ripening, and 

their levels evolved independently of ethylene and ABA (Figure S5), indicating that 

lipoxygenase (LOX) and hydroperoxide lyase (HPL) were active independently of the 

hormonal dynamics and ripening stage (Echeverrı́a et al., 2004; Schaffer et al., 2007). 

Similarly, the levels of ketones evolved independently of ethylene and ABA, but IAA 

was highly correlated with 2-pentanone and 3-penten-2-one (Figure S5). Nonetheless, the 

high correlation among ketones and IAA observed in this study is likely casual and not a 

consequence of IAA-related regulation, since exogenous IAA treatments in tomato did 

not enhance the biosynthesis of ketones (Tobaruela et al., 2021). 

 

Procyanidins as potential sources of resistance to blue mould 

The biochemical composition of the fruit is also involved in the defence mechanisms 

against postharvest pathogens. Therefore, the physicochemical changes associated with 

apple development and ripening are considered to weaken the preformed defences against 

fungal infection, thereby increasing the fruit susceptibility to postharvest rots, including 

P. expansum, the main postharvest pathogen in apples (Buron-Moles et al., 2015; 

Vilanova et al., 2014). Extensive literature suggests that changes at the structural level 

(cell wall composition) and softening may be the main drivers of enhanced disease 

susceptibility as the fruit ripens (Nybom et al., 2020). This said, changes at the 

biochemical level (Balsells-Llauradó et al., 2022; Torregrosa et al., 2020) or even at the 

hormonal level (Forlani et al., 2019) have also been pointed out as putative modulators 

of the fruit susceptibility to postharvest moulds. Accordingly, to further investigate the 

contribution of specific biochemical and molecular apple traits to blue mould 



susceptibility, a PLS model was built to correlate the biochemical composition of each 

cultivar and developmental stage with rot development (Figure 7). The model suggested 

that, as ripening progressed in all three cultivars, fruit susceptibility to blue mould 

increased until reaching its maximum at the commercial harvest date of each cultivar, 

which corresponds to S4 for 'Royal Gala' and S6 for ‘Granny Smith’ and ‘Opal®’. (Figure 

7). Although no differences in the rot size among cultivars were observed at the 

commercial harvest, the higher resistance of 'Granny Smith' and higher susceptibility of 

‘Opal®’ during previous developmental stages suggested that differences in chemical 

composition and hormone dynamics among cultivars could have, to certain extent, a 

significant impact on rot development (Figure 7A). Ripening-related hormones such as 

ABA or the ethylene precursor ACC, as well as transcription factors and receptors 

involved in the regulation of ethylene metabolism (MdARF5, MdERF1 and MdETR1), 

were highly correlated with the susceptibility to P. expansum because of their 

involvement in the activation of ripening-associated processes (Figures 7B and 7C). 

Although it has been described that some MdERFs participate in the activation of 

postharvest pathogen resistance processes (Li et al., 2022), the transcription factors 

analysed in this study did not appear to participate in any of these resistance mechanisms 

during on-tree ripening. In addition, the accumulation of sugars such as fructose and 

sucrose, observed during apple ripening, favoured, to some extent, the development of 

blue mould likely as they serve as a preferred source of carbon for P. expansum (Gong et 

al., 2022) (Figures 7B and 7C). On the other hand, some hormones involved in the 

maturation process, such as ABA, which is widely known to activate response 

mechanisms to biotic stress (Lafuente and González-Candelas, 2022) were not associated 

to enhanced fruit resistance to P. expansum. Likewise, and even though auxins have also 

been proposed to activate defence processes against P. expansum (Zhang et al., 2018), in 



this study, IAA and IAAsp did not affect the resistance to P. expansum when considering 

different ripening/developmental stages or cultivars (Figures 7B and 7C). 

Antioxidant compounds such as ascorbic acid or polyphenols, in addition to some VOCs, 

have been proposed to inhibit postharvest fungal growth (Torregrosa et al., 2020; 

Žebeljan et al., 2019). The PLS model showed that phenolic compounds, especially 

procyanidins, likely conferred resistance against P. expansum (Figures 7B and 7C). 

Considering that during P. expansum infection, reactive oxygen species (ROS) 

accumulates in the host favouring the deterioration and permeability of cell membranes 

(Wang et al., 2019), it is reasonable to think that the high antioxidant activity of 

procyanidins (Chinnici et al., 2004), when compared with the other detected compounds, 

neutralized more efficiently the degradative action of ROS and the colonization capacity 

of P. expansum. In addition to their antioxidant capacity, and since they share common 

steps in the metabolic pathway, the contribution of procyanidins to P. expansum 

resistance may also be caused by the greater activation of fruit lignification processes that 

would favour wound healing and reduce the possibilities of fungal growth (Vilanova et 

al., 2014).  

Volatile compounds may also affect blue mould development in different ways. For 

instance, P. expansum is able to produce VOCs to stimulate the activation of specific 

metabolic  pathways in the host for favouring infection, whereas fruit can also emit VOCs 

as a defence mechanism against rot development (Kim et al., 2018). In the PLS model, 

the emission of octanoic acid, 2-methylbutyl propanoate, and β-damascone appears to 

promote rot growth, which is likely coincidental and due to the decreasing trend of these 

compounds through ripening of all varieties (Figures 7B and 7C). In contrast, 2-

phenylethanol, 4-penten-1-yl acetate, and 6-methyl-5-hepten-2-one appear to promote 

fruit resistance to P. expansum which warrants further investigation on the potential 



effectiveness of these compounds to slow down P. expansum growth (Figures 7B and 

7C). Overall, the results of this study suggest that differences in the chemical composition 

among apple cultivars, particularly procyanidins, sucrose, and some specific VOCs, may 

play a role in the susceptibility of the fruit to P. expansum decay. 

 

Conclusion 

The differences in the ethylene production intensity during on-tree ripening among the 

three studied cultivars depended on their capacity to accumulate IAA, which seems to be 

necessary to activate ethylene metabolism in a process mediated by MdARF5. In parallel, 

ABA levels followed the same evolution as ethylene, suggesting that ethylene and ABA 

may respond to similar stimuli, such as the IAA peak, or that the three hormones may act 

co-ordinately in the last stages of apple development. In this sense, the inability of 

'Granny Smith' apples to produce ethylene and accumulate ABA seems to be caused by 

the activation of IAA conjugation pathways that may prevent the accumulation of IAA. 

Interestingly, changes in fructose, ascorbic acid and phenolic compounds seem to occur 

independently of hormonal dynamics, suggesting that other factors (i.e., environment) 

may regulate their evolution. That said, the accumulation of sucrose before the trigger of 

ethylene production, as well as its high correlation with ABA and MdARF5 further 

reinforce earlier evidence suggesting that sucrose may mediate apple ripening via a 

complex crosstalk with IAA, ABA and ethylene. 

Regardless of their hormonal dependence, the biochemical changes associated with 

ripening influenced only to some extent apple susceptibility to rot caused by P. expansum. 

While sucrose and fructose appear to serve as substrates favouring fungal growth, the 

antioxidant activity of phenolic compounds, particularly procyanidins, seems to increase 

fruit resistance to rot. Given the importance of fruit biochemical composition not only as 



a quality parameter but also in resistance to postharvest rot development, further studies 

are encouraged to determine which specific signals regulate the fruit biochemical 

composition and the hormonal dynamics during on-tree ripening, as well as their 

influence on the general apple postharvest behaviour. 
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List of figures 

Figure 1. Ethylene biosynthesis, perception and signalling scheme showing the evolution 

of ACC synthase activity (A), ACC concentration (B), ACC oxidase activity (C), ethylene 

production (D) and MACC levels (E) during the development and ripening of ‘Royal 

Gala’ ( ), ‘Opal®’ ( ) and ‘Granny Smith’ ( ) apples. Each point represents the mean 

of 4 biological replicates. 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 

cultivar × sampling   point for ‘Opal®’ and ‘Granny Smith’ from S1 to S6 (LSD2). Dashed 

lines indicate that some steps in the signalling pathway have been omitted. The 

corresponding transcript levels of MdACS1, MdACS3, MdACO1, MdERF1, MdERF2, 

MdERF3 and MdETR1 are represented as heatmaps. Significant differences (p ≤ 0.05) 

among cultivars at the same sampling point are denoted by asterisks at the top of the 

heatmaps, while differences (p ≤ 0.05) among sampling points at each specific cultivar 

are indicated by asterisks at the left of the heatmap. 

Figure 2. Evolution of indole acetic acid (IAA; A) and indole-3-acetyl aspartic acid 

(IAAsp; B) levels during the development and ripening of ‘Royal Gala’ ( ), ‘Opal®’ (

) and ‘Granny Smith’ ( ) apples. Each point represents the mean of 4 biological 

replicates. 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 cultivar × 

sampling   point for ‘Opal®’ and ‘Granny Smith’ from S1 to S6 (LSD2). The 

corresponding transcript levels corresponding to de auxin response factors MdARF2, 

MdARF4 and MdARF5 are represented as heatmaps. Significant differences (p ≤ 0.05) 

among cultivars at the same sampling point are denoted by asterisks at the top of the 

heatmaps, while differences (p ≤ 0.05) among sampling points at each specific cultivar 

are indicated by asterisks at the left of the heatmap. 



Figure 3. Evolution of Neophaseic acid (neoPA, A), abscisic acid (ABA, B), phaseic acid 

(PA, C), 7’-hydroxy ABA (7’-OH ABA, D), ABA glucose ester (ABA-GE, E), 

Dihydrophaseic acid (DPA, F) during the development and ripening of ‘Royal Gala’ (

), ‘Opal®’ ( ) and ‘Granny Smith’ ( ) apples. Dashed lines indicate that some steps in 

the metabolic pathway have been omitted.  Each point represents the mean of 4 biological 

replicates. 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 cultivar × 

sampling   point for ‘Opal®’ and ‘Granny Smith’ from S1 to S6 (LSD2). 

Figure 4. Evolution of glucose (A), fructose (C), sucrose (E), malic acid (B), ascorbic 

acid (D) and dehydroascorbic acid (DHA, F) during the development of ‘Royal Gala’ (

), ‘Opal®’ ( ) and ‘Granny Smith’ ( ) apples. Each point represents the mean of 4 

biological replicates. 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 

cultivar × sampling   point for ‘Opal®’ and ‘Granny Smith’ from S1 to S6 (LSD2). 

Figure 5. Comparison of phenolic compounds metabolism in ‘Royal Gala’ ( ), ‘Opal®’ 

( ) and ‘Granny Smith’ ( ) during fruit development. Dashed lines indicate that some 

steps in the metabolic pathway have been omitted. Each point represents the mean of 4 

biological replicates. 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 

cultivar × sampling   point for ‘Opal®’ and ‘Granny Smith’ from S1 to S6 (LSD2). 

Figure 6. Evolution of total volatile alcohols (A), total volatile aldehydes (B), total 

volatile esters (C) and total volatile phenylpropanoids during the development of ‘Royal 

Gala’ ( ), ‘Opal®’ ( ) and ‘Granny Smith’ ( ) apples. Each point represents the mean 

of 4 biological replicates. 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 



cultivar × sampling   point for ‘Opal®’ and ‘Granny Smith’ from S1 to S6 (LSD2). A two-

way hierarchical cluster analysis (E) was performed with the average value of each 

individual VOC detected at each sampling point and cultivar. Colours indicate the amount 

of each VOC, where green represents low levels and red high levels. Detailed data is 

available in Supplementary Table S2. 

Figure 7. Susceptibility to P. expansum, measured as rot diameter 10 days after 

inoculation (A), of ‘Royal Gala’ (RG, red), ‘Opal®’ (OP, yellow) and ‘Granny Smith’ 

(GS, green) apples at each sampling point (A). Each bar represents the mean of 20 

biological replicates. Letters, whenever available, indicate significant differences among 

cultivars at each sampling point according to Tukey test (p ≤ 0.05). The contribution of 

each metabolite to P. expansum growth was analysed using a Partial Least Squares (PLS) 

regression model. The correlation loading plots (B) obtained from the Partial Least 

Squares (PLS) regression model was used to analyse the P. expansum growth for each 

cultivar and sampling point and the contribution of each metabolite and gene to the apple 

susceptibility to P. expansum. The importance of each variable in the model is detailed in 

the variable importance plot (VIP) which includes the regression coefficients for each 

variable (C). The code used to denotate each VOC is presented in Supplementary Table 

S2. 

  



List of Supplementary Figures 

Supplementary Figure S1. Evolution of fruit diameter during the development of ‘Royal 

Gala’ ( ), ‘Opal®’ ( ) and ‘Granny Smith’ ( ) apples. Each point represents the mean 

of 20 biological replicates. 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 cultivar × sampling point for ‘Opal®’ and ‘Granny Smith’ from S1 to S6 

(LSD2). 

Supplementary Figure S2. Expression profile of ethylene biosynthetic genes (A, B, C), 

ethylene response factors (MdERFs; D, E, F) and ethylene receptor MdETR1 (G) studied 

during the development of ‘Royal Gala’ ( ), ‘Opal®’ ( ) and ‘Granny Smith’ ( ) apples. 

Each point represents the mean of 4 biological replicates. 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 cultivar × sampling point for ‘Opal®’ and ‘Granny 

Smith’ from S1 to S6 (LSD2). 

Supplementary Figure S3. Expression profile of auxin response factors MdARF2 (A), 

MdARF4 (B) and MdARF5 (C) studied during the development of ‘Royal Gala’ ( ), 

‘Opal®’ ( ) and ‘Granny Smith’ ( ) apples. 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 cultivar × sampling   point for ‘Opal®’ and ‘Granny Smith’ 

from S1 to S6 (LSD2). 

Supplementary Figure S4. Correlations among the different parameters (metabolites, 

enzymatic activities, and gene expression) studied during the development of ‘Royal 

Gala’, ‘Opal®’ and ‘Granny Smith’ apples. The size of the circle for each correlation and 

the colour depict the significance and the correlation coefficient, respectively. Positive 

correlation coefficients are displayed in blue and negative correlation coefficients in red. 



Supplementary Figure S5. Correlations among the individual volatile organic 

compounds (VOCs) and hormones studied during the development of ‘Royal Gala’, 

‘Opal®’ and ‘Granny Smith’ apples. The size of the circle for each correlation and the 

colour depict the significance and the correlation coefficient, respectively. Positive 

correlation coefficients are displayed in blue and negative correlation coefficients in red. 

The code used to denotate each VOC is presented in Supplementary Table S2.
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Table 1. Evolution of ‘Granny Smith’, ‘Opal®’ and ‘Royal Gala’ apples during on-tree 

development, indicating the date and days after full bloom (DAFB) at each sampling point. 

  

May 
27th

June 
22nd

July
17th

August
15th

Sept. 
10thSampling date

Royal Gala

45 DAFB 71 DAFB 96 DAFB 125 DAFB

Opal®

76 DAFB50 DAFB 101 DAFB 130 DAFB 156 DAFB 173 DAFB

Granny Smith

45 DAFB 96 DAFB71 DAFB 125 DAFB 151 DAFB 172 DAFB

S1 S2 S3 S4 S5 S6*Sampling point

Oct. 1st

Sept. 27th

* The sampling point S6 corresponded to October 1st for 'Granny Smith' and September 27th for Opal®



Table 2. Apple quality parameters at harvest (CHD corresponds to sampling points S4 in 

‘Royal Gala’ and S6 in ‘Opal®’ and ‘Granny Smith’) and at the sampling point previous harvest 

(Pre-CHD corresponds to sampling points S3 in ‘Royal Gala’ and S5 in ‘Opal®’ and ‘Granny 

Smith’). Data shown are means ± standard error. Capital letters indicate significant differences 

between Pre-CHD and CHD for each cultivar according to Student's t-test (P < 0.05). 

Lowercase letters indicate significant differences among cultivars at each sampling point 

according to Tukey test (P < 0.05). 

 

 

Parameter 
Sampling 

Point 
 Cultivar 

 Royal Gala  Opal®  Granny Smith 

Firmness (N) 
Pre-CHD  106 + 1.2 A, a  84 + 1.2 A, b  88 + 1.1 A, b 

CHD  76 + 1.5 B, ab  74 + 0.6 B, b  79 + 1.2 B, a 

Starch Index 
Pre-CHD  1 + 0.0 B, c  6 + 0.5 B, a  3 + 0.5 B, a 

CHD  7 + 0.7 A, a  8 + 0.3 A, a  5 + 0.3 A, b 

SSC (ºBrix) 
Pre-CHD  9.0 + 0.63 B, b  13.9 + 0.13 B, ab  10.4 + 0.16 B, a 

CHD  12.1 + 0.07 A, ab  14.5 + 0.09 A, a  11.0 + 0.19 A, b 

TTA (g/L) 
Pre-CHD  3.8 + 0.12 A, b  5.4 + 0.23 A, a  6.4 + 0.47 a 

CHD  2.7 + 0.05 B, c  4.5 + 0.1 B, b  5.6 + 0.06 a 

SSC/TTA 
Pre-CHD  2.4 + 0.04 B, ab  2.6 + 0.04 B, a  1.7 + 0.04 b 

CHD  4.5 + 0.03 A, a  3.2 + 0.02 A, b  2.0 + 0.01 c 



Supplementary Table S1: Primers used in the present study. 

Primer name Gene Primer sequence (5’ – 3’) 
MdACS1-Fw MdACS1 CTCCTCCTTTCCTTCGTTGA 
MdACS1-Rv ACCATGTCGTCGTTGGAGTAG 
MdACS3-Fw MdACS3 CGAGTTGGCACTGTGTACTCTTA 
MdACS3-Rv ATAACATGGAAGCCAAGAGATGT 
MdACO1-Fw MdACO1 ATCAATGATGCTTGTGAGAACTG 
MdACO1-Rv GGTCTTCTTGTAGTGATCCTTGG 
MdERF1-Fw MdERF1 TCCAGACCGGTTCTTACTATTAT 
MdERF1-Rv CAGCATCCACAGGTACAAC 
MdERF2-Fw MdERF2 TAAAATTGGCAGCAACGCCA 
MdERF2-Rv GTGGGCTCGTGACTTTCGTTA 
MdERF3-Fw MdERF3 TGGAAATGGGAGCAGGGATG 
MdERF3-Rv ATTACAGCGTCCTCCGCAAC 
MdETR1-Fw MdETR1 CATTTCTCACTTGTCAGGCATGTA 
MdETR1-Rv CAATTCATCAGCCGGCCATT 
MdARF2-Rv MdARF2 GTTAAGGCGGCATGCAGATG 
MdARF2-Fw TTGGCAACCAACTCCTGTGT 
MdARF4-Fw MdARF4 AATGTCCAGCTGCTTGCTAAC 
MdARF4-Rv TAGGTGATCCTCCATCCCCC 
MdARF5-Fw MdARF5 GCTCTTTCCTCCGCTGGATT 
MdARF5-Rv TCCAGTTGTGAGAAGGTGTCG 
Md8282-Fw Reference gene CTCGTCGTCTTGTTCCCTGA 
Md8282-Rv GCCTAAGGACAGGTGGTCTATG 
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