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Summary
In this work, 17 accessions from the Apple Germplasm Bank of 
the EEAD-CSIC were harvested and stored in a cold room for six 
months, at low temperature (1-1.5 °C) and controlled relative humid-
ity (85-90%). The objective of this study was to evaluate differences 
among accessions at biochemical level between harvest and after 
long-term cold storage, defining their suitability for storage. Basic 
fruit quality parameters and antioxidant compounds were evaluated, 
and individual sugars and major organic acids were determined. A 
PCA was carried out explaining 70% of the total variability. ‘Evasni’ 
presented the best performance in postharvest after cold storage. The 
concentrations of organic acids and phenolic compounds, in general, 
decreased after long-term conservation. Triploid accessions with 
presence of russeting highlighted for their higher content in bio- 
active compounds even after cold storage. Nevertheless, the russeting 
seemed to be related to cell damages and increased chilling injuries 
such as browning or dehydration. Spanish accessions ‘Reneta’ and 
‘Solafuente’ and other non-Spanish bred cultivars showed their suit-
ability for conservation with no chilling injuries after long-term cold 
storage. The present work highlighted the interest of native acces-
sions and non-Spanish cultivars to be considered in future breeding 
programs thanks to their best marketability and consumer accept-
ability.

Keywords: basic fruit quality, chilling injury, Malus × domestica 
Borkh, organic acids, phenolics, sugars

Introduction
Apple (Malus × domestica Borkh) has great importance on the  
market since it is among the most extensively consumed fresh fruits 
in human nutrition. Apple fruit is available on the marketplace all 
year round for consumers. Moreover, it is considered one of the major 
temperate fruit crops cultivated worldwide (Mushtaq et al., 2020). 
In 2021, more than 93 M tons of apples were produced globally and 
615,830 tons were produced in Spain (FAOSTAT, 2023). 
It is well known that fruits and vegetables represent a major source of 
general biomolecules for humans (Boeing et al., 2012). Apple fruit 
is also a source of micro-nutrients, sugars, organic acids, oligosac-
charides, minerals, phytochemical and antioxidant compounds, and 
dietary fiber. Antioxidant compounds could improve the quality and 
the shelf life of vegetables and reduce the risk of postharvest diseases 
and/or chilling injuries (Davey et al., 2007; Singh et al., 2018). The 
content of the bioactive compounds differs considerably depending 
on genetics, environmental conditions, farming practices, ripening 
date or even postharvest storage conditions (Quiles et al., 2005; 
Mignard et al., 2021a; 2021b; Zhang et al., 2021). Biomolecules 
such as antioxidant compounds, sugars and organic acids are very 
vulnerable to degradation in fruits, mostly due to certain handling 
practices, chilling injuries, and other several stresses. These aspects 

can reduce the antioxidant capacity and, therefore, the nutritional and 
organoleptic quality of fresh apples (Villa-Rodriguez et al., 2015). 
The quality of fruits and vegetables after long-term cold storage has 
been traditionally well-defined in terms of sensorial qualities (fresh-
ness, color, and nonappearance of chilling injuries), texture (firm-
ness, juiciness, and crispness) and care (pathogenic microorganisms) 
(Villa-Rodriguez et al., 2015). Nevertheless, most of the studies in 
this field have not focused on the effect of cold storage on nutritional 
quality. Nonetheless, fruits and vegetables are subject to qualitative 
and quantitative changes during long-term cold storage (Leja et al., 
2003; Zhang et al., 2021). 
The constantly growing demand for fresh fruit on the market high-
lights the critical need to maintain a high level of both aesthetic and 
organoleptic quality of fruits, even for a long time after harvest, in 
order to guarantee consumer satisfaction (Cainelli et al., 2019). 
Low-temperature storage reduces the metabolic activity and slows 
the deterioration of fresh fruits during postharvest and a delay of 
senescence as the apple fruit is considered a climacteric fruit (Leja 
et al., 2003; Mushtaq et al., 2020). Antioxidants metabolism is 
closely connected to chilling injuries in postharvest (Davey et al., 
2007; Foyer and Noctor, 2005; Mushtaq et al., 2020). Indeed, a 
long period of cold storage could negatively influence the final apple 
quality and thus, its acceptability by consumers and marketability. 
Improper low temperatures often cause chilling injuries and result 
in an economic loss for the producers. Sub-optimal temperatures, 
depending on the accession, the ripening and the time of storage, 
could engender an excess of reactive oxygen species (ROS) in the 
fruit cells, resulting in the decrease of antioxidant substances such 
as ascorbic acid or total phenolics (Cainelli et al., 2019; Han et al., 
2021; Khan et al., 2021). 
Typical symptoms of chilling injuries in apple are browning (peel 
and/or flesh), dehydration or biomolecules degradation and thus, a 
decrease in fruit quality (Cebulj et al., 2021; Rasouli and Saba, 
2018; Singh et al., 2018). Chilling injuries depend on the intensity 
of the abiotic stress caused by low temperatures, the genetic suscep-
tibility of the accession to cold exposure, and the length of time of 
cold storage (Cainelli et al., 2019; Navarro et al., 2022). Therefore, 
to guarantee safe and good-looking apples with high organoleptic 
and functional quality, fresh apples must be stored in the appropri-
ate environment during cold storage and transportation (Di Guardo  
et al., 2013). 
This work focuses on evaluating the fruit quality for 17 accessions 
and observing the values of different bioactive compounds, such 
as antioxidants, individual sugars and major organic acids during 
long-term cold storage. The characterization of these compounds 
could contribute to understanding the performance of apple cultivars 
against their postharvest storage and shelf life (Leja et al., 2003). 
This work aims to improve our understanding of how different apple 
cultivars respond after six months of cold storage. The application 
of this knowledge to the fruit industry could offer different options 
for fruit management, achieving more health benefits and the best 
organoleptic quality for consumers.
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Materials and methods
Plant material and field trial
The apple accessions [Malus × domestica Borkh] of the present study 
were obtained from the apple germplasm bank of the Experimental 
Station of Aula Dei (EEAD-CSIC, Zaragoza, NE Spain: 41° 43´ 
42.7´´ N, 0° 48´ 44.1´´ W). A total of 17 accessions, consisting of 
five local Spanish accessions and 12 non-Spanish accessions were 
assessed (Tab. 1). Most of the non-Spanish accessions are commer-
cial cultivars, while the Spanish accessions are traditional and/or  
autochthone cultivars. The 17 accessions were classified according to 
their skin color as bicolor or red (11 accessions), green (3), yellow (1) 
and  brown (2), with brown corresponding to apples 100% russeted 
covered. They were also classified according to their ploidy level as 
diploids (13 accessions) and triploids (4 accessions). 

Fruit sampling and storage
A representative sample of 40 fruits per accession was harvested 
when they exhibited the ground colour representative of each acces-
sion. Samples were washed and then stored for six months in a com-
mercial cold room. The storage temperature was 1-1.5 °C and the 
humidity fixed at 85-90%. Regarding to the fruit sampling for each 
accession, after the six months of cold storage, 12 apples that were 
similar in size, with a uniform colour and with no pest damage or 
mechanical injuries were selected for the subsequent analyses. Fruit 
traits were measured in three replicates (four fruits per replication) 
and means for each accession were calculated. 

Basic fruit quality and phytochemical traits
Soluble solids content (SSC) and titratable acidity (TA) were deter-
mined on flesh juice as described by Mignard et al. (2021a) after 
six months of cold storage. SSC was measured with a digital refrac-
tometer (Atago PR-101, Tokyo, Japan) and was expressed as ºBrix. 
TA was determined using an automatic titration system (EasyPlus 
Titrator, Mettler Toledo, US) with 0.1 N NaOH to a pH end point of 
8.1 and expressed as g malic acid per liter. The Ripening Index (RI) 
was calculated based on the SSC/TA ratio.
For the analysis of total phenolics content (TPC), total flavonoids 

content (TFC), vitamin C (ascorbic acid − AsA) and the relative anti- 
oxidant capacity (RAC), three replicates per accession were sam-
pled and prepared as described by Mignard et al. (2021a). Briefly, 
samples were homogenized in a polytron (T25D Ultra-Turrax, IKA 
Works Inc., Wilmington, NC, USA) after one night in 10 mL of ex-
traction solution [methanol/Milli-Q water, 80% (v/v) for TPC, TFC 
and RAC, and metaphosphoric acid, 5% (w/v) for AsA]. Extracts 
were centrifuged at 20,000 g for 30 min at 4 °C, and the supernatant 
was analysed using a 96-well microplate spectrophotometer photo-
diode array detector (Asys UVM 340 microplate reader; Biochrom, 
Cambridge, UK). With some modifications, TPC was determined us-
ing the Folin-Ciocalteau method (Singleton et al., 1965), TFC was 
analysed using a colorimetric assay based on the method of Zhishen 
et al. (1999), AsA was determined as described by Zaharieva and 
Abadía (2003) and RAC was measured using the 2,2-diphenyl-
1-picrylhydrazyl (DPPH) method adapted from Brand-Williams 
et al. (1995).
Individual sugars and organic acids were analysed by HPLC as pre-
viously described by Font i Forcada et al. (2019) and Mignard  
et al. (2022). In summary, sugars were analyzed using an Aminex 
HPX-87C column (300 mm × 7.8 mm, Biorad) while for organic acids 
a Rezex™ ROA-Organic Acid H+ (8%) column (300 mm × 7.8 mm, 
Phenomenex) was used. The individual sugars (glucose, fructose, 
sucrose), the sugar-alcohol (sorbitol) and organic acids (citric, ma-
lic, succinic, shikimic and tartaric) were identified by their retention 
time characteristics using the adequate standards. Concentrations 
were expressed as g per kg of fresh weight (FW) as described by 
Mignard et al. (2022). All chemicals and standards were of analy- 
tical grade.

Chilling injury study
According to chilling injuries, browning of pulp and skin on one 
hand and dehydration of the entire fruit on the other hand were eva- 
luated. Symptoms of external and internal chilling injury were  
analysed using 15 fruits of each accession after six months of cold 
storage at 1-1.5 °C and the humidity fixed at 85-90%. The chilling 
injuries were evaluated visually in accordance with the following 
scale: 1, no damage; 2, presence of damage.

Tab. 1: 	Basic information of the 17 apple accessions used on this study.

Accession	 Nº	 EEAD Code	 Classification	 Origin	 Skin Color	 Flesh Color	 Ploidy

Averdal	 1	 882021	 Non-Spanish	 -	 Red	 Cream	 2
Baujade	 2	 923284	 Non-Spanish	 France	 Green	 Greenish	 2
Bossost - MRF 76	 3	 3627	 Spanish	 Spain	 Brown	 Cream	 3
Cripps Pink	 4	 933540	 Non-Spanish	 UK	 Bicolor	 Cream	 2
Cul de Cirio - MRF 39	 5	 3551	 Spanish	 Spain	 Bicolor	 Cream	 2
Delcon	 6	 2896	 Non-Spanish	 France	 Bicolor	 White	 2
Evasni - Scarlet Spur	 7	 933554	 Non-Spanish	 France	 Bicolor	 Cream	 2
Florina	 8	 3633	 Non-Spanish	 France	 Bicolor	 White	 2
Golden Paradise	 9	 3739	 Non-Spanish	 Spain	 Yellow	 Cream	 2
Granny Smith	 10	 2614	 Non-Spanish	 Australia	 Green	 Greenish	 2
Morro de Liebre	 11	 3256	 Spanish	 Spain	 Bicolor	 White	 2
Red Delicious	 12	 3085	 Non-Spanish	 US	 Bicolor	 Cream	 2
Red Elstar	 13	 882002	 Non-Spanish	 Netherlands	 Bicolor	 White	 2
Reineta Blanca del Canadá	 14	 308	 Non-Spanish	 France	 Green	 Cream	 3
Reineta Gris	 15	 2883	 Non-Spanish	 France	 Brown	 Cream	 3
Reneta	 16	 3408	 Spanish	 Spain	 Bicolor	 White	 2
Solafuente	 17	 3559	 Spanish	 Spain	 Bicolor	 White	 3 

EEAD, Experimental Station of Aula Dei; US, United States; UK, United Kingdom.
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Data analysis
All statistical analyses were carried out using R language (R 
Development Core Team, 2019) and IBM SPSS 24.0 (United States) 
software. Data were reported as means ± standard deviation (SD) 
and standard error (SE). Minimums, maximums, means, SD and 
SE are shown in Tab. 2 for the 17 traits analyzed both at harvest 
and postharvest periods. Student’s t tests were performed for each 
trait, respectively, to highlight any significant (P < 0.05) differences 
between harvest and postharvest traits’ means (Tab. 2). A one-way 
analysis of variance (ANOVA) was run to determine whether there 
were any statistically significant differences between the means of 
the evaluated traits among accessions and the Tukey test (P ≤ 0.05) 
was performed aiming to separate the accessions according to each 
trait (Tab. S1 and S2). Student’s t test was performed to determine 

differences between the period of analysis (harvest time and after six 
months of cold storage) for each accession (Fig. 1 and 2). Student’s t  
tests were performed for each group (suitable/unsuitable accession 
for long-term cold storage), respectively, to highlight any significant 
difference (P < 0.05) (Tab. 4). Finally, Pearson’s correlations and 
Principal Component Analysis (PCA) were performed to understand 
how biochemical traits contribute to variability among accessions. 

Chemicals
All chemicals were of analytical grade. The 3,4,5-trihydroxyben-
zoic acid (gallic acid) was purchased from PanReac Quimica SA 
(Barcelona, Spain). The cathequin, 2,2-diphenyl-1-picrylhydrazyl 
(DPPH), Folin-Ciocalteau’s reagent, metaphosphoric acid (HPO3), 

Tab. 2:	 Average values for basic quality and bioactive compounds traits over 17 accessions at harvest and postharvest: units, minimum, maximum, mean 
values, standard error (SE), and standard deviation (SD). 

Trait	 Units	 Differences harvest/	 Period	 Min	 Max	 Mean	 SE	 SD
		  postharvest	

SSC	 ºBrix	 *	 Harvest	 11.58	 17.14	 13.68	 0.37	 1.53
	 	 	 Postharvest	 9.83	 24.23	 15.85	 0.91	 3.77
TA	 g malic acid/L	 ns	 Harvest	 3.29	 14.03	 6.74	 0.75	 3.08
	 		  Postharvest	 2.22	 10.07	 5.18	 0.61	 2.52

RI	 -	 *	 Harvest	 1.28	 4.51	 2.55	 0.25	 1.03
	 		  Postharvest	 1.57	 8.06	 3.69	 0.40	 1.68

TPC	 mg GAE/100 g FW	 *	 Harvest	 18.48	 57.04	 33.06	 2.83	 11.67
	 		  Postharvest	 6.14	 49.84	 22.97	 2.64	 10.90

TFC	 mg CE/100 g FW	 ns	 Harvest	 6.87	 32.86	 16.62	 2.09	 8.63
	 		  Postharvest	 5.83	 39.01	 16.87	 2.26	 9.34

AsA	 mg AsA/100 g FW	 ***	 Harvest	 1.71	 3.64	 2.61	 0.12	 0.50
	 		  Postharvest	 0.53	 3.54	 1.46	 0.19	 0.79

RAC	 mg Trolox/100 g FW	 ns	 Harvest	 7.13	 21.21	 13.87	 1.10	 4.55
	 		  Postharvest	 5.57	 19.46	 13.40	 1.01	 4.16

Sugars	  g/kg FW	 ns	 Harvest	 71.13	 112.18	 91.87	 3.02	 12.43
	 		  Postharvest	 63.77	 138.72	 89.74	 5.09	 20.99

Sucrose	 g/kg FW	 *	 Harvest	 11.47	 42.14	 30.10	 2.34	 9.66
	 		  Postharvest	 5.97	 38.61	 21.56	 2.48	 10.21

Glucose	 g/kg FW	 *	 Harvest	 6.38	 18.99	 12.51	 0.93	 3.85
	 		  Postharvest	 5.15	 23.53	 15.69	 1.20	 4.96

Fructose	 g/kg FW	 ns	 Harvest	 31.39	 53.03	 44.60	 1.42	 5.86
	 		  Postharvest	 26.04	 65.20	 46.59	 2.32	 9.57

Sorbitol	 g/kg FW	 ns	 Harvest	 2.10	 11.43	 4.66	 0.68	 2.82
	 		  Postharvest	 2.04	 19.80	 5.90	 1.15	 4.76

Acids	 g/kg FW	 ***	 Harvest	 3.63	 11.26	 6.22	 0.47	 1.93
	 		  Postharvest	 1.52	 7.76	 3.40	 0.45	 1.86

Malic 	 g/kg FW	 ***	 Harvest	 2.78	 10.13	 5.68	 0.47	 1.95
	 		  Postharvest	 0.96	 7.04	 2.90	 0.46	 1.88

Citric 	 g/kg FW	 ns	 Harvest	 0.02	 0.11	 0.05	 0.01	 0.02
	 		  Postharvest	 0.01	 0.24	 0.04	 0.01	 0.06

Tartaric	 g/kg FW	 ns	 Harvest	 0.03	 0.05	 0.04	 0.00	 0.01
	 		  Postharvest	 0.02	 0.07	 0.04	 0.00	 0.01

Succ+Shi	 g/kg FW	 ns	 Harvest	 0.19	 0.86	 0.45	 0.04	 0.17
	 		  Postharvest	 0.18	 0.81	 0.43	 0.04	 0.17 

Significant differences at *: P ≤ 0.05; ***: P ≤ 0.001 between Harvest and Postharvest for the trait assessed according to the Student’s t test. Abbreviations: FW, 
fresh weight; SE, standard error; SD, standard deviation; SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total phenolics content; 
TFC, total flavonoids content; AsA, Ascorbic acid; RAC, relative antioxidant content; Sugars, total sugars; Acids, total organic acids; Succ+Shi, succinic + 
shikimic.
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and 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (tro-
lox) were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
All sugar standards (sucrose, glucose, fructose, and sorbitol) and sul-
furic acid were purchased from PanReac Química SA (Barcelona, 
Spain), organic acids standards (citric, malic, oxalic, quinic, succinic, 
shikimic, and tartaric) were purchased from Sigma-Aldrich (Saint 
Louis, MO, USA).

Results and Discussion
Basic fruit quality traits and antioxidant compounds 
The ANOVA analysis (Tab. S1 and S2) showed significant differ-
ences at P ≤ 0.001 among the 17 different apple accessions for all 
traits evaluated at harvest (Mignard et al., 2021b; 2022) and after 
six months of cold storage (Fig. 1 and 2) unless for the AsA val-
ues at harvest period (P ≤ 0.05). According to the basic fruit quality 
traits, high variations were found in this study as reported in other  
apple studies at harvest and postharvest periods (Alhaj Alali  
et al., 2020; Castel et al., 2020; Mignard et al., 2021a; 2022; Moon 
et al., 2020; Yang et al., 2021). In fact, the SSC ranged among apple 
accessions in postharvest from 9.8 ºBrix (‘Florina’) to 24.2 ºBrix 
(‘Reineta Gris’), compared to a less variation from 11.6 ºBrix (‘Morro 
de Liebre’) to 17.1 ºBrix (‘Bossost – MRF 76’) at harvest date. The 
TA postharvest values differed greatly ranging from 2.2 g (‘Cul de 
Cirio – MRF 39’) to 10.1 g malic acid per liter (‘Reineta Blanca del 
Canadá’). Meanwhile, at harvest time, data ranged from 3.3 g (again 
for the ‘Cul de Cirio – MRF 39’ accession) to 14.0 g malic acid per 
liter (‘Bossost – MRF 76’). Higher SSC and lower TA values after 
cold storage have been also reported in peaches (Navarro et al., 
2022). The SSC increased and TA decreased during the storage due 
to the consumption of organic acids in respiration and fruit matura-
tion (Navarro et al., 2022). Regarding the RI, values ranged from 
1.6 (‘Baujade’) to 8.1 (‘Cul de Cirio – MRF 39’) after six months of 
cold storage, compared to a less variation from 1.3 (‘Bossost – MRF 
76’) to 4.5 (‘Cul de Cirio – MRF 39’) at harvest, because metabo- 
lic pathways causing ripening of fruits continue during postharvest 
(Ehsani-Moghaddam et al., 2013). 
The antioxidant compounds varied greatly in this study as pre- 
viously reported by other studies (Tab. S1, Figure 1) (Castel et al., 
2020; Kevers et al., 2011; Mignard et al., 2021a). The TPC varied 
significantly among apple accessions in postharvest, from 6.1 mg 
(‘Red Elstar’) to 49.8 mg gallic acid equivalents (GAE)/100 g FW 
(‘Reineta Gris’), compared with a slightly lower variation at harvest, 
from 18.5 mg (‘Evasni’) to 57 mg GAE/100 g FW (‘Reineta Gris’). 
Total phenolics thus decreased in average from 33.5 mg at harvest 
to 23 mg GAE/100 g FW after a long-term cold storage. This de-
crease is in good agreement with Navarro et al. (2022) who studied 
a large number of peach cultivars cold-stored for a month. Moreover, 
López et al. (1994) reported that the decrease of phenolics could 
be the result of their oxidation associated with browning. However,  
phenols could be also synthesized as antioxidant factors against  
abiotic stresses (Foyer and Noctor, 2005).
For the TFC, values varied significantly ranging in postharvest from 
5.8 mg (‘Delcon’) to 39.0 mg catechin equivalents (CE)/100 g FW 
(‘Reineta Gris’) and at harvest from 6.7 mg (‘Averdal’) to 32.9 mg 
CE/100 g FW (‘Reineta Gris’). Regarding the ascorbic acid (AsA 
– Vitamin C), values ranged from 0.5 mg (‘Red Elstar’) to 3.5 mg 
AsA/100 g FW (‘Reineta Gris’) in postharvest and from 1.7 mg 
(‘Evasni’) to 3.6 mg AsA/100 g FW (again, the ‘Reineta Gris’ ac-
cession) at harvest. Finally, RAC values ranged from 5.6 mg (‘Red 
Elstar’) to 19.5 mg trolox/100 g FW (‘Reneta’) in postharvest and 
from 7.1 mg (‘Evasni’) to 21.2 mg trolox/100 g FW (‘Cul de Cirio – 
MRF 39’) at postharvest.  
For the different basic quality traits, biochemical compounds and 
relative antioxidant capacity, comparison of means for each acces-

sion between the harvest date and after six months of cold storage 
(Fig. 1) showed significant differences among accessions. Thus, the 
SSC values tended to be slightly increased after six months of cold 
storage, unless for the ‘Florina’ and the ‘Cripps Pink’ accessions. In 
contrast, the TA, when the differences were significant, decreased 
for all the accessions assessed probably due to the process of fruit 
ripening after harvest. Indeed, it is well known that when fruits 
are harvested, they continue their ripening during the postharvest  
storage (Pott et al., 2020). Changes in antioxidants, sugars and or-
ganic acids describe the ripe of the fruits as peel color or fruit flavour 
(Ehsani-Moghaddam et al., 2013; Singh et al., 2018). Moreover, as 
the SSC tended to increase while the TA tended to decrease, the RI 
increased in postharvest.
The TFC and the RAC did not show a general pattern in their in-
crease or decrease but the differences observed depended more on 
the studied accession (Fig. 1, Tab. 2). However, in the case of phenols, 
the values decreased significantly after six months of cold storage as 
previously reported in other apple (Alhaj Alali et al., 2020; Kevers 
et al., 2007) and peach studies (Navarro et al., 2022). Phenolics 
are not stable and undergo a clear metabolic turnover during cold  
storage, while flavonoids do not seem to be affected in this way as 
their contents were more constant between harvest and postharvest 
values. Several studies have shown significant fluctuations in the  
content of antioxidants in apple at low temperatures (Alhaj Alali  
et al., 2020; Villa-Rodriguez et al., 2015). Increased levels of bio-
active molecules, such as antioxidant compounds, should be con- 
sidered as an important guarantee of the nutritional value of apples. 
Nevertheless, Kevers et al. (2011) reported that total phenolics con-
tent showed an increase after three months of storage at cold tem-
perature, followed by a decrease. The decrease continued over the 
following months, explaining the lower values observed after six 
months of conservation (Kevers et al., 2011). Moreover, the rela-
tionship between polyphenol content and resistance to postharvest 
diseases caused by Penicillium expansum has also been described 
and resistant and susceptible apple genotypes could be discriminated 
based on polyphenol content (Sun et al., 2017). In the present work, 
the cultivar ‘Evasni – Scarlet Spur’ showed the best performance un-
der a long-term cold storage because of its increase in TFC and RAC 
and as the TPC was not significantly different between harvest and 
postharvest periods.
Storage induces noteworthy metabolic changes in apples, such as a 
decrease in the ascorbic acid level (Kevers et al., 2011). The general 
loss of ascorbic acid observed in the present work (Tab. 2, P ≤ 0.001) 
could be an indicator of oxidative stress during storage (Foyer and 
Noctor, 2005; Kevers et al., 2007) as AsA plays a major role in 
defense to biotic and abiotic stresses in plants against free radicals 
inducing peroxidation. 

Individual sugars and organic acids profiles 
The profiles of the individual sugars and organic acids for the  
17 apple accessions studied after six months of cold storage com-
pared with harvest time are shown in Fig. 2. Firstly, it is easily  
noticed the great variability found in this study for all the traits  
assessed among accessions (Tab. S2). According to the total sugars 
values (Sugars) and the major sugar for apple (fructose), great and 
significant variations were observed among accessions and harvest/
postharvest periods as previously reported (Tab. 2, Fig. 2) (Aprea 
et al., 2017; Castel et al., 2020; Leja et al., 2003; Mignard et al., 
2022; Zhang et al., 2021). Total sugars ranged from 63.8 g (‘Florina’) 
to 138.7 g/kg FW (‘Reineta Gris’) in postharvest and from 71.1 g 
(‘Morro de Liebre’) to 112.8 g/kg FW (‘Reineta Blanca del Canadá’) 
at harvest time. Moreover, fructose (Fru) values in postharvest  
varied considerably from 26.0 g (‘Baujade’) to 65.2 g/kg FW (‘Reineta 
Gris’), while values at harvest date ranged from 31.4 g (‘Baujade’) to 
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Fig. 1: 	 Changes in basic fruit quality and antioxidant traits between harvest and postharvest date for the 17 apple accessions assessed. * indicates significant 
difference at P≤0.05 according to the student’s t test assessed for each accession between harvest and postharvest, FW: fresh weight.
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Fig. 2: 	 Changes in individual sugars and organic acids between harvest and postharvest date for the 17 apple accessions studied in this study. * indicates sig-

nificant difference at P≤0.05 according to the student’s t test assessed for each accession between harvest and postharvest, all the traits are expressed 
in g/kg of fresh weight.
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53.0 g/kg FW (‘Cul de Cirio – MRF 39’). 
Regarding the total acids (Acids) among accessions, levels were 
within the range previously reported (Castel et al., 2020; Mignard  
et al., 2022; Vallarino and Osorio, 2019; Yang et al., 2021). In- 
deed, values ranged from 1.5 g (‘Florina’) to 7.8 g/kg FW (‘Reineta 
Blanca del Canadá’) in postharvest, and 3.3 g (‘Cul de Cirio – MRF 
39’) to 10.7 g/kg FW (‘Bossost – MRF 76’) at harvest time. Regarding 
the malic acid, which is the major acid in apple, values ranged con-
siderably, compared with the other acids, from 1.0 g (‘Florina’) to  
7.0 g/kg FW (‘Reineta Blanca del Canadá’) in postharvest and from 
2.8 g (‘Cul de Cirio – MRF 39’) to 10.1 g/kg FW (‘Bossost – MRF 
76’) at harvest.
According to the individual sugars (sucrose, glucose, and fructose) 
and the sugar-alcohol (sorbitol), the changes observed in postharvest 
were diverse. Sugars contents exhibited differential performance 
during postharvest, depending mainly on the species and storage 
conditions (Pott et al., 2020). Sucrose values drop significantly 
for all accessions and the major loss was observed for the ‘Florina’, 
‘Red Delicious’ and ‘Red Elstar’ cultivars. Fructose values general- 
ly increased or maintained the harvest level except for ‘Florina’ 
which showed a loss of fructose. Sorbitol showed different per-
formance after a long-term cold storage. It is noteworthy the great  
increase in sorbitol for the two Reinette accessions, ‘Reineta Blanca 
del Canadá’ and ‘Reineta Gris’. Moreover, glucose values increased 
with greater intensity, especially in the case of ‘Averdal’, ‘Evasni’, 
‘Red Delicious’, ‘Red Elstar’, ‘Reineta Blanca del Canada’, and 
‘Reineta Gris’. In other fruits, such as bananas or kiwis, carbohy-
drates levels increased as a consequence of starch hydrolysis during 
postharvest storage (Yuan et al., 2017). Additionally, the sum of the 
individual sugars showed different performances after six months of 
cold conservation. Indeed, for the ‘Evasni’ and ‘Reineta Gris’ acces-
sions, the sum of individual sugars increased while for ‘Florina’ and 
‘Reneta’, the total sugars decreased. 
Citric, tartaric, succinic and shikimic acids showed more irregular 
profiles according to accessions, but malic, the main acid in ap-
ples, and total acids decreased considerably (Tab. 2, P ≤ 0.001, and  
Fig. 2) as reported in other studies (Vallarino and Osorio, 2019). 
Moreover, TA decreased slightly in postharvest as before mentioned. 
Previous studies showed that organic acids or sourness of the fruit 
negatively correlated with sensory acceptability of professional  
panellists (Keenan et al., 2012). However, the equilibrium of sweet-
ness and sourness determine consumer satisfaction for apple flavor. 
All the bioactive molecules assessed in this study influence the or-
ganoleptic perception of sweetness, sourness, and aroma (Aprea  
et al., 2017; Yang et al., 2021) and contribute to the quality of the 
fruit and its acceptance by consumers. Because of the decrease of 
acids and the increase of SSC and some sugars like glucose or sorbi-
tol during cold storage, fruits of ‘Averdal’, ‘Bossost’, ‘Cul de Cirio’, 
‘Delcon’, ‘Evasni’, ‘Golden Paradise’, ‘Granny Smith’, ‘Morro de 
Liebre’, ‘Red Delicious’, and ‘Reineta Gris’ accessions should have a 
better acceptability by consumers after long-term cold storage. It is 
also important to highlight several cultivars (‘Cripps Pink’, ‘Cul de 
Cirio’, ‘Evasni’, ‘Florina’, ‘Reineta Blance del Canadá’, and ‘Reineta 
Gris’) maintaining their fruit quality regarding total phenolics or  
flavonoids. 

Pearson’s correlations between traits at postharvest
Significant bilateral correlations between the traits assessed at post-
harvest (Fig. 3, Tab. S1) were found (P ≤ 0.01). The relative antioxi-
dant capacity (RAC) was greatly and positively correlated with TPC 
(r=0.79) and TFC (r=0.73). TPC was also significantly and highly 
positive correlated with TFC (r=0.96). AsA likewise presented a 
significant and positive correlation with TPC (r=0.88) and TFC 
(r=0.89). Previous studies reported similar high and positive correla-

tions between the antioxidant compounds at harvest (Mignard et al., 
2021a; Wang et al., 2015). 
Moreover, significant and positive correlations were found between 
TA and total acids (r=0.95) and between SSC and total sugars 
(r=0.92). SSC was also correlated with glucose (r=0.54), fructose 
(r=0.80) and sorbitol (r=0.87) while TA was also correlated with ma-
lic acid (r=0.96) and citric acid (r=0.57). These correlations highlight 
the common utilization of SSC and TA as approximate values for 
fruit sweetness and sourness, respectively (Mignard et al., 2022). 
Nevertheless, fruit sweetness or sourness cannot be defined only by 
SSC and TA but each biochemical traits of individual sugars and 
organic acids are really important (Aprea et al., 2017). 
Furthermore, metabolic pathways could explicate the negative cor-
relation (Fig. 3, Tab. S1) between glucose and total organic acids 
(r=-0.34) and malic acid (r=-0.53) as organic acid degradation can 
occur through dicarboxylates decarboxylation (Ruan, 2014). This 
permits phosphoenolpyruvate (PEP) production, which plays a role 
in gluconeogenesis activation, resulting in increased glucose pro-
duction and organic acids degradation (Vallarino and Osorio, 
2019). As explained above, 15 accessions showed the tendency to 
show an increase in glucose after six months of cold storage, while 
‘Baujade’ and ‘Cripps Pink’ decreased their values. Moreover, the 
sum of organic acids and malic acid, for all the 17 accessions as-
sessed, decreased significantly while for almost all of them, glucose 
and fructose values remained or tended to increase. Rymenants  
et al. (2020) reported that the perceived sweetness by consumers was 
importantly and significantly influenced by the fruit acidity and vice 
versa. Indeed, Aprea et al. (2017) reported a negative correlation 
between malic acid and the perceived sweetness of fruits. We could 
easily highlight the increase of sweetness sensation in apples after 
long-term cold storage than at harvest because of its significant de-
crease in malic acid for the more acid cultivars. 

 
Fig. 3: 	 Pearson’s correlation coefficients for the traits studied for the 17 ac-

cessions assessed in this study. Abbreviations: SSC, soluble solids 
content; TA, titratable acidity; RI, ripening index; TPC, total phe-
nolics content; TFC, total flavonoids content; AsA, Ascorbic acid; 
RAC, relative antioxidant content; Sugars, total sugars; Acids, total 
organic acid; Succ+Shi, succinic + shikimic. The size of the circle 
for each correlation and the color depicts the significance and the 
magnitude of the correlation coefficient, respectively.
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Principal components analysis
A principal component analysis (PCA) was carried out to appreci-
ate how traits could influence the 17 different accessions assessed  
after a long-term cold storage (Fig. 4). The first two components, PC1 
and PC2, accounted respectively for 46.2% and 23.8% of the total 
variability and thus, 70% of the total variance could be explained 
according to the first two components. Firstly, the PC1 loadings sug-
gested that the separation of this component was principally due to 
acids and sugars parameters, TA and SSC for the basic fruit qual-
ity traits, and mostly all the antioxidant compounds. Moreover, the 
PC2 mostly contributed to the ripening index (RI), the succinic and 
shikimic acids and some sugars such as fructose or glucose, but with 
less significance. Accessions on the positive side of PC1 correspond-
ing mainly to triploid accessions, with presence of russeting, induced 
in general, higher values of sugars, organic acids and antioxidant 
compounds as previously described (Busatto et al., 2019). Indeed, 
only five accessions were on the positive side of PC1 and three of 
them were triploids: ‘Reineta Gris’, ‘Reineta Blanca del Canadá’, 
and ‘Bossost’. These three accessions showed higher values for to-
tal acids, total sugars and TPC (Fig. 1 and 2). However, most apple 
accessions exhibiting russeting are triploids (Busatto et al., 2019; 
Reig et al., 2015), and are less suitable in breeding programs, even 
though russeted apples could improve bioactive molecules in apple. 
In contrast, accessions on the negative side of PC1, correspond to 
most of the well-known foreign cultivars such as ‘Granny Smith’, 
‘Red Delicious’ or ‘Averdal’, showed, in general, lower values for 
those biochemical compounds as previously reported (Mignard  
et al., 2021a). 
The accession ‘Cul de Cirio’ was highlighted because of its high 
value for RI. This local Spanish accession showed a value of 4.5 for 
RI at harvest date and increased to 8.1 after six months of cold stor-
age (Fig. 1). This increase was the major change between harvest and 
after six months of conservation that could be noticed in this study 
and we can see that the ‘Cul de Cirio’ accession maintained glucose, 

fructose and sorbitol values high after cold storage, while tartaric, 
citric and malic acids values were low. This means ‘Cul de Cirio’ 
could be a good accession for its marketability due to its low acidity 
and high sweetness after six months of storage. A panellist group 
should confirm the sensorial acceptance of this accession.  
The observed values for the different fruit quality traits, antioxidants 
and both individual sugars and organic acids studied for ‘Morro de 
Liebre’ and ‘Reneta’ accessions, both originated from Spain, were 
similar to the well-known commercial cultivars or cultivars result-
ing from breeding programs such as ‘Averdal’, ‘Delcon’, ‘Florina’, 
‘Golden Paradise’, ‘Red Delicious’ or ‘Red Elstar’.

Visual symptoms for susceptibility to cold storage and relation-
ship with fruit quality traits
Tab. 3 showed the susceptibility of the 17 accessions of this study 
to present chilling injury symptoms such as browning (skin or pulp) 
or dehydration of the fruits (Fig. 5 and 6) during long-term storage. 
After six months of conservation, nine accessions (‘Baujade’, ‘Cripps 
Pink’, ‘Delcon’, ‘Evasni’, ‘Florina’, ‘Granny Smith’, ‘Red Delicious’, 
‘Reneta’, and ‘Solafuente’) showed no apparent cold damage (Tab. 3,  
Fig. 5). Out of these nine accessions characterized as suitable for 
long-term conservation, two were Spanish accessions (‘Reneta’ and 
‘Solafuente’). The other seven non-Spanish accessions were all well-
known cultivars in the market and/or exhibited similar characteris-
tics among them (‘Baujade’, ‘Cripps Pink’, ‘Delcon’, ‘Evasni − Scarlet 
Spur’, ‘Florina’, ‘Granny Smith’ and ‘Red Delicious’). As a result of 
long time of breeding and selection, these accessions confirmed their 
suitability to permit the marketability of apples all year round.
Among the accessions assessed, eight (‘Averdal’, ‘Bossost’, ‘Cul de 
Cirio’, ‘Golden Paradise’, ‘Morro de Liebre’, ‘Red Elstar’, ‘Reineta 
Blanca del Canadá’, and ‘Reineta Gris’) were classified as unsuitable 
for long-term cold storage because of browning and/or dehydration 
after six months of cold storage (Tab. 3, Fig. 6). The modern organi- 

 

  
Fig. 4: 	 Bidimensional distribution (PCA) showing the relation among the evaluated traits on the 17 apple accessions after six months of cold storage (post-

harvest). Abbreviations: SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total phenolics content; TFC, total flavonoids 
content; AsA, Ascorbic acid; RAC, relative antioxidant content; Sugars, total sugars; Acids, total organic acid.
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zation for fruit distribution and marketability aims to guarantee fruit 
quality also during storage, allowing high-quality standards to be 
maintained from the orchard to the consumer (Di Guardo et al., 
2013). Indeed, browning is associated with lower fruit quality and 
freshness, and major deterioration. Its prevention by selecting toler-
ant cultivars has taken a great effort in horticultural and food re-
search for years (Cebulj et al., 2021). It is well known that browning 
is caused by the oxidation of the phenolics compounds in damaged 
cells (Cebulj et al., 2021). Browning could thus occur by improper 
handling or processing, cutting, peeling or grinding. Nevertheless, 
cells could also be damaged by cold storage (Cebulj et al., 2021; 
Rasouli and Saba, 2018). The phenolics, when the cell is damaged 
enter in contact with the polyphenol oxidase enzyme (PPO) resulting 

into an oxidized phenol causing the appearing browning. In fact, in 
intact cells, PPO seems to have little activity toward phenolic com-
pounds. PPO interacts with phenolics as substrates (Rasouli and 
Saba, 2018). 
Tab. 4 showed the means and differences for the different traits as-
sessed in this study when the accessions were affected by chilling 
injuries. Firstly, the increase in fruits presenting chilling injuries 
was significant for the main antioxidant compounds responsible for 
browning as TPC and TFC (Moon et al., 2020; Singh et al., 2018). 
Phenolic compounds can protect the fruit from oxidative stress at  
low temperatures, but they can also be responsible for greater brown-
ing (Singh et al., 2018). In general, TPC, TFC, AsA and RAC means 
were higher in accessions exhibiting chilling injuries (Tab. 4) as 

Tab. 3: Susceptibility for the 17 apple accessions assessed following six months of cold storage.

Accession	 N	 General Appearance	 Browning 	 Dehydration	 Conservation

Averdal	 1	 Bad	 2	 2	 Unsuitable
Baujade	 2	 Good	 1	 1	 Suitable
Bossost - MRF 76	 3	 Bad	 2	 2	 Unsuitable
Cripps Pink	 4	 Good	 1	 1	 Suitable
Cul de Cirio - MRF 39	 5	 Good	 2	 1	 Unsuitable
Delcon	 6	 Good	 1	 1	 Suitable
Evasni - Scarlet Spur	 7	 Good	 1	 1	 Suitable
Florina	 8	 Good	 1	 1	 Suitable
Golden Paradise	 9	 Good	 2	 1	 Unsuitable
Granny Smith	 10	 Good	 1	 1	 Suitable
Morro de Liebre	 11	 Good	 2	 1	 Unsuitable
Red Delicious	 12	 Good	 1	 1	 Suitable
Red Elstar	 13	 Bad	 2	 1	 Unsuitable
Reineta Blanca del Canadá	 14	 Bad	 2	 2	 Unsuitable
Reineta Gris	 15	 Bad	 2	 2	 Unsuitable
Reneta	 16	 Good	 1	 1	 Suitable
Solafuente	 17	 Good	 1	 1	 Suitable 

1: inexistent; 2: presence of chilling injury symptoms.

Fig. 5: 	 Suitable accessions for long-term cold storage assessed in this study.
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‘Bossost’, ‘Cul de Cirio’, ‘Reineta Blanca del Canada’, and ‘Reineta 
Gris’) compared to ‘Cripps Pink’, ‘Delcon’, ‘Red Delicious’, and 
‘Solafuente’ accessions, without symptoms. Moreover, Khanizadeh 
et al. (2006) described that the lack of substrate for PPO enzyme may 

be the cause of non-browning in apples. In other species, such as in 
peach or pear fruits, it has been reported that the more phenolics con-
tent the more PPO activity could be found and thus, more browning 
would be observed (Khan et al., 2021; Singh et al., 2018).
There were also significant differences between groups for fructose 
and sorbitol. For the fruits exhibiting chilling injuries, the contents 
of fructose and sorbitol were higher than in sound fruits (Tab. 4). 
Nonetheless, the accessions exhibiting higher levels of fructose 
and sorbitol as well as antioxidant compounds, were the russeted 
apples. The accessions with russeting (‘Bossost’, ‘Reineta Blanca 
del Canadá’ and ‘Reineta Gris’), visually appeared to be more de-
hydrated than the others. Busatto et al. (2019) reported that rus-
seting is a genetic-controlled disorder resulting from the periderm 
coat consisting of a network of suberized cells straight above the 
skin. This disorder shows up as a brown and rough matrix deposi-
tion. Dehydration should be more conducive for a russeted apple due 
to this periderm disorder. Furthermore, the damage in cells making 
the possible contact between antioxidants and PPO enzyme causing 
browning (Khan et al., 2021; Moon et al., 2020; Singh et al., 2018) 
could explain the relationship between russeting, dehydration and 
thus, browning. Furthermore, dehydration could explain the increase 
in bioactive compounds as antioxidants, sugars, sorbitol or tartaric 
acid (Fig. 1 and 2) by their concentration (Quiles et al., 2005).

Conclusions
The quality traits of fruit (levels of sugars, organic acids and antioxi-
dants) of the accessions studied showed different performances after 
the postharvest period. 
This work showed the importance of the biochemical compounds 
in postharvest and the visual quality (dehydration or browning). 
Russeted accessions (‘Bossost’, ‘Reineta Blanca del Canadá’ and 
‘Reineta Gris’), all triploid accessions, showed more chilling injuries 
(browning and dehydration) than the other accessions. Additionally, 
‘‍Reneta’ and ‘‍Solafuente’ were the Spanish accessions best conserved 
based on the visual appearance and fruit quality, while ‘Evasni’ 

Tab. 4: 	Means for basic fruit quality and bioactive compounds traits over 
17 accessions for both groups, suitable and unsuitable accessions for 
long-term cold storage.

Trait	 Suitable 	 Unsuitable	 Units	 Signi-
	 accessions 	 accessions		  ficance
	 for storage	 for storage		

SSC	 13.1	 14.3	 ºBrix	 ns
TA	 6.5	 7.1	 G malic acid/L	 ns
RI	 2.5	 2.6	 -	 ns
TPC	 27.5	 39.4	 mg GAE/100 g FW	 *
TFC	 13.6	 20.0	 mg CE/100 g FW	 *
AsA	 2.4	 2.9	 mg AsA/100 g FW	 *
RAC	 11.8	 16.2	 mg Trolox/100 g FW	 *
Sucrose	 30.6	 29.9	 g/kg FW	 ns
Glucose	 11.8	 13.3	 g/kg FW	 ns
Fructose	 41.6	 47.9	 g/kg FW	 *
Sorbitol	 3.2	 6.3	 g/kg FW	 *
Sugars	 87.3	 97.0	 g/kg FW	 ns
Citric	 0.05	 0.05	 g/kg FW	 ns
Tartaric	 0.04	 0.04	 g/kg FW	 ns
Malic	 5.55	 5.82	 g/kg FW	 ns
Succ + Shi	 0.39	 0.51	 g/kg FW	 ns
Acids	 6.03	 6.43	 g/kg FW	 ns 

Student’s t test with significance at *: P ≤ 0.05; ns: no significant. 
Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titrat-
able acidity; RI, ripening index; TPC, total phenolics content; TFC, total 
flavonoids content; AsA, Ascorbic acid; RAC, relative antioxidant content; 
Sugars, total sugars; Acids, total organic acids; Succ+Shi, succinic + shi-
kimic.

Fig. 6: 	 Unsuitable accessions for long-term cold storage studied.
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seemed to be the less affected by long-term cold storage according 
to the antioxidant profile. These results highlighted the importance 
of the autochthone accessions (‘Reneta’ and ‘Solafuente’) for its use 
in future breeding programs. Moreover, other non-Spanish culti-
vars, resulting from long time selection processes, such as ‘Baujade’, 
‘‍Cripps Pink’, ‘Delcon’, ‘Evasni’, ‘Florina’, ‘‍Granny Smith’, and ‘‍Red 
Delicious’, confirmed their suitability for long-term storage periods 
with no chilling injuries after six months of cold storage. 
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Table S1. Means for the 17 accessions assessed and for the 17 traits evaluated at Harvest period.  

Accession SSC TA RI TPC TFC AsA RAC

Units ºBrix g malic acid/
L - mg GAE/100 g 

FW
mg CE/100 g 

FW
mg AsA/100 g 

FW
mg Trolox/100 g 

FW

Averdal 12.33 abc 4.00 a 3.33 ef 27.40 ab 6.70 a 2.76 ab 13.19 bc

Baujade 14.01 cde 9.52 de 1.55 abc 34.49 abc 17.23 cde 3.04 ab 13.49 bc

Bossost 17.14 g 14.03 f 1.28 a 53.10 de 31.08 f 2.44 ab 19.47 de

Cripps Pink 14.65 ef 6.83 c 2.15 abc 20.03 a 9.08 ab 2.13 ab 8.75 ab

Cul de Cirio 14.41 def 3.29 a 4.51 g 40.83 b-e 15.38 bcd 3.07 ab 21.21 e

Delcon 13.04 a-e 6.46 bc 2.17 bcd 20.93 a 8.75 ab 2.35 ab 9.30 ab

Evasni 12.46 abc 3.48 a 3.76 efg 18.48 a 6.87 a 1.71 a 7.13 a

Florina 14.23 def 6.94 c 2.40 cd 30.46 abc 18.44 de 2.36 ab 14.19 bcd

Golden Paradise 13.47 b-e 4.25 ab 3.47 ef 25.47 ab 10.74 abc 2.54 ab 9.30 ab

Granny Smith 12.33 ab 10.26 e 1.32 ab 34.44 abc 20.26 de 2.84 ab 13.03 bc

Morro de Liebre 11.58 a 3.97 a 3.05 de 39.83 bcd 19.49 de 2.69 ab 16.42 cde

Red Delicious 13.65 b-e 3.60 a 4.06 fg 21.75 a 8.92 ab 1.78 a 10.60 ab

Red Elstar 13.31 b-e 7.33 cd 1.91 abc 25.66 ab 13.21 a-d 2.74 ab 10.64 ab

Reineta Blanca del 
Canada 15.69 fg 9.97 e 1.62 abc 45.57 cde 30.31 f 3.28 ab 18.51 cde

Means with the same letter are not significantly different from each other (Significance of ANOVA at *: P≤0.05; ***: P≤0.001 followed by Tukey tests for 
each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total phenolics content; TFC, total 
flavonoids content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Table S1. Continued 

Reineta Gris 16.56 g 9.66 e 1.71 abc 57.04 e 32.86 f 3.64 b 20.65 e

Reneta 12.97 a-d 3.98 a 3.41 ef 39.45 bcd 22.88 e 2.35 ab 18.56 cde

Solafuente 12.45 abc 7.32 cd 1.75 abc 24.53 ab 9.89 abc 2.53 ab 10.26 ab

Sig ANOVA ***  ***  ***  ***  ***  *  ***  

Accession Sucrose Glucose Fructose Sorbitol Total Sugars

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 19.14 abc 14.08 def 42.03 a-d 4.62 abc 79.87 ab

Baujade 38.48 ef 16.47 ef 31.39 a 2.17 a 88.51 a-d

Bossost 40.37 ef 12.17 a-e 48.21 cd 11.43 e 112.18 de

Cripps Pink 42.14 ef 6.38 a 42.70 bcd 3.43 ab 94.65 a-e

Cul de Cirio 23.05 bc 18.99 f 53.03 d 8.06 cde 103.12 b-e

Delcon 20.48 abc 18.93 f 43.36 bcd 2.61 ab 85.38 abc

Evasni 18.27 ab 15.12 def 43.09 bcd 2.71 ab 79.18 ab
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Means with the same letter are not significantly different from each other (Significance of ANOVA at *: P≤0.05; ***: P≤0.001 followed by Tukey tests for 
each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total phenolics content; TFC, total 
flavonoids content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Table S1. Continued 

Reineta Gris 16.56 g 9.66 e 1.71 abc 57.04 e 32.86 f 3.64 b 20.65 e

Reneta 12.97 a-d 3.98 a 3.41 ef 39.45 bcd 22.88 e 2.35 ab 18.56 cde

Solafuente 12.45 abc 7.32 cd 1.75 abc 24.53 ab 9.89 abc 2.53 ab 10.26 ab

Sig ANOVA ***  ***  ***  ***  ***  *  ***  

Accession Sucrose Glucose Fructose Sorbitol Total Sugars

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 19.14 abc 14.08 def 42.03 a-d 4.62 abc 79.87 ab

Baujade 38.48 ef 16.47 ef 31.39 a 2.17 a 88.51 a-d

Bossost 40.37 ef 12.17 a-e 48.21 cd 11.43 e 112.18 de

Cripps Pink 42.14 ef 6.38 a 42.70 bcd 3.43 ab 94.65 a-e

Cul de Cirio 23.05 bc 18.99 f 53.03 d 8.06 cde 103.12 b-e

Delcon 20.48 abc 18.93 f 43.36 bcd 2.61 ab 85.38 abc

Evasni 18.27 ab 15.12 def 43.09 bcd 2.71 ab 79.18 ab

Florina 34.40 de 10.91 a-e 42.90 bcd 5.97 bcd 94.18 a-e

Golden Paradise 27.21 bcd 13.32 c-f 46.24 bcd 2.10 a 88.88 a-e

Granny Smith 23.46 bc 12.71 b-e 41.85 abc 1.87 a 79.89 ab

Morro de Liebre 11.47 a 16.34 ef 40.00 abc 3.32 ab 71.13 a

Red Delicious 23.93 bc 14.74 def 44.63 bcd 4.11 ab 87.40 abc

Red Elstar 35.81 def 7.55 abc 42.87 bcd 3.86 ab 90.09 a-e

Reineta Blanca del 
Canada 44.47 f 9.69 a-d 50.60 cd 8.04 cde 112.80 e

Reineta Gris 39.88 ef 10.38 a-e 50.33 cd 8.91 de 109.51 cde

Reneta 34.24 de 6.72 ab 50.32 cd 3.66 ab 94.94 a-e

Solafuente 28.46 cd 11.43 a-e 36.35 ab 2.49 ab 78.72 a

Sig ANOVA ***  ***  ***  ***  ***  

Means with the same letter are not significantly different from each other (Significance of ANOVA at *: P≤0.05; ***: 
P≤0.001 followed by Tukey tests for each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, 
titratable acidity; RI, ripening index; TPC, total phenolics content; TFC, total flavonoids content; AsA, Ascorbic acid; 
RAC, relative antioxidant content. 

Table S1. Continued 

Accession Citric acid Tartaric acid Malic acid Succinic and 
Shikimic acids

Total Acids

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 0.024 ab 0.043 abc 3.956 ab 0.680 i 4.703 abc

Baujade 0.048 b-e 0.033 a 5.836 de 0.233 ab 6.149 cd

Bossost 0.107 g 0.052 c 10.131 h 0.387 c-f 10.677 g

Means with the same letter are not significantly different from each other (Significance of ANOVA at *: P≤0.05; ***: 
P≤0.001 followed by Tukey tests for each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, 
titratable acidity; RI, ripening index; TPC, total phenolics content; TFC, total flavonoids content; AsA, Ascorbic acid; 
RAC, relative antioxidant content. 

Table S1. Continued 

Accession Citric acid Tartaric acid Malic acid Succinic and 
Shikimic acids

Total Acids

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 0.024 ab 0.043 abc 3.956 ab 0.680 i 4.703 abc

Baujade 0.048 b-e 0.033 a 5.836 de 0.233 ab 6.149 cd

Bossost 0.107 g 0.052 c 10.131 h 0.387 c-f 10.677 g
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Cripps Pink 0.054 c-f 0.038 abc 5.864 e 0.232 ab 6.187 cd

Cul de Cirio 0.018 a 0.034 abc 2.781 a 0.515 efg 3.348 a

Delcon 0.047 bcd 0.045 abc 5.850 e 0.357 bcd 6.299 cd

Evasni 0.026 ab 0.048 abc 3.898 a 0.857 j 4.830 abc

Florina 0.056 c-f 0.040 abc 5.531 b-e 0.319 abc 5.945 bcd

Golden Paradise 0.040 abc 0.039 abc 4.256 a-d 0.533 gh 4.868 abc

Granny Smith 0.047 b-e 0.045 abc 6.428 ef 0.217 a 6.738 de

Morro de Liebre 0.024 ab 0.037 abc 4.114 abc 0.520 fg 4.695 abc

Red Delicious 0.027 ab 0.042 abc 3.635 a 0.661 hi 4.365 ab

Red Elstar 0.073 ef 0.044 abc 6.913 ef 0.429 c-g 7.460 de

Reineta Blanca del Canada 0.071 def 0.042 abc 7.765 fg 0.482 d-g 8.360 ef

Reineta Gris 0.076 f 0.051 bc 9.013 gh 0.563 ghi 9.702 fg

Reneta 0.039 abc 0.033 ab 3.960 ab 0.382 cde 4.414 ab

Solafuente 0.060 c-f 0.037 abc 5.672 cde 0.510 efg 6.281 cd

Sig ANOVA ***  ***  ***  ***  ***  

Means with the same letter are not significantly different from each other (Significance of ANOVA at *: P≤0.05; ***: 
P≤0.001 followed by Tukey tests for each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, 
titratable acidity; RI, ripening index; TPC, total phenolics content; TFC, total flavonoids content; AsA, Ascorbic acid; 
RAC, relative antioxidant content. 

Table S1. Continued 

Accession Citric acid Tartaric acid Malic acid Succinic and 
Shikimic acids

Total Acids

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 0.024 ab 0.043 abc 3.956 ab 0.680 i 4.703 abc

Baujade 0.048 b-e 0.033 a 5.836 de 0.233 ab 6.149 cd

Bossost 0.107 g 0.052 c 10.131 h 0.387 c-f 10.677 g

Means with the same letter are not significantly different from each other (Significance of ANOVA at *: P≤0.05; ***: P≤0.001 
followed by Tukey tests for each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, 
ripening index; TPC, total phenolics content; TFC, total flavonoids content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Table S2. Means for the 17 accessions assessed and for the 17 traits evaluated at Postharvest period.  

Accession SSC TA RI TPC TFC AsA RAC
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Means with the same letter are not significantly different from each other (Significance of ANOVA at *: P≤0.05; ***: P≤0.001 
followed by Tukey tests for each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, 
ripening index; TPC, total phenolics content; TFC, total flavonoids content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Table S2. Means for the 17 accessions assessed and for the 17 traits evaluated at Postharvest period.  

Accession SSC TA RI TPC TFC AsA RAC

Units ºBrix g malic acid/
L - mg GAE/100 g 

FW
mg CE/100 g 

FW
mg AsA/100 g 

FW
mg Trolox/100 g 

FW

Averdal 17.50 cde 3.60 ab 4.87 de 16.35 abc 9.57 a 0.98 ab 10.62 a-d

Baujade 13.00 abc 8.33 e 1.57 a 22.14 a-d 15.55 abc 2.47 d 11.18 a-e

Bossost 19.90 def 8.97 ef 2.22 a-d 23.39 bcd 15.63 abc 1.36 abc 12.44 a-e

Cripps Pink 12.77 abc 6.30 cd 2.02 ab 17.11 a-d 12.72 ab 1.27 abc 11.26 a-e

Cul de Cirio 16.30 b-e 2.22 a 8.06 f 33.67 def 29.21 bcd 2.05 cd 18.64 cde

Delcon 16.47 b-e 4.82 bc 3.41 a-d 10.95 ab 5.83 a 0.78 ab 8.41 ab

Evasni 20.60 ef 3.36 ab 6.14 ef 22.71 a-d 15.35 abc 1.33 abc 14.22 b-e

Florina 9.83 a 2.34 a 4.25 b-e 21.84 a-d 16.40 abc 1.38 abc 17.27 cde

Golden Paradise 15.50 bcd 3.68 ab 4.21 a-e 15.45 abc 10.15 ab 0.74 ab 12.56 a-e

Granny Smith 14.93 bc 6.57 d 2.27 a-d 20.52 a-d 18.88 abc 1.48 bc 11.23 a-e

Morro de Liebre 13.50 abc 3.74 ab 3.61 a-e 29.38 cde 16.53 abc 1.07 ab 18.89 de

Red Delicious 14.90 bc 3.62 ab 4.14 a-e 15.23 abc 7.26 a 0.85 ab 10.65 a-d

Red Elstar 12.43 ab 2.65 a 4.71 cde 6.14 a 7.84 a 0.53 a 5.57 a

Reineta Blanca del 
Canada 21.07 ef 10.07 f 2.12 abc 42.12 ef 34.19 cd 2.65 de 16.35 b-e

Reineta Gris 24.23 f 7.92 de 3.09 a-d 49.84 f 39.01 d 3.54 e 18.85 de

Reneta 12.63 ab 3.14 a 4.05 a-e 25.20 bcd 20.29 a-d 1.32 abc 19.46 e

Means with the same letter are not significantly different from each other (Significance of ANOVA at ***: P≤0.001 followed by Tukey tests for each trait). 
Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total phenolics content; TFC, total flavonoids 
content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Table S2. Continued 

Solafuente 13.80 abc 6.68 d 2.07 abc 18.38 a-d 12.39 ab 0.99 ab 10.12 abc

Sig ANOVA ***  ***  ***  ***  ***  ***  ***  

Accession Sucrose Glucose Fructose Sorbitol Total Sugars

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 16.57 abc 23.53 g 53.22 efg 6.67 bc 99.99 de

Baujade 27.77 cde 13.18 c 26.04 a 2.04 a 69.03 ab

Bossost 38.61 e 11.96 bc 47.79 c-f 10.38 cd 108.74 ef

Cripps Pink 38.01 e 5.15 a 44.10 b-e 4.08 ab 91.34 cde

Cul de Cirio 13.01 ab 18.99 d-g 51.69 def 5.76 ab 89.46 b-e

Delcon 11.53 ab 19.81 efg 43.91 b-e 3.22 ab 78.46 a-d

Evasni 20.94 bc 21.46 fg 55.16 fgh 7.74 bc 105.30 e

Florina 13.06 ab 11.81 bc 36.83 b 2.07 a 63.77 a

Golden Paradise 27.27 cde 13.99 cd 44.37 b-e 3.91 ab 89.54 b-e

Granny Smith 13.50 ab 16.18 cde 39.90 bc 2.04 a 71.62 abc

Means with the same letter are not significantly different from each other (Significance of ANOVA at ***: P≤0.001 followed by Tukey tests for each trait). 
Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total phenolics content; TFC, total flavonoids 
content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Table S2. Continued 

Solafuente 13.80 abc 6.68 d 2.07 abc 18.38 a-d 12.39 ab 0.99 ab 10.12 abc

Sig ANOVA ***  ***  ***  ***  ***  ***  ***  

Accession Sucrose Glucose Fructose Sorbitol Total Sugars

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 16.57 abc 23.53 g 53.22 efg 6.67 bc 99.99 de

Baujade 27.77 cde 13.18 c 26.04 a 2.04 a 69.03 ab

Bossost 38.61 e 11.96 bc 47.79 c-f 10.38 cd 108.74 ef

Cripps Pink 38.01 e 5.15 a 44.10 b-e 4.08 ab 91.34 cde

Cul de Cirio 13.01 ab 18.99 d-g 51.69 def 5.76 ab 89.46 b-e

Delcon 11.53 ab 19.81 efg 43.91 b-e 3.22 ab 78.46 a-d

Evasni 20.94 bc 21.46 fg 55.16 fgh 7.74 bc 105.30 e

Florina 13.06 ab 11.81 bc 36.83 b 2.07 a 63.77 a

Golden Paradise 27.27 cde 13.99 cd 44.37 b-e 3.91 ab 89.54 b-e

Granny Smith 13.50 ab 16.18 cde 39.90 bc 2.04 a 71.62 abc

Morro de Liebre 5.97 a 16.52 c-f 45.16 b-f 5.57 ab 73.22 abc

Red Delicious 16.04 abc 20.21 efg 48.30 c-f 3.73 ab 88.28 b-e

Red Elstar 12.63 ab 14.23 cd 41.98 bcd 3.61 ab 72.46 abc

Reineta Blanca del Canada 35.52 e 16.85 c-f 63.16 gh 13.53 d 129.06 fg

Reineta Gris 33.57 de 20.14 efg 65.20 h 19.80 e 138.72 g

Reneta 19.59 bc 6.97 ab 48.21 c-f 4.12 ab 78.90 a-d

Solafuente 22.88 bcd 15.76 cde 36.96 b 2.09 a 77.69 abc

Sig ANOVA ***  ***  ***  ***  ***  

Means with the same letter are not significantly different from each other (Significance of ANOVA at ***: P≤0.001 followed by Tukey 
tests for each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total 
phenolics content; TFC, total flavonoids content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Table S2. Continued 

Accession Citric acid Tartaric acid Malic acid Succinic and 
Shikimic acids

Total Acids

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 0.013 a 0.044 bcd 1.953 a 0.536 fg 2.547 ab

Baujade 0.073 bc 0.037 abc 4.267 bc 0.219 ab 4.596 cd

Bossost 0.018 a 0.035 abc 5.493 cd 0.337 a-e 5.884 d

Cripps Pink 0.039 ab 0.037 abc 4.809 bc 0.175 a 5.059 cd

Cul de Cirio 0.010 a 0.023 ab 1.178 a 0.695 gh 1.908 a

Delcon 0.031 ab 0.047 bcd 1.411 a 0.304 abc 1.793 a

Evasni 0.027 a 0.034 abc 1.787 a 0.534 fg 2.380 ab
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Means with the same letter are not significantly different from each other (Significance of ANOVA at ***: P≤0.001 followed by Tukey tests for each trait). 
Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total phenolics content; TFC, total flavonoids 
content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Table S2. Continued 

Solafuente 13.80 abc 6.68 d 2.07 abc 18.38 a-d 12.39 ab 0.99 ab 10.12 abc

Sig ANOVA ***  ***  ***  ***  ***  ***  ***  

Accession Sucrose Glucose Fructose Sorbitol Total Sugars

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 16.57 abc 23.53 g 53.22 efg 6.67 bc 99.99 de

Baujade 27.77 cde 13.18 c 26.04 a 2.04 a 69.03 ab

Bossost 38.61 e 11.96 bc 47.79 c-f 10.38 cd 108.74 ef

Cripps Pink 38.01 e 5.15 a 44.10 b-e 4.08 ab 91.34 cde

Cul de Cirio 13.01 ab 18.99 d-g 51.69 def 5.76 ab 89.46 b-e

Delcon 11.53 ab 19.81 efg 43.91 b-e 3.22 ab 78.46 a-d

Evasni 20.94 bc 21.46 fg 55.16 fgh 7.74 bc 105.30 e

Florina 13.06 ab 11.81 bc 36.83 b 2.07 a 63.77 a

Golden Paradise 27.27 cde 13.99 cd 44.37 b-e 3.91 ab 89.54 b-e

Granny Smith 13.50 ab 16.18 cde 39.90 bc 2.04 a 71.62 abc

Morro de Liebre 5.97 a 16.52 c-f 45.16 b-f 5.57 ab 73.22 abc

Red Delicious 16.04 abc 20.21 efg 48.30 c-f 3.73 ab 88.28 b-e

Red Elstar 12.63 ab 14.23 cd 41.98 bcd 3.61 ab 72.46 abc

Reineta Blanca del Canada 35.52 e 16.85 c-f 63.16 gh 13.53 d 129.06 fg

Reineta Gris 33.57 de 20.14 efg 65.20 h 19.80 e 138.72 g

Reneta 19.59 bc 6.97 ab 48.21 c-f 4.12 ab 78.90 a-d

Solafuente 22.88 bcd 15.76 cde 36.96 b 2.09 a 77.69 abc

Sig ANOVA ***  ***  ***  ***  ***  

Means with the same letter are not significantly different from each other (Significance of ANOVA at ***: P≤0.001 followed by Tukey 
tests for each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total 
phenolics content; TFC, total flavonoids content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Table S2. Continued 

Accession Citric acid Tartaric acid Malic acid Succinic and 
Shikimic acids

Total Acids

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 0.013 a 0.044 bcd 1.953 a 0.536 fg 2.547 ab

Baujade 0.073 bc 0.037 abc 4.267 bc 0.219 ab 4.596 cd

Bossost 0.018 a 0.035 abc 5.493 cd 0.337 a-e 5.884 d

Cripps Pink 0.039 ab 0.037 abc 4.809 bc 0.175 a 5.059 cd

Cul de Cirio 0.010 a 0.023 ab 1.178 a 0.695 gh 1.908 a

Delcon 0.031 ab 0.047 bcd 1.411 a 0.304 abc 1.793 a

Evasni 0.027 a 0.034 abc 1.787 a 0.534 fg 2.380 ab
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Means with the same letter are not significantly different from each other (Significance of ANOVA at ***: P≤0.001 followed by Tukey 
tests for each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total 
phenolics content; TFC, total flavonoids content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Table S2. Continued 

Accession Citric acid Tartaric acid Malic acid Succinic and 
Shikimic acids

Total Acids

Units g/kg FW g/kg FW g/kg FW g/kg FW g/kg FW

Averdal 0.013 a 0.044 bcd 1.953 a 0.536 fg 2.547 ab

Baujade 0.073 bc 0.037 abc 4.267 bc 0.219 ab 4.596 cd

Bossost 0.018 a 0.035 abc 5.493 cd 0.337 a-e 5.884 d

Cripps Pink 0.039 ab 0.037 abc 4.809 bc 0.175 a 5.059 cd

Cul de Cirio 0.010 a 0.023 ab 1.178 a 0.695 gh 1.908 a

Delcon 0.031 ab 0.047 bcd 1.411 a 0.304 abc 1.793 a

Evasni 0.027 a 0.034 abc 1.787 a 0.534 fg 2.380 ab

Means with the same letter are not significantly different from each other (Significance of ANOVA at ***: P≤0.001 followed by Tukey 
tests for each trait). Abbreviations: FW, fresh weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index; TPC, total 
phenolics content; TFC, total flavonoids content; AsA, Ascorbic acid; RAC, relative antioxidant content. 

Florina 0.047 ab 0.024 ab 0.957 a 0.490 ef 1.519 a

Golden Paradise 0.041 ab 0.017 a 1.520 a 0.475 c-f 2.054 a

Granny Smith 0.014 a 0.026 ab 3.770 b 0.196 a 4.006 bc

Morro de Liebre 0.009 a 0.024 ab 1.479 a 0.452 c-f 1.964 a

Red Delicious 0.017 a 0.030 ab 1.782 a 0.811 h 2.640 ab

Red Elstar 0.017 a 0.048 bcd 1.370 a 0.313 a-d 1.749 a

Reineta Blanca del Canada 0.243 d 0.066 d 7.042 d 0.407 c-f 7.759 e

Reineta Gris 0.011 a 0.035 abc 5.207 bc 0.427 c-f 5.680 d

Reneta 0.022 a 0.043 a-d 1.491 a 0.380 b-f 1.936 a

Solafuente 0.102 c 0.060 cd 3.733 b 0.486 def 4.380 cd

Sig ANOVA ***  ***  ***  ***  ***  
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