
Research Paper

From valley to mountain: Organoleptic and nutritional properties of apple 
accessions from Northeast Spain

P. Mignard a,b, C.M. Cantín b,c, L. Castel a, A. Pina a,b, J. Gonzalez a,b,  
P. Errea a,b,*

a Departamento de Ciencia Vegetal. Centro de Investigación y Tecnología Agroalimentaria de Aragón (CITA). Avda. Montañana 930, 50059 Zaragoza, España
b Instituto Agroalimentario de Aragón – IA2 (CITA-Universidad de Zaragoza), Zaragoza, España
c Estación Experimental de Aula Dei (EEAD), CSIC, 50059 Zaragoza, Spain

A R T I C L E  I N F O

Keywords:
Biodiversity
Fruit quality
Growing site
Malus x Domestica Borkh
Phenolics
Pyrenees
Sugars

A B S T R A C T

Local apple accessions are vital for their adaptability to specific climates and unique organoleptic characteristics, 
playing a key role in biodiversity conservation and agricultural resilience. This study examined 36 apple ge
notypes from the CITA collection, including 25 diploid and 11 triploid varieties distributed across five altitudes 
in northeastern (NE) Spain. The collection encompassed both autochthonous landraces and non-Spanish com
mercial cultivars. The analysis focused on physicochemical attributes such as fruit firmness, total phenolic 
content (TPC), and individual sugars. Among these six genotypes (five autochthonous landraces and one com
mercial cultivar used as reference [‘Gala’]), were present at two different altitudes within the CITA collection and 
were further evaluated to assess the influence of altitude elevation on these traits. Significant variability in fruit 
quality was observed, with notable correlations between physicochemical traits. Principal component analysis 
(PCA) explained 50.2% of the total variance, highlighting genetic variability among the accessions and its impact 
on fruit traits. The results showed that ploidy (diploid/triploid) and origin (autochthonous/commercial - non- 
Spanish) are key factors shaping apple characteristics. Higher altitudes were associated with increased TPC in 
specific accessions, likely due to cooler temperatures and greater UV and sun exposure enhancing phenolic 
biosynthesis. Fructose content also increased with altitude, reflecting slower fruit development and ripening, 
while variations in glucose and sucrose indicated the complexity of metabolic responses to both altitude and 
genetic factors. These findings demonstrate the high biodiversity of apples from NE Spain, particularly in terms 
of their organoleptic and nutritional qualities. Preserving autochthonous apple resources is essential, and 
breeding programs could benefit from selecting accessions with desirable biochemical traits for local climatic 
conditions. Additional research is needed to explore how environmental factors influence the health benefits of 
apples, especially their bioactive compounds, as well as their agronomic performance.

1. Introduction

Apple (Malus x domestica Borkh, family Rosaceae) is the world's 
leading production temperate fruit crop. In fact, global production 
exceeded 95.8 M tons in 2022, with Spain contributing 496 thousand 
tons (FAOSTAT, 2024). Although over 10,000 apple cultivars are 
currently documented (Pereira-Lorenzo et al., 2017), apple production 
is dominated by a few widely known and consumers-accepted cultivars 
such as ‘Delicious’, ‘Fuji’, ‘Gala’, ‘Golden’, and ‘Granny Smith’. This 
trend toward commercial cultivars monoculture is negatively impacting 
the farming of local autochthonous apple accessions, which are 

generally better adapted to local climatic growing conditions (Mignard 
et al., 2021a). As a result, this situation is leading to a dramatic loss of 
phytogenetic diversity and may, additionally, slow down breeding 
programs (Swarup et al., 2021).

Apple fruit is easily accessible and widely consumed worldwide, with 
year-round availability in the market thanks to their shelf-life extension 
applying controlled atmospheres, among other postharvest technolo
gies. It serves as an important dietary source of nutrients such as car
bohydrates, organic compounds, proteins, and vitamins (Mignard et al., 
2023a). In fact, apple is one of the most widely recognized fruits, of
fering several well-documented benefits for human health (Calvo-Castro 
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et al., 2022; Gibney et al., 2019; Ho et al., 2020; Millán-Laleona et al., 
2023). Apple is also a significant source of non-nutritive bioactive 
molecules for humans (Asma et al., 2023). Among the bioactive com
pounds naturally present in vegetables and fruits, the polyphenols such 
as phenols, phenolic acids, flavonoids, anthocyanins, and tannins stand 
out (Ho et al., 2020; Lattanzio, 2013; Michalska and Łysiak, 2015). In 
addition to their antioxidant and anti-inflammatory properties, poly
phenol compounds are also important for their role in the sensory 
quality of apple, as they influence fruit color, basic fruit quality in
dicators and maturity (Butkeviciute et al., 2022).

In recent years, climate change has been reducing apple production 
in low-altitude regions and is expected to have an even greater impact in 
the future due to the decreasing number of chilling hours in traditional 
apple-producing areas of Spain, such as the Ebro Valley (Rodríguez 
et al., 2021). However, these climatic shifts have also created new op
portunities for apple cultivation at higher altitudes, where conditions, 
such as sufficient chilling hours, increased total annual rainfall, and 
more suitable mean surface temperatures during the growing season, are 
becoming increasingly favorable for apple growth. Hence, in different 
areas of the world such as Italy, France, Spain, New Zealand and India, 
optimum apple growing conditions have been shifting and farmers have 
been relocating their orchards to higher elevations (Cantín and Gracia, 
2022; Iglesias et al., 2016; Sahu et al., 2020). It is important to highlight 
the significance of South Tyrol (Italy) as a key mountainous 
apple-producing region in Europe. With approximately 19,000 hectares 
under cultivation, it is the largest high-altitude apple-growing area in 
Europe and accounts for around 50 % of Italy’s total apple production 
(Meyer, 2014). In the context of this study, it is particularly relevant to 
emphasize the growing development of high-altitude apple cultivation 
in Spain, where changing climatic conditions are encouraging the 
expansion of orchards into mountainous areas (Iglesias et al., 2018) that 
were previously less suitable for this crop. On one hand, orchard man
agement and environmental factors such as altitude, have been 
demonstrated to have a clear impact on the concentration of different 
nutrients and biochemical compounds of apple fruits, including anti
oxidants, organic acids or carbohydrates (Charles et al., 2018; Li et al., 
2021a, 2021b; Stewart and Ahmed, 2020). On the other hand, the effect 
of growing altitude on several apple sensory attributes such as juiciness, 
flavour, sweetness, sourness or skin ground- and over-color has been 
also demonstrated (Cantín and Gracia, 2022; Charles et al., 2018; 
Fadanelli et al., 2005; Gracia and Cantín, 2022). Scientific models 
forecast a high risk that agro-ecosystems will be critically endangered in 
the foreseeable future, and adaptation strategies must be implemented 
promptly. In this context, there is a need to enhance our understanding 
of how the growing region can affect fruit quality and metabolite pro
files (Boudichevskaia et al., 2020; Parajuli et al., 2019). Germplasm 
banks, therefore, provide an appropriate platform to address this 
concern (Mignard et al., 2023a; Swarup et al., 2021).

Mountainous areas such as the Pyrenees and the Iberian System in 
northeastern Spain, are considered remarkable biodiversity areas 
(Amblar-Francés et al., 2020; Pironon et al., 2022) with soil and climate 
variability that can influence the persistence of certain materials with 
specific adaptation characteristics (Pironon et al., 2022). The Central 
Ebro Basin growing area features an arid or semi-arid climate with warm 
and dry summers, high radiation, and significant day-night temperature 
variations (Mignard et al., 2021a). In contrast, the Central Pyrenees 
exhibit diverse precipitation and temperature patterns due to their 
varied topography (500–3404 m - Aneto), influenced by both Atlantic 
and Mediterranean climates, two distinct continental climate patterns. 
Annual rainfall in the mountains often exceeds 2000 mm, mostly in 
spring and autumn (Amblar-Francés et al., 2020).

In this scenario of climatic diversity, generations of farmers devel
oped agriculture practices adapted to the socio-environmental condi
tions over decades, giving rise to a wide diversity of high-quality fruit 
plant material that constitutes an extraordinary genetic heritage. How
ever, the severe population decline that occurred from the second half of 

the last century, especially in mountainous areas, led to the abandon
ment of most of the traditional growing areas (García-Ruiz et al., 1996). 
In response, survey missions were undertaken to avoid the loss of this 
diversity. During these missions, local apple tree accessions from these 
mountain areas were collected and recovered, their identity and genetic 
variability were analyzed (Pina et al., 2014), and they were established 
in the germplasm collection of the Center for Agri-Food Research and 
Technology of Aragon (Centro de Investigación y Tecnología Agro
alimentaria de Aragón - CITA) for the study and valorization of this 
genetic diversity. In the context of global warming and climate change, 
understanding, characterizing, and preserving phytogenetic diversity in 
these mountainous areas has become increasingly urgent (Parry, 2019), 
making these germplasm banks central to the development of new 
strategies for agronomical activities (Mignard et al., 2021b; Swarup 
et al., 2021).

In this regard, the goal of this study is to better characterize Spanish 
mountainous autochthonous apple accessions in terms of organoleptic 
and nutritional qualities. To this end, biomolecular characterization was 
performed on 36 apple genotypes (set of 27 accessions and 9 commercial 
cultivars), to explore the relationships and correlations between these 
parameters. Finally, the influence of the growing altitude on apple fruit 
quality, including its impact on the fruit metabolite profile, was exam
ined for five autochthonous apple accessions and compared with one 
reference and commercial cultivar, ‘Gala’.

2. Material and methods

2.1. Plant material

A total of 36 apple genotypes [Malus x domestica Borkh], including 
25 diploid and 11 triploid accessions, were studied. These comprised 27 
mountainous autochthonous landraces and nine non-Spanish commer
cial cultivars (Table 1). The plant material analyzed in this study belongs 
to the apple collection of the CITA which is distributed across five 
different growing sites at varying altitudes in northeastern Spain: 
Montañana (202 m); Ligüerre (483 m); Aínsa (569 m); Bescós de Gar
cipollera (929 m); and Albarracín (1182 m). These sites were classified 
as ‘Low’, ‘Medium’, ‘High’ or ‘Very High’ according to their altitude. Six 
of the previous mentioned 36 genotypes (‘Allueva’, ‘Esperiega de Ade
muz’, ‘Gala’, ‘Pomera del País’, ‘Torres Albarra_01′, and ‘Vadiello_03’) 
were present at two different growing sites, and therefore at two 
different elevations, within the CITA collections (Fig. 1; Table 1).

For all the growing sites included in the CITA collection, apple or
chards were established with a planting spacing of 4 m x 5 m. For all the 
accessions, trees were grafted onto MM-106 rootstock to enhance vigor 
(semi-dwarfing rootstock) and disease resistance. All trees included in 
the present study were planted between 5 and 10 years prior to sam
pling. The training system employed was the open vase method, pro
moting optimal light penetration and air circulation. No support 
structure was used for the trees throughout the study period. Irrigation 
was supplied via a drip irrigation system, ensuring efficient water de
livery directly to the root zone. The soils at the experimental areas are 
characterized as slightly alkaline, non-calcareous sandy loam, with a pH 
from 7.2 to 8.1, organic matter content from 6.9 % to 7.9 %, and nutrient 
levels adequate and in the ranges published before for apple cultivation, 
as confirmed by prior soil analysis. Orchards management practices, 
including fertilization, irrigation and winter pruning, were carried out as 
in a commercial plantation.

The mountainous autochthonous landraces were collected during 
various prospecting missions to mountainous areas of Aragón since 
2004. They were rescued from old orchards and abandoned lands in the 
Pyrenees and the Iberian System from NE Spain. After being confirmed 
as unique genotypes using SSR markers (Pereira-Lorenzo et al., 2017; 
Pina et al., 2014), they were vegetatively propagated for their incor
poration in the CITA collection.

Data on maximum and minimum temperatures ( ◦C), solar radiation 
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(MJ/m²), and precipitation (mm) from three meteorological stations 
(‘Santa Cilia de Jaca’, ‘Montañana’, and ‘Teruel’) near the study areas 
are provided in Supplementary File 1. All the meteorological data were 
obtained from the database provided by the Ministry of Agriculture, 
Fisheries, and Food using the weather station network of the Agro
climatic Information System for Irrigation (Sistema de Información 
Agroclimática para el Regadío - SiAR).

2.2. Fruit sampling

In 2018, thirty fruits were selected and harvested from each geno
type at each growing site for further analyses. Fruits were hand-picked at 
commercial maturity, which was determined through sensory evalua
tion (color, firmness, aroma, and taste) and confirmed by the starch- 
iodine test using the CTIFL scale determination (Planton, 1995), with 
a minimum maturity index of 6. The harvest date was recorded for each 
genotype, ranging from August to late October 2018, depending on the 
accession and the growing site. After harvest, fruits were immediately 
stored at the recommended temperature for apples (1 ◦C to 2 ◦C) 
(Porritt, 1964) and processed at CITA within 2 weeks.

2.3. Fruit quality traits evaluation

Harvest date and flesh firmness were recorded for each accession 
immediately after harvest according to UPOV (1974), IBPGR (Watkins 
and Smith, 1983) and Royo-Díaz et al. (2017) guidelines. Firmness was 
measured twice at the equatorial part of the fruit, on opposite cheeks, 
using a digital fruit firmness analyzer (TR Turoni, Forlí, Italy) with an 11 

mm plunger tip and the results were expressed in Newtons (N). Soluble 
solids content (SSC), titratable acidity (TA) and pH were determined 
from apple juice. Ten pieces of fruit from each accession were liquefied 
and filtered through a paper funnel (filter paper circles, folded, ø 185 
mm, Chmlab group, Barcelona, Spain). SSC was measured at 20 ◦C using 
a refractometer (Pocket Refractometer Pal-1, Atago, Tokyo, Japan) and 
expressed as ◦Brix. TA and pH were determined at 20 ◦C by titration with 
0.1 N NaOH to a pH end point of 8.1 (760-Sample Change, Metrohm, 
Herisau, Switzerland). Results were expressed as g malic acid per liter. 
Ripening index (RI) was determined based on the SSC/TA ratio.

2.4. Fruit total phenolics analyses

Total phenolics were analyzed in both fruit flesh and peel. A fresh 
sample composite of 5 g of flesh or 2 g of peel per accession and replicate 
was prepared from five fruits. Three replicates per accession of each 
tissue (flesh and peel) were sampled. Two replicates were frozen in 
liquid nitrogen and kept at − 20 ◦C until the extraction of the total 
phenolic content (TPC), while the third replicate was incubated at 65 ◦C 
for five days. The percentage of dry matter content ( %) for each 
accession and tissue samples were calculated by gravimetrically 
weighing each sample before and after five days of stove drying at 65 ◦C 
and used for calculating the results. The results were thus expressed in 
mg per 100 g of fresh weight (FW) and dry weight (DW).

For the total phenolics extraction, both flesh and peel samples (two 
repetitions per accession for each tissue) were homogenized in a T25D 
Ultra-Turrax (IKA-Werke GmbH, Staufen, Germany) with 10 mL of 
extraction solution [methanol/Milli-Q water, 80 % (v/v) + sodium 

Table 1 
Descriptive information of the 36 apple genotypes (27 accessions and nine commercial cultivars) assessed in this study.

N◦ Accession Name Origin Growing Site Growing Altitude Harvest Datea Ploidyb

1 Agorreta_03 Autochthone/Aragón Garcipollera High 290 3
2 Ainsa_09 Autochthone/Aragón Garcipollera High 269 2
3 Allueva * Autochthone/Aragón CITA/Albarracín Low/Very High 295/299 2
4 Badami Golden Commercial Albarracín Very High 276 2
5 Biescas_03 Autochthone/Aragón Garcipollera High 290 3
6 Biescas_10 Autochthone/Aragón Garcipollera High 297 2
7 Camuesa Castellano Autochthone/Aragón Ligüerre Medium 297 2
8 Esperiega de Ademuz * Autochthone/Aragón CITA/Ligüerre Low/Medium 298/258 2
9 Fuji Commercial CITA Low 260 2
10 Gala * Commercial CITA/Albarracín Low/ Very High 248/276 2
11 Gala Must Commercial CITA Low 233 2
12 Golden Smoothee Commercial Albarracín Very High 276 2
13 Granny Smith Commercial CITA Low 277 2
14 Isarre_01 Autochthone/Aragón Garcipollera High 269 2
15 Javierre del Obispo_01 Autochthone/Aragón Ligüerre Medium 269 3
16 Moscardón_01 Autochthone/Aragón Albarracín Very High 299 3
17 Moscardón_03 Autochthone/Aragón Albarracín Very High 299 3
18 Normando Autochthone/Aragón CITA Low 283 2
19 Pinova Commercial Albarracín Very High 289 2
20 Pomera de la Gaya Autochthone/Aragón Garcipollera High 290 2
21 Pomera del Pais * Autochthone/Aragón Ligüerre/Garcipollera Medium/High 270/290 2
22 Reineta Commercial CITA Low 247 3
23 Reineta de Calomarde Autochthone/Aragón CITA Low 233 3
24 Reineto Calomarde Autochthone/Aragón Albarracín Very High 299 3
25 Rojo Autochthone/Aragón Aínsa Medium 261 2
26 Royal Gala Commercial CITA Low 233 2
27 Royuela_01 Autochthone/Aragón CITA Low 233 3
28 San Juan de Toledo Autochthone/Aragón Aínsa Medium 297 2
29 Santa Eulalia_01 Autochthone/Aragón CITA Low 263 2
30 Torres Albarra_01 * Autochthone/Aragón Ligüerre/Garcipollera Medium/High 276/290 2
31 Torres Albarra_02 Autochthone/Aragón Garcipollera High 290 2
32 Tramacastilla_03 Autochthone/Aragón Ligüerre Medium 297 2
33 Vadiello_03 * Autochthone/Aragón CITA/Garcipollera Low/High 283/283 2
34 Verde Doncella Troteras Autochthone/Aragón Aínsa Medium 279 2
35 Yosa de Sobremonte_02 Autochthone/Aragón Garcipollera High 269 3
36 Yosa de Sobremonte_04 Autochthone/Aragón Ligüerre Medium 276 3

* Accessions assessed for the altitude study. Abbreviations: CITA, Centro de Investigación y Tecnología Agroalimentaria de Aragón.
a Harvest date was expressed in Julian Days;.
b Level of ploidy: 2, diploid; 3, triploid. Growing altitude: Low: < 300 m; Medium: 300–600 m; High: 600–1000 m; Very High: >1000 m.
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fluoride (NaF) at 2 mM]. Samples were centrifuged at 10,000 × g for 10 
min at 4 ◦C, and the supernatant was collected and stored in darkness at 
− 80 ◦C, while a second extraction was performed using the precipitate 
from the first extraction. Both supernatants were combined and stored 
until further analyses at − 80 ◦C.

TPC was assessed using the Folin-Ciocalteau method (Singleton and 
Rossi, 1965) with modifications. Standard calibration curves were daily 
prepared and eight different concentrations were used. A volume of 0.5 
mL of the extraction sample was mixed with 0.5 mL of Folin-Ciocalteau 
reagent (0.25 N). The sample was incubated for five minutes at room 
temperature before adding 0.5 mL of sodium carbonate [NaCO3, 7.5 % 
(w/v)] and 7 mL of Milli-Q water. The samples were then stored in the 
dark for one hour at room temperature. Absorbance was measured at 
760 nm, and the results were expressed in milligrams of gallic acid 
equivalents (GAE) per 100 g of fresh weight (FW) and per 100 g of dry 
weight (DW).

2.5. Fruit sugars analysis

Individual sugars were analyzed by UPLC as reported by Castel et al. 
(2020). Briefly, five grams of fresh apple flesh were crushed and ho
mogenized with 20 mL of Milli-Q water using a T25D Ultra-Turrax 
(IKA-Werke GmbH, Staufen, Germany) at room temperature. Then, 
samples were centrifuged at 10,000 × g for 10 min at 4 ◦C, and the 
supernatant was collected. A second extraction was performed with the 
precipitate of the first extraction adding 10 mL of Milli-Q water. Finally, 
the supernatants resulting from both extractions were filtered through a 
0.20 μm polyester (PET) syringe filter and stored until further analyses 
at − 80 ◦C.

Sugars were assessed using a Waters SUGAR-PAK I column (300 mm 
× 6.0 mm, Waters Chromatography, Cerdanyola del Vallés, Spain) with 
a mobile phase of 50 mg/L Na2Ca EDTA at 90 ◦C and a flow rate of 0.44 
mL/min. Individual sugars (glucose, fructose, sucrose, and the sugar- 
alcohol sorbitol) were identified by their characteristic retention 
times, using the appropriate standards. Total sugars were calculated as 
the sum of the four individual sugars identified by UPLC. Concentrations 
were expressed as grams per kilogram of fresh weight (FW).

2.6. Chemicals

All chemicals were of analytical grade. The sugar standards (sucrose, 
glucose, fructose, and sorbitol), Folin-Ciocalteau reagent, and sodium 
hydroxide (NaOH) were obtained from PanReac Química SA (Barcelona, 
Spain). Methanol (CH3OH) was purchased from Chem-Lab Analytical 
(Zedelgem, Belgium), while sodium carbonate (Na2CO3), sodium fluo
ride (NaF), and Na2Ca-EDTA were sourced from Sigma-Aldrich (Saint 
Louis, MO, USA).

2.7. Data analysis

Statistical analyses of the collected data for all accessions and com
mercial cultivars were carried out using R language (R Core Team, 2019) 
and SPSS Statistics software version 21.0 (IBM, New York, U.S.A.). The R 
packages used for statistical analysis included ggplot2; factoextra; Fac
toMineR; ggpubr; dplyr; Hmisc; and corrplot. The normality of the data 
for each trait was assessed using the Shapiro-Wilk test, which showed 
that glucose, total sugars, TA, and RI did not follow a normal distribu
tion. Therefore, a logarithmic transformation was applied to these four 

Fig. 1. Altitude (in m above sea level) of the seven growing sites assessed in this study and classification used accordingly. 1: Montañana, CITA (202 m); 2: Ligüerre 
(483 m); 3: Aínsa (569 m); 4: Bescós de Garcipollera (929 m); and 5: Albarracín (1182 m).
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parameters prior to the one-way analysis of variance analysis (ANOVA) 
(Supplementary File 2).

A one-way ANOVA was conducted to determine whether there were 
any statistically significant differences between the means of the eval
uated traits. Additionally, the effects of accession, ploidy (diploid / 
triploid), and origin of the accession (local - autochthonous / non- 
Spanish - commercial) were assessed. Pearson’s correlations and a 
principal component analysis (PCA) were then performed to better un
derstand how the studied traits contribute to the overall variability 
among the 36 sample genotypes. t-tests were also conducted to inves
tigate the effect of altitude on fruit biochemical traits in five different 
accessions (‘Allueva’, ‘Esperiega de Ademuz’, ‘Pomera del Pais’, ‘Torres 
Albarra_01′, and ‘Vadiello_03′) and one reference cultivar (‘Gala’), in 
order to determine if altitude had a significant impact on the fruit traits 
assessed.

3. Results

3.1. Fruit quality traits

All the fruit quality attributes analyzed in this study exhibited 
considerable variability among the 36 genotypes assessed (Table 2; 
Supplementary File 3) both within and between each growing site. The 
pH of the fruit varied from 3.09 (in ‘Royal Gala’ grown at CITA) to 5.94 
(in ‘San Juan de Toledo’ at Aínsa), while the titratable acidity (TA) 
ranged from 1.42 g malic acid/L (in ‘Verde Doncella Troteras’ at Aínsa) 
to 11.62 g malic acid/L (in ‘Agorreta_03′ at Bescós de Garcipollera). 
Flesh firmness at ripening varied from 39.69 N (in ‘Gala’ at CITA) to 
118.97 N (in ‘Reineta de Calomarde’ at CITA). Similarly, the soluble 
solids content (SSC) ranged from 11.10◦Brix (in ‘Royuela_01′ at CITA) to 
18.40◦Brix (in ‘Allueva’ at Albarracín), while ripening index (RI=SSC/ 
TA) ranged from 1.43 (in ‘Royuela_01′at CITA) to 9.23 (in ‘Verde Don
cella Troteras’ at Aínsa).

3.2. Fruit total phenolic content

The total phenolic content (TPC) in the peel varied greatly among 
apple accessions (Table 2; Supplementary File 3), ranging from 52.04 
mg GAE/100 g FW (‘Torres Albarra_02′ grown at Bescós de Garcipollera) 
to 289.15 mg GAE/100 g FW (‘Biescas_03′ at Bescós de Garcipollera), 
and from 153.04 mg GAE/100 g DW (‘Torres Albarra_02′ at Bescós de 
Garcipollera) to 963.26 mg GAE/100 g DW (‘Moscardon_01′ at Albar
racín) (Table 2). Similarly, the TPC in the fruit flesh ranged from 6.31 
mg GAE/100 g FW (in ‘Gala Must’ at CITA) to 114.62 mg GAE/100 g FW 

(in ‘Torres Albarra_01′ at Bescós de Garcipollera), and from 45.06 mg 
GAE/100 g DW (in ‘Gala Must’ at CITA) to 628.62 mg GAE/100 g DW (in 
‘Moscardon_03’ at Albarracín). The average ratio between Peel TPC and 
Flesh TPC when expressed in FW basis was around 4, while the average 
ratio between Peel TPC and Flesh TPC was around 2 in DW basis since 
the peel dry matter content ( %) almost doubles flesh dry matter content 
( %).

3.3. Fruit sugars composition

Regarding the individual sugars (Table 2; Supplementary File 3), 
fructose was the most abundant individual sugar in the fruit in g/kg FW 
(70.30 ± 15.62), followed by sucrose (52.25 ± 15.71), glucose (20.11 ±
9.48) and finally sorbitol (11.09 ± 5.71). The sucrose content varied 
considerably among different accessions and cultivars, ranging from 
24.73 g/kg FW (in ‘Torres Albarra_01′ grown at Bescós de Garcipollera) 
to 78.09 g/kg FW (in ‘Badami Golden’ at Albarracín) (Table 2). Glucose 
levels ranged from 5.54 g/kg FW (‘San Juan de Toledo’ at Aínsa) to 
44.15 g/kg FW (in ‘Torres Albarra_01′ at Bescós de Garcipollera), while 
fructose levels ranged from 42.91 g/kg FW (‘Moscardón_01′ at Albar
racín) to 101.60 g/kg FW (‘Badami Golden’ at Albarracín). Finally, the 
sugar-alcohol sorbitol varied from 2.22 g/kg FW (in ‘Gala Must’ at CITA) 
to 27.29 g/kg FW (in ‘Esperiega de Ademuz’ at Ligüerre). Total sugars 
values, which corresponded to the sum of the four individual sugars 
assessed (sucrose, glucose, fructose and sorbitol) varied significantly 
among samples, ranging from 111.57 g/kg FW (in ‘Royuela_01′ at CITA) 
to 217.09 g/kg FW (in ‘Golden Smoothee’ at Albarracín).

3.4. Factors influencing apple fruit quality

The ANOVA analysis revealed significant differences (P ≤ 0.001) 
among all the apple accessions assessed in the present study for each 
trait evaluated (Table 2; Supplementary File 3). Additionally, both 
ploidy (diploid/triploid) and the origin of the accession (local autoch
thonous landraces/non-Spanish commercial and reference cultivars) 
had significant effects on some of the parameters assessed (P ≤ 0.5; P ≤
0.001) (Table 2). Specifically, ploidy played a crucial role in pH, TA, RI, 
TPC in the flesh, and sucrose levels (Fig. 2). Sucrose, TPC and TA values 
were higher in triploid accessions such as ‘Reineta’, ‘Biescas_03′, 
‘Moscardon_01′, ‘Moscardon_03′, or ‘Agorreta_03′. In contrast, triploid 
accessions exhibited lower pH and RI values. Regarding to the origin 
effect, Spanish autochthonous accessions, such as ‘Moscardon_03′, ‘Yosa 
de Sobremonte_04′, ‘Allueva’, ‘Camuesa Castellano’, and ‘Torres 
Albarra_01′, among others, displayed higher TPC levels and reached 

Table 2 
Basic statistics for the fruit quality traits for the 36 genotypes assessed. Units, mean values, minimum, maximum, standard deviation (SD), and one-way ANOVA results 
for the sources of variation in each attribute are shown.

Units Mean Minimum Maximum SD Source of variation

Accession Ploidy Origin

Harvest Date Julian days 276 233 299 20.03 * ns *
Firmness Newtons 79.77 39.69 118.97 14.41 *** ns ns
pH - 4.37 3.09 5.94 0.67 *** * ns
TA g/L 4.96 1.42 11.62 2.50 *** *** ns
SSC ◦Brix 15.03 11.10 18.40 1.58 *** ns ns
RI - 3.95 1.43 9.23 2.13 *** *** ns
Peel TPC/FW mg GAE/100 g FW 157.42 52.04 289.15 62.47 *** ns ns
Peel TPC/DW mg GAE/100 g DW 533.12 153.04 963.26 218.98 *** ns ns
Flesh TPC/FW mg GAE/100 g FW 47.53 6.31 114.62 25.17 *** * ***
Flesh TPC/DW mg GAE/100 g DW 284.51 45.06 628.62 146.53 *** *** ***
Sucrose g/kg 52.25 24.73 78.09 15.71 *** *** ns
Glucose g/kg 20.11 5.54 44.15 9.48 *** ns ns
Fructose g/kg 70.30 42.91 101.60 15.62 *** ns ns
Sorbitol g/kg 11.09 2.22 27.29 5.71 *** ns ns
Total Sugars g/kg 153.75 111.57 217.09 28.22 *** ns ns

Statistical significance at ***: P ≤ 0.001; *: P ≤ 0.05; ns: not significant. Abbreviations: TPC, total phenolics content; GAE, Gallic acid equivalent; FW, Fresh weight; 
DW, Dry weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index.
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maturity (harvest date) later compared to non-Spanish commercial 
cultivars, such as ‘Gala Must’, ‘Gala’, ‘Royal Gala’, ‘Fuji’, and ‘Granny 
Smith’.

3.5. Correlations between quality parameters and principal component 
analysis (PCA)

Statistical correlation analyses were performed combining the results 
obtained from the fruit quality, total phenolic content, and individual 
sugar profiles. Significant correlations (P ≤ 0.01 and P ≤ 0.05) were 
found between different physicochemical traits assessed in this study 
(Fig. 3; Supplementary File 4). As expected, total sugars were positively 
correlated with individual sugars (r = 0.536 for sucrose, r = 0.437 for 
glucose, r = 0.832 for fructose and, r = 0.465 for sorbitol), with fructose 
showing the highest correlation coefficient, thus contributing most to 
the total sugars content. Similarly, glucose was positively correlated 
with fructose (r = 0.518) and negatively correlated with sucrose (r =
-0.412).

The flesh TPC (both in fresh and dry weight) was positively corre
lated with TPC in the fruit peel (FW: r = 0.451; DW: r = 0.453). As 
expected, TPC values for both peel and flesh, when expressed on a fresh 
weight basis, were highly correlated with their corresponding expressed 
on a dry weight basis (r = 0.946 and r = 0.942, respectively). 

Additionally, TA was negatively correlated with pH (r = - 0.402) but 
positively associated with peel TPC (FW: r = 0.410; DW: r = 0.448). 
Furthermore, RI was negatively correlated with peel TPC (r = - 0.392 in 
FW basis and r = - 0.413 in DW basis).

In addition, a principal component analysis (PCA) was performed to 
assess the distances between all studied accessions and cultivars based 
on the measured fruit attributes and to understand how these traits 
contribute to the separation of the apple accessions and cultivars 
(Fig. 4). The first two PCs, PC1 and PC2, accounted for 31.9 % and 18.3 
% of the total variability, respectively. Together, the first two PCs, 
explained 50.2 % of the total variance of the dataset.

Interestingly, the loadings of PC1 indicated that the separation along 
this component was primarily influenced by biochemical traits, such as 
peel and flesh TPC and TA. Samples on the positive side of PC1, which 
mainly included commercial non-Spanish and diploid cultivars such as 
‘Granny Smith’, ‘Gala’, and ‘Fuji’, generally exhibited lower TPC and TA 
values compared to autochthonous accessions. In contrast, accessions on 
the negative side of PC1, which predominantly consisted of local 
mountainous autochthonous landraces such as ‘Allueva’, ‘Yosa de 
Sobremonte_04′, ‘Moscardon_01′, and ‘Moscardon_03′, typically showed 
higher TPC values in both peel and flesh. The PCA also revealed that 
triploid accessions clustered on the negative side of the PC1, indicating a 
tendency toward higher TPC levels. Only two triploid accessions, ‘Jav
ierre del Obispo_01′ and ‘Yosa de Sobremonte_02’ were plotted on the 
positive side of PC1.

Furthermore, PC2 was primarily explained by sugar-related param
eters (SSC, sorbitol, glucose, and RI). Accordingly, accessions plotted on 
the positive side of PC2, exhibited higher SSC and glucose values, 
including ‘Torres Albarra_01′ and ‘Vadiello_03′. On the other hand, a 
group of non-Spanish commercial cultivars (‘Gala’, ‘Gala Must’, ‘Royal 
Gala’, ‘Granny Smith’, ‘Pinova’, ‘Fuji’, ‘Golden Smoothee’, and ‘Badami 
Golden’) with similar organoleptic fruit quality profiles clustered 
together in the PCA (Fig. 4). Notably, ‘Reineta’ was the only accession 
that separated from the rest of the non-Spanish commercial cultivars 
included in the study. Nevertheless, it is important to note that ‘Reineta’ 
is the only triploid non-Spanish accession in this research. The PCA re
sults suggested that both origin and ploidy play a major role in the 
segregation of accessions based on their fruit quality profiles.

3.6. Altitude effect on apple fruit quality

The effect of altitude on physical and biochemical attributes of five 
apple accessions and one commercial cultivar included in the present 
study is summarized in Table 3 and Fig. 5. A significant altitude effect on 
fruit firmness was observed for the reference cultivar ‘Gala’ and the 
‘Pomera del Pais’ accession, while no significant effect was found for the 
other four accessions. In both cases, fruit firmness was higher for fruit 
grown at higher altitudes. For the commercial cultivar ‘Gala’, firmness 
ranged from 39.69 N at CITA (202 m) to 67.33 N at Albarracín (1182 m), 
whereas for the autochthonous local accession ‘Pomera del Pais’ fruit 

Fig. 2. Effect of apple ploidy on a) fruit basic quality traits; b) total phenolic content (TPC) of fruit flesh and peel; and c) individual and total sugar concentrations for 
the 36 genotypes assessed in this study. For each attribute mean ± standard error are shown. Statistical significance according to one-way ANOVA for ploidy effects 
at ***: P ≤ 0.001 and *: P ≤ 0.05. Abbreviations: TA, titratable acidity; TPC, total phenolic content; SSC, soluble solids content; RI, ripening index; FW, fresh weight; 
DW, dry weight. Units: TA, g/L; SSC,◦Brix; TPC, mg GAE/100 g; Sugars, g/kg.

Fig. 3. Pearson’s correlation coefficients between fruit quality traits in the 36 
apple genotypes assessed in this study. The size of the circle for each correlation 
depicts the magnitude of the Pearson’s correlation coefficient whereas the color 
depicts its direction (positive or negative). Only significant coefficients were 
drawn. Abbreviations: TPC, total phenolic content; FW, fresh weight; DW, dry 
weight; TA, titratable acidity; SSC, soluble solids content; RI, ripening index.
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firmness varied from 74.68 N at Ligüerre (483 m) to 86.63 N at Bescós de 
Garcipollera (929 m).

Regarding the TPC in fruit peel expressed on a fruit dry weight basis, 
no significant effect of growing altitude was observed for any of the 

studied accessions. However, for the autochthonous accessions ‘Torres 
Albarra_01′ and ‘Vadiello_03′, a significant altitude effect was observed 
on TPC in the fruit peel when expressed in fresh weight basis, but in 
opposite directions for both accessions. The TPC concentration in the 

Fig. 4. Principal component analysis of eleven fruit quality traits assessed in the 36 apple genotypes evaluated in this study. The different colors of the accession’s 
labels represent their origin: mountainous autochthonous accessions, such as those from the Pyrenees, and commercial non-Spanish cultivars. Point shape indicates 
accesions ploidy (diploid or triploid). According to the six genotypes included in the altitude study, the PCA incorporates data from both altitudes for each accession, 
with samples labelled as corresponding to ‘low’, ‘medium’, ‘high’, and ‘very high’ altitude respectively. Abbreviations: TPC, total phenolics content; FW, fresh weight; 
DW, dry weight; TA, titratable acidity; SSC, soluble solids content; RI, ripening index.

Table 3 
Effect of growing altitude (low, medium, high or very high) on fruit physical and biochemical quality attributes for five apple accessions and one commercial cultivar 
used as reference.

Firmness Peel TPC/ 
FW

Peel TPC/ 
DW

Flesh TPC/ 
FW

Flesh TPC/ 
DW

Sucrose Glucose Fructose Sorbitol Total 
Sugars

Accession 
name

Growing 
Altitude

​ N mg GAE/ 
100 g FW

mg GAE/ 
100 g DW

mg GAE/ 
100 g FW

mg GAE/ 
100 g DW

g/kg g/kg g/kg g/kg g/kg

Allueva Low Mean 66.74 181.40 566.87 98.92 494.61 53.65 8.12 46.42 22.09 130.28
SD 23.28 21.32 66.61 0.62 3.10 0.12 0.57 0.14 0.03 0.80

Very High Mean 82.91 181.23 584.62 61.20 359.97 48.12 16.18 50.54 11.69 126.53
SD 13.74 13.85 44.68 12.65 74.41 0.57 0.16 0.22 0.19 0.01

Sig. ns ns ns ns ns * * * * ns
Esperiega de 

Ademuz
Low Mean 79.38 101.62 406.48 41.71 278.06 30.67 23.30 68.52 7.86 130.35

SD 8.39 25.91 103.65 6.14 40.91 0.78 0.98 0.62 0.08 0.75
Medium Mean 84.57 149.20 552.58 53.92 385.16 40.57 14.01 48.57 27.29 130.44

SD 6.68 6.57 24.33 3.67 26.20 2.25 0.05 0.27 0.10 2.58
Sig. ns ns ns ns ns ns * * * ns

Gala Low Mean 39.69 137.27 549.06 14.61 104.36 46.44 14.40 60.44 3.36 124.64
SD 4.67 16.55 66.21 1.15 8.20 0.03 0.55 0.33 0.02 0.84

Very High Mean 67.33 157.54 543.25 58.07 322.59 62.12 10.90 79.09 11.94 164.05
SD 22.73 16.32 56.26 4.36 24.21 0.30 0.16 0.28 0.03 0.45

Sig. * ns ns * * * ns * * *
Pomera del 

Pais
Medium Mean 74.68 188.83 726.27 37.14 232.11 41.98 12.44 71.88 6.68 132.98

SD 1.01 34.87 134.13 17.71 110.72 0.70 1.14 0.48 0.01 2.33
High Mean 86.63 90.60 266.46 41.57 188.96 47.75 14.58 81.85 8.71 152.89

SD 9.94 0.56 1.66 4.02 18.27 0.40 0.04 0.58 0.10 0.93
Sig. * ns ns ns ns * ns * * *

Torres 
Albarra_01

Medium Mean 63.41 146.55 488.48 66.60 369.98 30.85 29.93 70.94 13.44 145.16
SD 10.21 13.97 46.57 7.37 40.94 0.17 0.21 0.16 0.03 0.17

High Mean 62.23 232.75 646.52 114.62 545.79 24.73 44.15 88.77 15.85 173.50
SD 3.31 8.19 22.76 2.83 13.49 1.27 1.77 2.80 0.50 6.34

Sig. ns * ns * ns ns ns ns ns ns
Vadiello_03 Low Mean 75.95 184.06 541.36 46.99 223.76 63.43 13.93 63.51 7.76 148.63

SD 8.25 6.98 20.53 4.48 21.34 1.51 0.02 0.15 0.04 1.67
High Mean 70.56 133.90 478.20 67.96 357.66 36.40 36.22 76.26 10.82 159.70

SD 2.92 10.56 37.73 2.09 10.98 1.29 2.98 0.34 0.04 4.65
Sig. ns * ns ns * * ns * * ns

Statistical significance at *: P ≤ 0.05; ns: not significant. Abbreviations: SD, Standard deviation; Sig., signification according to the t-Tests; TPC, total phenolics content; 
GAE, Gallic acid equivalent; FW, Fresh weight; DW, Dry weight; SSC, soluble solids content; TA, titratable acidity; RI, ripening index.
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peel of ‘Torres Albarra_01′ increased from 146.55 at Ligüerre (483 m) to 
232.75 mg GAE/100 g FW at Bescós de Garcipollera (929 m), whereas 
for ‘Vadiello_03’, a decrease in TPC was observed at higher altitude, 
from 184.06 at CITA (202 m) to 133.90 mg GAE/100 g FW at Bescós de 
Garcipollera (929 m). No significant altitude effect on peel TPC/FW was 
observed in the other four accessions.

In relation to flesh TPC, both ‘Gala’ and ‘Torres Albarra_01′ acces
sions showed significantly lower TPC values in the fruit grown at lower 
altitudes compared to those fruits grown at higher altitudes when 
measured in fresh weight. For ‘Gala’, flesh TPC increased from 14.61 at 
CITA (202 m) to 58.07 mg GAE/100 g FW at Albarracín (1182 m), while 
for ‘Torres Albarra_01′, TPC increased from 66.60 at Ligüerre to 114.62 
mg GAE/100 g FW at Bescós de Garcipollera. No significant altitude 
effect was observed in the other four accessions for flesh TPC in FW. 
When measured in dry weight (DW), both ‘Gala’ and ‘Vadiello_03′ 
showed an increase in flesh TPC with altitude. For ‘Gala’, TPC increased 
from 104.36 at CITA to 322.59 mg GAE/100 g DW at Albarracín, while 
for ‘Vadiello_03’ flesh TPC increased from 223.76 at CITA to 357.66 mg 
GAE/100 g DW at Bescós de Garcipollera. No significant effect was 
observed for flesh TPC in DW in the other four accessions.

Concerning individual sugars, fructose, the predominant sugar in 
apple fruit, was strongly influenced by growing altitude. For all the 
studied accessions, fructose concentration increased with altitude, 
except for the ‘Esperiega de Ademuz’ accession, where fructose 
decreased from 68.52 at low altitude to 48.57 g/Kg FW at medium 
altitude. A similar trend was observed for sorbitol content. Sorbitol 
concentrations increased with altitude for all apple accessions, except 
for ‘Allueva’, where it decreased from 22.09 at CITA (202 m) to 11.69 g/ 
Kg FW at Albarracín (1182 m). No significant altitude effect was 
observed on any individual sugar for ‘Torres Albarra_01′. On the other 
hand, the effect of altitude varied depending on the accession. Glucose 
decreased with altitude in ‘Esperiega de Ademuz’ (from 23.30 at CITA, 
202 m, to 14.01 g/Kg at Ligüerre, 483 m), while it increased in ‘Allueva’ 
(from 8.12 at lower altitude vs. 16.18 g/Kg at higher altitude). For 

sucrose, the trend was also dependent on the accession. In ‘Vadiello_03′, 
lower sucrose values were obtained at higher altitude (63.43 at Cita, 202 
m, to 36.40 g/Kg at ‘Bescós de Garcipollera’, 929 m), while an increase 
in sucrose content with altitude was found in both ‘Gala’ (46.44 at CITA, 
202 m, to 62.12 g/Kg at Albarracín, 1182) and ‘Pomera del Pais’ (41.98 
at Ligüerre, 483 m, to 47.75 g/Kg at Bescós de Garcipollera, 929 m).

A significant effect of altitude was also observed on the total sugars 
content in the fruit for both ‘Gala’ and ‘Pomera del Pais’. In both sam
ples, the higher the altitude at which the fruits were grown, the higher 
the total sugars concentration. Specifically, total sugar content increased 
from 124.64 to 164.05 g/Kg in ‘Gala’, and from 132.98 to 152.89 g/Kg 
in ‘Pomera del Pais’.

4. Discussion

The present study had two main objectives. The first was to char
acterize the organoleptic quality of 36 apple genotypes from the CITA 
germplasm bank. The second was to examine the effect of altitude on 
five apple accessions and one commercial cultivar (‘Gala’) grown at two 
different altitudes.

The values of biochemical traits observed was within the ranges 
described for Malus x Domestica Borkh cultivars regarding fruit quality 
traits (Aprea et al., 2017; Mignard et al., 2021a), as well as for physi
cochemical attributes such as peel and flesh phenolics (Cvetković et al., 
2024; Mignard et al., 2021a) and individual sugars (Aprea et al., 2017; 
Castel et al., 2020; Cvetković et al., 2024; Mignard et al., 2022). As 
expected, the 36 apple accessions exhibited considerable variability 
across the studied parameters, consistent with previous reports (Cice 
et al., 2023; Drogoudi et al., 2008; Mignard et al., 2023b; Millán-Laleona 
et al., 2023). This genetic variability, with accessions identified as 
unique genotypes by Pina et al. (2014) and Pereira-Lorenzo et al. (2017), 
contributed to the variation in both physical and biochemical fruit 
traits, highlighting the important contribution of autochthonous 
apple phytogenetic resources to genetic diversity.

Fig. 5. Altitude-effect on fruit quality traits for five apple accessions and one commercial cultivar ‘Gala’. Statistical significance according to the t-Tests at *: P ≤
0.05. Abbreviations: TPC, total phenolics content; FW, fresh weight; DW, dry weight; TA, titratable acidity; RI, ripening index. Units: TPC, mg GAE/100 g sample; 
Sugars, g/kg; Firmness, Newtons.
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The significant positive correlations between total sugars and indi
vidual sugars (sucrose, glucose, fructose, and sorbitol) were consistent 
with known metabolic pathways in apples (Aprea et al., 2017). The 
positive correlation between glucose and fructose, along with the 
negative correlation between glucose and sucrose, reflects the inter
connectedness of these sugars in both primary and secondary fruit 
metabolism (Durán-Soria et al., 2020). Changes in their concentra
tions can indicate different stages of ripening and responses 
against biotic and abiotic stresses. Moreover, fructose, which had the 
highest correlation with total sugars, is the major contributor to the 
overall sweetness of apples and plays a key role in consumer satisfaction 
(Davies et al., 2022).

The negative correlation between ripening index and peel TPC is also 
noteworthy. During ripening, starch is converted into sugars, enhancing 
apple fruit sweetness and texture (Aprea et al., 2017). This process likely 
explains why sweeter fruits with higher sugar content tend to have lower 
phenolics concentrations, reflecting a trade-off between primary and 
secondary metabolites, as reported in previous studies (Aprea et al., 
2017; Caretto et al., 2015). Additionally, TA was positively correlated 
with peel TPC, suggesting that more acidic apples may have higher 
antioxidant capacities, as phenolics contribute to both acidity and 
antioxidant properties (Cvetković et al., 2024).

Although the one-way ANOVA revealed significant variation based 
on accession origin only for TPC in flesh, it is interesting to note that 
non-Spanish commercial cultivars such as ‘Fuji’, ‘Gala’, ‘Golden’ and 
relatives tended to cluster together in the PCA, indicating similar 
biochemical profiles. Previous studies on a large set of apple genotypes 
conserved in seven Spanish collections (1453 diploid accessions) 
allowed the discrimination of an Iberian gene pool of apple cultivars, 
which were separated from a wide set of foreign cultivars using a 
common set of microsatellites markers (Pereira-Lorenzo et al., 2017). 
Additionally, Mignard et al. (2023a) revealed that Spanish native ac
cessions (94, comprising 72 diploid and 22 triploid accessions) from the 
apple germplasm bank established at the Experimental Station of Aula 
Dei (EEAD-CSIC) stand out for their distinct organoleptic and nutritional 
qualities when compared to non-Spanish cultivars (92, comprising 78 
diploid and 14 triploid accessions), which tend to group together.

Changes in modern apple phenotypes, including polyphenolics con
tent, soluble solids content, and flesh firmness, have been observed over 
the centuries, with a reduction in phenolics linked to a decrease in 
bitterness (Davies et al., 2022). High phenolics content in apples is 
associated with important health-promoting properties but, it is also 
linked to increased enzymatic browning (Miranda et al., 2023) and 
sometimes to astringent or bitter flavors. As a result, some breeding 
programs have historically focused on improving the visual appeal and 
flavour of fruit, often unintentionally leading to a reduction in phenolic 
content. This highlights the need for a more balanced breeding approach 
that preserves both nutritional and organoleptic quality (Watts et al., 
2021). In this study, most of the local mountainous apple accessions 
contained a higher phenolic content than commercial cultivars and can 
therefore be considered a better source of bioactive compounds 
(Drogoudi et al., 2008; Millán-Laleona et al., 2023). In conclusion, ‘New 
World’ cultivars generally have lower phenolic content than ‘Old 
World’ cultivars, although there is an increasing focus and interest 
on improving fruit quality, including phenolic content and anti
oxidant bioactive compounds for their human health benefits 
(Bars-Cortina et al., 2017; Gibney et al., 2019; Ho et al., 2020; Mill
án-Laleona et al., 2023; Tamura et al., 2020).

Indeed, ‘Reineta’ was the only non-Spanish cultivar that was 
distinctly separated from the other commercial cultivars in the PCA 
analysis, and it was also the only non-Spanish triploid cultivar. As noted 
in previous studies (Greaves et al., 2024; Mignard et al., 2022), triploid 
accessions typically exhibited different biochemical profiles, with 
higher levels of bioactive compounds, titratable acidity, and carbohy
drate content. Despite their relatively low fertility, triploid accessions 
could be valuable resources for future breeding programs due to their 

favorable organoleptic and nutritional traits. Factors such as ploidy 
(diploid/triploid) and origin (autochthonous accession/non- 
Spanish commercial cultivar) underscore the key role of geno
type in shaping the physicochemical attributes of apple.

Apple production at high altitudes is currently present in many 
regions of Spain, especially in Soria, Aragón and Catalonia (Iglesias 
et al., 2018). A few studies from different countries, such as Italy (Donati 
et al., 2006; Stainer et al., 2000), Spain (Iglesias et al., 2016; 2018) and 
New Zealand (Chagné et al., 2016; Iglesias et al., 2016), have high
lighted the significant influence of temperature, in particular differences 
between valley and hilly areas, on key fruit quality parameters such as 
firmness, crushable acidity, which increase in higher altitude areas, as 
well as slower ripening rates. Understanding the variation in these traits 
is essential for improving fruit quality and promoting sustainable and 
local agricultural practices. In our study, differences in some of these 
parameters have also been observed. Notably, the ‘Gala’ and ‘Pomera del 
Pais’ accessions showed a significant increase in fruit firmness at higher 
altitudes. As reported by other studies, fruit firmness may increase with 
altitude because of temperature and solar radiation, which can induce 
changes in cell wall structure associated with calcium absorption and 
the duration of the cell division period, both of which are positively 
influenced by altitude (Charles et al., 2018; Navarro-Serrano et al., 
2020). Nevertheless, flesh firmness, in hilly regions, can be greater 
compared to that of the same cultivar grown in valley sites but for a 
similar ripening stage, measured by the starch-iodine test (Donati et al., 
2006: Iglesias et al., 2018). However, the lack of significant effects on 
the other four accessions suggests that altitude influences some varieties 
more than others, likely due to genetic background differences in fruit 
development and ripening.

New traits that may be influenced by altitude have been also assessed 
in this study such as bioactive compounds (such as polyphenols) and 
individual sugar profiles of apple autochthonous accessions from both 
valley and hilly regions. Interestingly, no significant altitude-effect on 
TPC in fruit peel was observed when expressed on a dry weight basis. 
However, on a fresh weight basis, TPC varied significantly for ‘Torres 
Albarra_01′ and ‘Vadiello_03′. For ‘Torres Albarra_01′, TPC increased 
with altitude, while it decreased for ‘Vadiello_03′. In the flesh, ‘Gala’, 
‘Torres Albarra_01′, and ‘Vadiello_03′ showed significant increases in 
TPC at higher altitudes, suggesting that cooler temperatures, 
increased temperature range between day and night, and increased 
light and UV exposure may enhance phenolic biosynthesis (Li et al., 
2013; Mignard et al., 2021a). Similar findings were reported by Li et al. 
(2021a) for ‘Gala’ and other accessions in China. This indicates a com
plex interaction between environmental factors and genetic traits. Total 
phenolics play a key role in protecting fruits from UV and high light 
exposure (Li et al., 2013), and their accumulation is likely linked to the 
photoprotective function of phenolics under intense UV radiation (Li 
et al., 2013). Previous studies have also shown that agroclimatic con
ditions can boost phenolic content in apple peel (Karagiannis et al., 
2020; Li et al., 2021a) and flesh (Mignard et al., 2021a), suggesting a 
shared regulatory mechanism for phenolic compound accumulation 
across different fruit tissues, with increased light and UV exposure. The 
response of phenolic compounds to altitude varied in both 
magnitude and intensity depending on the genetic background of 
the apple accessions.

Furthermore, the study emphasized the strong influence of altitude 
on sugar concentrations, particularly fructose and sorbitol. Li et al. 
(2021b) reported an increase in sucrose at higher altitudes for ‘Gala’, 
consistent with our findings. While similar trends were observed for 
other sugars, further comparisons for ‘Gala’ were not statistically sup
ported. The significant increase in fructose with altitude, except for 
‘Esperiega de Ademuz’, suggests that higher altitudes may promote 
sugar accumulation, likely due to slower fruit development and 
ripening, allowing for greater carbohydrate synthesis (Iglesias et al., 
2018; Tijero et al., 2021). However, the variation in sugar content 
among accessions, especially the contrasting effects on glucose and 
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sucrose, highlights the complexity of fruit metabolism influenced by 
both altitude and genetic factors. Notably, the increased total sugar 
content in ‘Gala’ and ‘Pomera del Pais’ with altitude reinforces the idea 
that altitude can significantly enhance fruit sweetness, a key trait 
for consumer acceptability. This emphasizes the potential for growers 
to select high-altitude sites to improve the sweetness and overall quality 
of apple crops. Indeed, the Pyrenees and the mountainous Iberian Sys
tem, characterized by a diverse climate and rich ecological diversity, are 
home to many endemic species (Pironon et al., 2022). This biodiver
sity, combined with the region’s climatic conditions, makes the 
Pyrenees and the mountainous Iberian System from in north
eastern Spain a key area for agricultural adaptation, particularly in 
the context of climate change.

5. Conclusions

This study highlights the high biodiversity present in apples from the 
northeastern region in Spain, represented by the CITA apple collection, 
particularly in terms of organoleptic and nutritional qualities. Spanish 
accessions exhibited higher phenolic content, while their sugar profiles 
varied widely depending on the accession’s origin and genetic back
ground. These findings underscore the importance of preserving 
autochthonous phytogenetic resources. Despite the study’s limitations, 
with data collected from only one year, the notable differences observed 
in the same accessions grown in distinct regions emphasize the crucial 
influence of geographic location and more specifically of the altitude in 
shaping organoleptic profiles. In particular, the higher total phenolic 
content (TPC) observed in accessions grown at higher altitudes may be 
associated with an enhanced antioxidant potential, suggesting possible 
positive implications for human health. The variation in bioactive 
compounds, such as polyphenols and carbohydrates, in relation to alti
tude underscores the need for further research into how different 
growing conditions can influence the human health benefits of apples, 
especially considering the combined effect of phenolic compounds and 
sugar composition on nutritional quality and consumer intake. More
over, in addition to biochemical and organoleptic traits, agronomic 
performance parameters, such as yield, fruit size, fruit color, and 
tolerance to major diseases, are critical. All these traits strongly depend 
on the adaptability and resilience of the cultivars, which are essential for 
both autochthonous accessions and commercial cultivars to support 
sustainable production, benefiting both environmental conservation and 
growers’ profitability.
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