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Flavour inconsistency in Fragaria x ananassa remains a challenge, largely due to historical breeding focused on
yield over sensory traits. Flavour results from organoleptic and bioactive compounds shaped by cultivar (G),
environment (E) and their interaction (GXE). Four strawberry cultivars (Clery, Frida, Gariguette, Sonata) were
evaluated across five European environments employing an integrative approach combining metabolomics and
transcriptomics. This approach revealed elevated temperatures accelerate the start of the harvest season and
shorten fruit development duration. GXE interactions critically influenced flavour compounds accumulation,
indicating cooler temperatures during fruit development favor the accumulation of sugars and y-decalactone.
Integrative analysis identified cultivar-specific and environmentally stable transcriptional patterns, including
promising candidate genes involved in the biosynthesis and degradation of flavour relevant compounds, and
revealing starting points for strawberry flavour improvement and stabilization. Our findings highlight the central
role of GXE interactions in shaping strawberry flavour profile and emphasize the need for multi-environment
trials to support resilient flavour enhancement in future breeding programs.

1. Introduction

The concept of «fruit quality» encompasses a complex array of
intrinsic and external attributes that significantly influence both market
value and consumer preference (Kyriacou & Rouphael, 2018). Among
these, flavour—defined as a composite of taste and aroma—has been
identified as one of the critical aspects guiding consumer return buy and
product acceptance (Briickner, 2008; Callahan, 2003).

Cultivated strawberry (Fragaria x ananassa Duch.), globally one of
the most economically important and nutritional valuable fruits,
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occupies a prominent position in the European market due to its sensory
characteristics. The harmonious blend of complex flavours, vibrant
pigmentation, succulent texture and rich micronutrient content—such
as vitamin C, folate and phenolic compounds—enhances its organoleptic
appeal and its health-promoting properties (Colquhoun et al., 2012). In
2022, these attributes contributed to a global production of 9.6 million
tonnes, with Europe alone producing 1.8 million tonnes (FAOSTAT,
2023). However, over the past decade, consumer surveys have high-
lighted growing dissatisfaction with the diminished flavour of
commercially available fruits (Barrett et al., 2010; Bruhn et al., 1991;
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Ferngvist & Hunter, 2012; Klee & Tieman, 2018).

In the case of strawberries, it has been suggested that the reduction in
sensory quality correlates with a significant decrease —estimated at
approximately 35%—in the genetic diversity over the past five decades,
leading to consequences for the crop's metabolic and quality profiles
(Aharoni et al., 2004; Gil-Ariza et al., 2009). This decline in sensory
quality and allelic diversity pose significant challenges for the future of
strawberry production, particularly as global food systems increasingly
aim to balance productivity with consumer satisfaction (Egea et al.,
2022; Lopes et al., 2009; Rodriguez-Burruezo et al., 2011). In this sense,
a series of EU initiatives—from COST action 863 (2011-2014) to the EU
funded RIBESCO (2007-2011), GenBerry (2008-2012), EUBerry
(2011-2014), GoodBerry (Horizon2020-2016-2020) and Bree-
dingValue (Horizon2020-2021-2025) projects—worked to recover the
lost genetic diversity of strawberry and other berry crops and maintain
crucial genetic resources (Senger et al., 2022).

The sensory profile of fruits is intrinsically linked to the develop-
mental process (Fait et al., 2008). During fruit ripening, gene expression,
enzymatic activity and metabolite accumulation are all finely regulated
to produce changes in the morphology and composition of the fruit.
Throughout the maturation process, the fruit transitions from unripe,
green-associated flavours in the early stages to more complex and
desirable flavours at full ripeness through biochemical changes (Cherian
et al., 2014; Schwieterman et al., 2014; Zhang et al., 2011). This shift
facilitates seed dispersal by signaling optimal readiness for consumption
by dispersal agents, thereby enhancing the likelihood of successful
propagation (Nelson & Whitehead, 2021; Nevo & Ayasse, 2020).

In strawberry fruit, soluble sugars such as sucrose, glucose and
fructose are key primary metabolites contributing significantly to the
fruit sweetness, along with organic acids, like citric and malic acids,
adding fresh and citric notes (Fan et al., 2021). The balance between
sugars and acids is commonly used to gauge the optimal quality point,
with higher ratios often linked to improved consumer preference (Fait
et al., 2008). On the other hand, while more than 360 VOCs have been
identified in the aroma of wild strawberries, only 20 are consistently
recognized as key contributors to this trait in the commercial varieties
(Leonardou et al., 2021; Ulrich et al., 2018). Particularly, methyl and
ethyl esters have been described to add fruity notes to the fruits (Dong
et al., 2013; Rey-Serra et al., 2022). Linalool and nerolidol constitute
two prominent terpenoids known for contributing floral and citrus-like
aromas, with linalool particularly showing a positive correlation with
flavour intensity and consumer preference (Aharoni et al., 2004). Fu-
rans, like mesifurane and furaneol, contribute caramel-like and sweet
undertones, while lactones (y-decalactone, y-dodecalactone) evoke
peachy and fruity perception (Yan et al., 2018). Additionally, fatty acid
volatiles (E-2hexenal and Z-3-hexenal) cause fresh, green aromas that
enhance the overall complexity of flavour profiles (Schieberle & Hof-
mann, 1997). Together, these compounds create the flavour profile that
consumer describe as the “ideal” strawberry (Colquhoun et al., 2012;
Fan et al., 2021).

The final proportion of this metabolic array depends on the intricate
sum and interplay between endogenous and exogenous factors
(D'Esposito et al., 2017). The genetic background is a key factor, being
the flavour profiles unique to cultivar-type, and yielding a wide spec-
trum within the same species (Vandendriessche et al., 2013). Likewise,
the accumulation of these compounds is intricately regulated by genetic
networks, which, in turn, are modulated by multiple environmental cues
(Cervantes et al., 2020; Schwieterman et al., 2014; Zorrilla-Fontanesi
et al.,, 2012), underscoring the complexity of flavour and aroma
biosynthesis. In this context, maintaining consistent organoleptic prop-
erties across different production environments is a challenge exacer-
bated by the ongoing effects of climate change (Kishor et al., 2023). For
instance, rising temperatures, particularly in Southern European re-
gions, frequently exceed the optimal threshold for crop development,
leading to reductions in both yield and sensory quality (Mohammadi
et al., 2023). Moreover, the impact of these factors is often studied in
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isolation, which does not adequately reflect the complexity of real-world
situations, where multiple factors interact simultaneously (Hardner,
2017). To bridge this gap, multi-environment trials (METs) have become
essential for producing reliable data (Prohaska et al., 2024) that support
breeding programs aiming to improve fruit organoleptic quality across
diverse environmental conditions (Teressa et al., 2021).

Another feature of agronomical interest influencing fruit quality is
the duration of development, defined in this context as the period from
flowering onset to harvest. This parameter dictates the rhythm of
ripening, which in turn impacts the final composition of the fruit
(Busatto & Herrera, 2025). As the ripening process occurs at the latest
stage of development, incomplete or late ripening can be detrimental to
organoleptic properties. Moreover, given the non-climacteric nature of
strawberry, early or late picking can be detrimental to quality as the fruit
does not continue to ripen after harvested (Blaszczyk et al., 2022). Like
fruit composition, this parameter also depends on complex interplay
between genetic background, environmental conditions, and their
interaction (GxE) (Joine & Sakar, 2025).

Temperature and light availability have been described as substan-
tial factors influencing fruit phenology and final composition in straw-
berry (Duran-Soria et al., 2021; Pott et al., 2023; Previtali et al., 2021).
For instance, elevated temperatures have been described to accelerate
fruit development duration (Menzel, 2023) and reduce growth, yield
(Kadir et al., 2006) and total carbohydrates in fruit, including glucose
and fructose (Wang & Camp, 2000). In contrast, cooler temperatures
have been associated to delayed fruit development times and a reduction
in anthocyanin accumulation in strawberries resulting in poor colora-
tion (Mao et al., 2022).

In recent years, omics technologies have emerged as powerful tools
for elucidating the complex interactions between genetic and environ-
mental factors that influence fruit final quality (Pott, Duran-Soria et al.,
2021; Zhang & Hao, 2020). Comparative metabolomics, for instance,
enable a detailed characterization of metabolic changes linked to
cultivar specificity and environmental adaptation by quantifying meta-
bolic levels (Martinez-Rivas & Fernie, 2024). Likewise, transcriptomics
provides insights into the dynamics of gene expression under specific
circumstances, allowing e.g. the identification of both upregulated and
downregulated genes in response to stimuli (Diao et al., 2023). Tradi-
tionally, these methodologies have been applied independently, each
offering valuable but often isolated insights into the molecular mecha-
nisms underlying these attributes. However, recent advances have
demonstrated that the combined application of multiple omics ap-
proaches significantly enhances our understanding of the complexity
and regulatory networks governing organoleptic properties in fruit crops
(D'Esposito et al., 2017; Pott, Duran-Soria et al., 2021; Umer et al.,
2020).

In strawberry such integrative strategies have facilitated the identi-
fication of distinct metabolic signatures associated with cultivar varia-
tion (Shen et al., 2022) and postharvest practices (Zheng et al., 2022).
Nevertheless, despite the advances, studies that fully integrated multiple
omics datasets in combination with multi-environment trials remain
scarce. A comprehensive, multi-omics approach is still needed to pro-
vide a holistic view of the regulatory mechanisms underpinning fruit
composition and final quality, which is essential for developing targeted
breeding strategies.

In this context, the objective of this research was to: (1) evaluate the
effects of cultivar -by-environment (GxE) interactions on the duration of
strawberry fruit development, (2) evaluate the stability of key metabo-
lites across different cultivars and their suitability as selection material
in breeding programs, and (3) identify promising genes linked to the
stable accumulation of quality related metabolites across varying envi-
ronmental conditions, proposing potential molecular targets for the
development of high-quality and climate-tolerant strawberry cultivars.
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2. Materials and methods
2.1. Plant materials and field management

Four commercial strawberry cultivars were selected for field exper-
iments based on their diverse genetic backgrounds and adaptability to
distinct regional climates: Clery (bred in Italy), Frida (bred in Norway),
Gariguette (bred in France), and Sonata (bred in Netherlands). Each
cultivar was grown across five geographically and climatically con-
trasting sites within Europe: Norwegian Institute of Bioeconomy
Research (NIBIO) in Norway, National Institute of Horticultural
Research (INHORT) in Poland, Hochschule Geisenheim University
(HGU) in Germany, Sant'Orsola Societa Cooperativa Agricola (SO) in
Italy, and Ciref Création Variétale Fraises Fruits Rouges (CIREF) in
France (Fig. 1-A). Consistent with local cultivation practices, open field
cultivation was employed in Norway, Poland and Germany, with plants
being cultivated in single rows directly in the soil. In contrast, plants for
the experiments in Italy and France were planted in soilless culture in
double rows and protected with polytunnels as soon as plantation
occurred.

2.2. Sample preparation and experimental design

Samples from fully ripe fruits (fully red) were taken in three bio-
logical replicates per cultivar:environment combinations, consisting of
20 plants per sample. Harvesting occurred at two time points, 10 days
apart. From each replicate, 500 g of fruit was frozen in liquid nitrogen
and stored at —80 °C. Three replicates were used for metabolomic and
transcriptomic analyses, except volatile organic compounds, assessed in
two.

2.3. Environmental data

Environmental data, including air temperature (mean, maximum,
minimum and thermal amplitude, °C) and global radiation (ka’Z),
were recorded at each site (Table S1). Mean and cumulative values were
calculated for each cultivar:environment combination. Statistical ana-
lyses were conducted in R Studio v.4.3.1, standardizing parameters to
zero mean and unit variance. Hierarchical clustering analysis (Ward's
linkage, Euclidean distance) classified environments based on climatic
similarity during fruit development.

2.4. Phenology data and statistical analysis

For each cultivar:environment combination, flowering and harvest-
ing dates were recorded. Mean fruit development time was calculated as
the interval between flowering onset and final harvest. Flowering onset
was set to the earliest cultivar's initiation date within each environment.
The Kruskal-Wallis rank-sum test assessed the significance of cultivar,
environment and GXE interactions effects on this parameter. Dunn's post
hoc test (Bonferroni correction) was applied for pairwise comparisons.
Pearson correlation coefficients (95% confidence) examined climatic
associations with fruit development duration.

2.5. Metabolite extraction and mass spectrometry (MS)

Primary metabolic profiling was performed by using gas
chromatography-time of flight-mass spectrometer (GC-TOF-MS),
following the protocol previously established by Osorio et al. (2012).
Similarly, volatile organic compounds (VOCs) were extracted using solid
phase microextraction (SPME) fiber and a gas chromatograph coupled to
an ion trap mass spectrometer as described in Pott, Vallarino, and Osorio
(2021). Primary metabolites and VOCs were quantified by integrating
peak area, employing specific m/z ion for each metabolite, from the
resulting chromatograms (Pott, Vallarino, and Osorio, 2021). The
resultant mass spectra were annotated employing TagFinder and cross-

Food Chemistry 507 (2026) 148161

referenced with Golm Metabolome Database (GMD - the Golm Metab-
olome Database, 2025). Prior to statistical analysis, data was relativised
to dry weight and to the control sample, which corresponded to an
arbitrary sample prepared with a mixture of all the cultivars involved
(Table S2).

2.6. RNA extraction and RNA-Seq analysis

Total RNA was extracted from fruit tissue using the protocol of
Manning (1991). Genomic DNA contamination was removed using
DNAse I (Fermentas). Quantity and quality of RNA samples were
assessed by measuring absorbance ratios at 260/280 and 260/230 nm
using NanoDrop spectrophotometer (ND-1000 V3.5, NanoDrop Tech-
nologies, Inc.). RNA integrity was further evaluated via agarose gel
electrophoresis to confirm the absence of degradation. RNA-Seq li-
braries were prepared and sequenced on the Illumina HiSeq 2000 plat-
form, generating 300 pb paired-end reads. Raw RNA-Seq reads were
processed to remove low-quality nucleotides and aligned to the latest
Fragaria vesca v4.0.al genome assembly (Edger et al., 2019). Reads were
assembled into transcripts and classified as known genes, corresponding
to annotated genes in F. ananassa genome v1.0 (FAN_rl.1, Edger et al.
(2019)). Transcript abundance was quantified using Salmon software
(Patro et al., 2017) and subsequently imported into R for further sta-
tistical analysis.

2.7. Metabolic statistical data analysis

Owing to differences in dimensionality, primary compounds and
VOCs were analyzed independently and stratified by cultivation method
to reduce system bias, yielding four regional datasets. Zero values were
considered biologically absent and replaced with half the minimum
detected positive value (Sun & Xia, 2024). Normality was assessed via
the Shapiro-Wilk test, with log, transformation applied where neces-
sary. All features were standardized (mean-centered, unit variance),
missing samples from instrument failure (n = 4) were imputed using K-
nearest neighbours (K = 2) via de VIM package in R (Kowarik & Templ,
2016).

Principal component analysis (PCA) was performed and validated
using the ropls package (v.1.34.0, Thévenot et al., 2015). Hotelling's T?
ellipse was used to identify outliers. Complementary hierarchical clus-
tering analysis (HCA) employing Euclidean distances on transformed
data was visualized using ComplexHeatmap package (v.2.20.0).
Furthermore, a two-way analysis of variance (ANOVA) was applied to
determine significant differences in the mean content of individual
metabolites. To complement this, a permutational multivariate analysis
of variance (PERMANOVA), based on euclidean distance, was used to
assess global compositional differences across the full metabolomic
dataset:

Yije = P+ 0 + By + (af)y; + ik

where Yy is the observed metabolite content for cultivar i and envi-
ronment j and repetition k, y is the overall mean, ¢; is the effect of the
cultivar i, f; the effect of environment j, (af); the interaction effect
between cultivar i and environment j, and & is the random error,
assumed ~ N(0,0?).

A supervised multivariate regression analysis using Orthogonal
Partial Least Squares Discriminant Analysis (OPLS-DA) in the ropls
package (Thévenot et al., 2015) identified key metabolites driving group
separation. Metabolites were classified as differentially accumulated
(DAMs) based on VIP > 1 and |LogzFoldChange| > 1 (environment) or |
LogeFoldChange| > 0.5 (cultivar) (Fig. S1-6).

Fifteen metabolites, comprising sucrose, glucose, fructose, malic
acid, citric acid, linalool, terpineol, mesifurane, furaneol, y-decalactone,
y-dodecalactone, methyl butyrate, methyl hexanoate, ethyl butyrate and
ethyl hexanoate, were selected as they were consistently described as
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Fig. 1. (A) Geographic locations and latitudes of the experimental sites. (B) Hierarchical Clustering Analysis (HCA) of the environments based on climatic covariates
recorded during development time. Colour scale showcases the tendency to be (red) over the mean or (blue) under the mean values across conditions. Line plot
showing fruit development time expressed as the mean of the calendar days aggregated by picking dates and G x E combinations (C) from 1 January to harvest and
(D) from flowering onset to harvest. (E) Heatmap of Pearson correlation coefficients between environmental covariates and fruit development time (in calendar days)
from flowering onset to harvest. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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important for strawberry flavour across the literature (Fan et al., 2021;
Klee & Tieman, 2018; Ulrich et al., 1997; Yan et al., 2018). Stability and
plasticity of these metabolites were evaluated using the metan package
in R (Olivoto & Liicio, 2020). Genotype and Genotype-by-Environment
(GGE) biplots and the Multi-Trait Stability Index (MTSI) were
computed to rank cultivars by integrated performance and stability
across selected flavour-associated traits.

Table 1
Functional annotations of genes significantly correlated with metabolite levels.
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2.8. Transcriptomics statistical data analysis

Transcript abundance estimates were imported into R using the
tximport package (Soneson et al., 2015), with transcript-level data
aggregated to the gene level to mitigate isoform bias. Normalization
factors based on transcript lengths were computed and used to stan-
dardize expression values. Log-transformation and z-score normaliza-
tion were applied to stabilize variance across samples. The resulting data
was structured as a DEGList object via edgeR package (Robinson et al.,
2009), containing read counts, library sizes, normalization factors and

Correlated Gene ID Gene name (Phytozome) Pathway annotation (Phytozome)

Metabolites
maker-Fvb1l-1-augustus-gene- Stachyose degradation, sucrose biosynthesis II, sucrose biosynthesis I (from
9.30-mRNA-1 ’ ’ UDP-glucose pyrophosphorylase photo};ynthesfs), UDP-glucose biosyr}llthesis, sucrose degradai]ilz)n 1I (sucrose synthase)
;r;zfl;e;f:};‘t;\};_‘ll-augustus—gene- ;ﬁf(—)g;;:;s;—ff::acst:se-phosphate sucrose biosynthesis II, sucrose biosynthesis I (from photosynthesis)

Homolactic fermentation, sucrose degradation III (sucrose invertase), sucrose
maker-Fvb1-2-augustus-gene- . . R X . .
27 46-mRNA-1 Hexokinase type IV (glucokinase) biosynthesis II, glucose and glucose-1-phosphate degradation, glycolysis III (from
glucose)

Sucrose Calvin-Benson-Bassham cycle, superpathway of cytosolic glycolysis (plants), pyruvate
maker-Fvb7-2-augustus-gene- . dehydrogenase and TCA cycle, oxygenic photosynthesis, glycolysis III (from glucose),
228.60-mRNA-1 ’ ’ Triosephosphate mutase glyc);lysigs IV (plant cytoso);), homi,)%actic fermerz,tation, glguZme)(I)genesis 111, ’

gluconeogenesis I
Gluconeogenesis I1I, gluconeogenesis I, glycolysis IV (plant cytosol), homolactic
snap_masked-Fvb7-4- Triosephosphate mutase fermentation, Calvin-Benson-Bassham cycle, superpathwa}-/ of cytosolic glycolysis
processed-gene-57.35-mRNA-1 (plants), pyruvate dehydrogenase and TCA cycle, glycolysis III (from glucose),
oxygenic photosynthesis
maker-Fvb7-1-augustus-gene- carotenoid cleavage dioxygenase No pathway annotation
6.22-mRNA-1
maker-Fvb3-2-augustus-gene- (3S,6E)-nerolidol synthase (3E)-4,8-dimethylnona-1,3,7-triene biosynthesis I
19.40-mRNA-1 ’ ’ ”

Linalool maker-Fvb3-2-augustus-gene- farnesyl diphosphate synthase Superpathway of geranylgeranyldiphosphate biosynthesis I (via mevalonate), trans,
294.55-mRNA-1 (FDPS) trans-farnesyl diphosphate biosynthesis
gz)a;esg?;tg;:iugustus»gene- (3S,6E)-nerolidol synthase (3E)-4,8-dimethylnona-1,3,7-triene biosynthesis I
maker-Fvb2-2-snap-gene- Squalene monooxygenase Plant sterol biosynthesis, epoxysqualene biosynthesis
219.71-mRNA-1 ?

:zlﬁ;ﬁﬁi—f-augustus—gene- 6-phosphogluconolactonase Pentose phosphate pathway (oxidative branch), pentose phosphate pathway
Calvin-Benson-Bassham cycle, superpathway of cytosolic glycolysis (plants), oxygenic
maker-Fvb5-1-augustus-gene- dTDP-6-deoxy-L-mannose photosynthesis, sucrose biosynthesis I (from photosynthesis), glycolysis IV (plant
2.39-mRNA-1 dehydrogenase cytosol), homolactic fermentation, glycolysis III (from glucose), gluconeogenesis I,
gluconeogenesis 111
Calvin-Benson-Bassham cycle, superpathway of cytosolic glycolysis (plants), pyruvate
Mesifurane augustus_masked-Fvb4—4- Fructose-1,6-bisphosphate dehydrogenase and TCA cycle, oxygenic photosynthesis, glycolysis III (from glucose),

processed-gene-53.9-mRNA-1 triosephosphate-lyase
maker-Fvb4-3-augustus-gene- .
221.50-mRNA-1 D-fructokinase
maker-Fvb4-1-augustus-gene-
146.33-mRNA-1

Fructose-1,6-bisphosphate
triosephosphate-lyase

maker-Fvb6-2-snap-gene- Pyruvic-malic carboxylase

40.56-mRNA-1

maker-Fvb4-2-augustus-gene- Citric cleavage enzyme
86.40-mRNA-1 ge enzy!
maker-Fvb2-3-augustus-gene- . .
54.41-mRNA-1 Pyruvic-malic carboxylase

snap_masked-Fvb3-1-
processed-gene-312.32-mRNA-
1
maker-Fvb4-3-augustus-gene-
145.28-mRNA-1
maker-Fvb6-3-snap-gene-
224.40-mRNA-1
maker-Fvb6-1-augustus-gene-
136.32-mRNA-1
maker-Fvb4-1-augustus-gene-
182.40-mRNA-1
augustus_masked-Fvb3-2-
processed-gene-26.11-mRNA-1

Threonine-specific protein kinase

y-Decalactone Acyl carrier protein 1,

chloroplastic-related
Enoyl reductase [NADH],
Chloroplastic

Pyruvic-malic carboxylase
Citric cleavage enzyme

Malonyl-CoA carboxy-lyase

glycolysis IV (plant cytosol), homolactic fermentation, gluconeogenesis III,
gluconeogenesis 1, sucrose biosynthesis I (from photosynthesis)

D-sorbitol degradation I, sucrose degradation II (sucrose synthase), sucrose
degradation III (sucrose invertase)

gluconeogenesis 1, gluconeogenesis 111, homolactic fermentation, glycolysis IV (plant
cytosol), sucrose biosynthesis I (from photosynthesis), superpathway of cytosolic
glycolysis (plants), pyruvate dehydrogenase and TCA cycle, Calvin-Benson-Bassham
cycle, oxygenic photosynthesis, glycolysis III (from glucose)

Gluconeogenesis I, C4 photosynthetic carbon assimilation cycle, PEPCK type, C4
photosynthetic carbon assimilation cycle, NADP-ME type

Acetyl-CoA biosynthesis III (from citrate), superpathway of acetyl-CoA biosynthesis
Gluconeogenesis I, C4 photosynthetic carbon assimilation cycle, PEPCK type, C4
photosynthetic carbon assimilation cycle, NADP-ME type

No pathway annotation

No pathway annotation

No pathway annotation

Gluconeogenesis I, C4 photosynthetic carbon assimilation cycle, PEPCK type, C4
photosynthetic carbon assimilation cycle, NADP-ME type

Superpathway of acetyl-CoA biosynthesis, acetyl-CoA biosynthesis III (from citrate)

No pathway annotation
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annotations. Gene filtering was conducted using filterByExpr function,
with default thresholds to retain genes expressed above a cutoff. Genes
passing this filter were subjected to differential expression analysis using
DESeq2 within a generalized linear model framework, employing quasi-
likelihood dispersion estimation (Love et al., 2014). Transcripts per
million (TPM) values were extracted for all retained genes and anno-
tated by cultivar, environment and harvest date (Table S5). Cultivation
practice was excluded as a factor, as PERMANOVA indicated it
accounted for less than 5% of total variance. Consequently, the full
dataset was retained for subsequent analysis. TPM values were Logs-
transformed and z-score normalized. Outliers confirmed via Hotelling's
T? ellipse were removed prior to final analysis. Pairwise contrasts for
cultivar and environmental conditions were constructed from the design
matrix. Differentially expressed genes (DEGs) were identified using
glmQLFTest, with FDR < 0.05 and LogFoldChange (|LogFC|) threshold
>1 (E) and > 2 (G). For GxE interactions, stricter criteria were applied
(FDR < 0.05, LogCPM >5), prioritizing abundant and statistically sig-
nificant transcripts for downstream interpretation.

2.9. Multi-omics data integration and metabolic pathway construction

Weighted gene co-expression network analysis (WGCNA) was con-
ducted on identified DEGs using the WGCNA package (v4.4.1), with an
optimal soft-thresholding power of 15 (Langfelder & Horvath, 2008;
Langfelder & Horvath, 2012). A topological overlap matrix (TOM) and
corresponding dissimilarity matrix were computed, followed by hier-
archical clustering to classify genes into co-expression modules via dy-
namic tree cutting (minimum module size: 20). Module eigengenes were
calculated, and highly similar modules were merged using a 0.15
threshold. Module-trait correlation analysis examined transcriptomic
variation linked to strawberry flavour-related metabolites. Sucrose,
linalool, mesifurane and y-decalactone were selected for this analysis as
they were consistently annotated as key metabolites in determining
strawberry flavour and consumer acceptance (Schwieterman et al.,
2014).

Significantly correlated modules (p < 0.05) underwent functional
analysis, filtering genes associated with key metabolic pathways. Pear-
son correlation refined the selection of DEGs related to metabolite
accumulation. HCA characterized genetic variability and GxE in-
teractions, with line plots illustrating expression dynamics of candidate
genes across environmental conditions to identify stable genetic targets
for strawberry breeding (Table 1).

3. Results
3.1. Climatic variation across environments

Climatic parameters recorded during the fruit development period
separated the five testing locations (Fig. 1-A) into two primary groups
(Fig. 1-B), a distinction influenced by latitude and by the cultivation
system employed.

The first group, characterized by the lowest cumulative values for
temperature and global radiation, comprised Norway (open field) and
the first harvest date in France (polytunnel). The extremely low values in
Norway underscore the severity of raw open-field conditions at a high
latitude, where plants are subjected to direct thermal stress. In contrast,
France and Italy, representing the protected cultivation systems (poly-
tunnels), generally exhibited moderate-to-high cumulative climatic
values.

These protected environments in the second cluster (France and
Italy) modify the microclimate significantly. The polyethylene cladding
results in the attenuation of incident solar radiation and an alteration of
the light spectral composition (notably filtering UV wavelengths), which
directly impacts metabolite biosynthesis. However, due to their South-
ern and central European locations, Italy still recorded the peak cumu-
lative temperature and global radiation, reflecting significant heat
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accumulation within the protected structure.

The remaining sites, Poland and Germany (both Open Field), also
formed part of the warmer cluster but displayed unique climatic char-
acteristics typical of open field conditions. Poland presented a distinc-
tive climatic profile, marked by moderate-to-low cumulative values but
the highest mean temperature and global radiation. This suggests a brief,
intense, and exposed open-field developmental phase, allowing for
accelerated fruit maturation. Conversely, Germany exhibited moderate
cumulative values but notably low mean temperatures. As an open-field
site, this profile confirms periods of substantial environmental cooling
and greater diurnal temperature fluctuations (low thermal inertia) when
compared to the protected systems.

Notably, Italy and France were the only sites to exhibit pronounced
intra-seasonal climatic shifts between harvest dates, with early harvests
experiencing substantially lower temperatures and radiation than later
ones. This highlights the combined influence of seasonal change and the
buffering effect of the polytunnel, which can amplify temperature dif-
ferences between early and late stages more acutely than in open-field
sites.

3.2. Phenotypic plasticity of fruit development duration under GXE
influences

Kruskal-Wallis test applied to fruit development duration (in calen-
dar days) revealed statistically significant effects of the environment and
cultivar-by-environment (GxE) interactions (p < 0.05), while cultivar
effects alone were not significant. Despite the lack of statistical signifi-
cance, a considered trend was observed across cultivars: Frida (54.2
days) exhibited a tendency toward prolonged development periods,
whereas Gariguette (47.6 days) showed the shortest durations. A similar
outcome was observed when assessing the total duration from 1st
January to harvest (Fig. 1-C).

Environmental comparisons for the 1st-January-to-harvest interval
followed a clear latitudinal gradient, with northern sites exhibiting
longer developmental periods. Among these, Italy and France showed no
statistically significant differences, both recording the shortest durations
within the experimental set (Fig. 1-C). In contrast, when analysing only
the actual fruit development period (from flowering to harvest), this
spatial pattern shifted. Norway, France and Italy showed comparable
intermediate development durations of around 49 days, while Poland
exhibited notably shorter periods (36 days) contrary to Germany, which
yielded the longest (65.5 days) (Fig. 1-D).

Pearson correlation analysis revealed a significant negative associ-
ation between fruit development duration and mean daily temperature
during this phase, consistent with trends observed in the temporal line
plots (Fig. 1-D). Moreover, cumulative mean temperatures at 15- and 20-
days pre-harvest, maximum temperatures at 15 days, minimum tem-
peratures at 10, 15 and 20 days, and cumulative global radiation at 15
days pre-harvest were all positively correlated (Rho coefficient > 0) with
development duration (Fig. 1-E).

3.3. GxE interactions significantly shaped metabolism groups
accumulation patterns

Untargeted metabolomics identified 125 metabolites, encompassing
both fifty primary metabolites and seventy-five VOCs (Table S2), per-
taining to 11 major classes: straight-chain esters, fatty acid volatiles,
amino acids and derivatives, sugars and sugar alcohols, organic acids,
methyl ketones, terpenoids, apocarotenoids, furans, lactones and others
(Fig. 2).

PERMANOVA test demonstrated environment factor (31.1%) exer-
ted the strongest influence on metabolite groups accumulation, followed
by cultivar (19.5%) and GxE interactions (17.8%). Conversely, harvest
date effect alone and its interaction with cultivar and environment
factors, although statistically significant, contributed less than 5% of
total variance. Effect size (r]z) extracted from individual two-way
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Fig. 2. Pie chart of the proportion of detected metabolic groups across samples.

ANOVA models generated for each metabolic group aligned with pre-
vious results and highlighted the individual effects (Table S3). All the
metabolic groups were significantly altered by the environment except
from terpenoids. Similarly, cultivar factor significantly altered most of
the groups, apart from organic acids, fatty acid volatiles and apocar-
otenoids. Lastly, all primary metabolic groups along with methyl-
ketones, apocarotenoids and furans were significantly shaped by GxE
interactions. Notably, fatty acid volatiles were only significantly influ-
enced by environmental variations, whereas terpenoids were only
significantly shaped by cultivar type. Both cases exhibited high degree of
significance (p < 0.001; Table S3).

Subsequent analyses were stratified by cultivation practice factor:
one group comprised open field cultivation locations (Norway, Germany
and Poland) and the other locations where polytunnels were used (Italy
and France).

3.4. Growing location was a key determinant of primary metabolic
profiles

Growing location emerged as the primary driver of variation in pri-
mary metabolite profiles of open-field grown fruits, with cultivar effects
contributing to secondary stratification (Fig. 3-A, left).

Hierarchical clustering identified two major metabolic trends. Sam-
ples from Poland formed a distinct cluster, characterized by elevated
levels of key metabolites including sucrose, fructose, glucose, malic and
citric acids. Under these conditions, twelve differentially accumulated
metabolites (DAMs) were identified (Fig. 3-B). In contrast, samples from
Germany and Norway exhibited an overall reduction in primary
metabolite abundance. DAM analysis revealed four significantly
decreased compounds in Germany (GABA, glutamine, pyroglutamic acid
and putrescine), and one (xylose) in Norway. Additionally, minor har-
vest date effects were detected under German conditions, primary
impacting amino acid levels.

Cultivar-specific responses were more evident in Poland, suggesting
strong GxE interactions. However, overall cultivar variation in primary
metabolism remained limited (Fig. 3-C). DAMs analysis revealed most

differences were related to amino acid content. Notably, malic acid was
decreased in Clery, whereas sucrose was increased in Sonata. The
comparison between Gariguette and Sonata yielded the highest number
of DAMs, with most of them decreased in Gariguette.

Under polytunnel cultivation, clustering patterns became more
complex, with cultivar emerging as a stronger factor in samples aggre-
gation (Fig. 3-A, right). Clery and Gariguette showed similar responses.
In France, these cultivars accumulated higher levels of primary metab-
olites, whereas the Italian environment resulted in overall decreases,
especially in Gariguette. DAM analysis identified amino and organic
acids as the principal discriminants (Fig. 3-D). France exhibited in-
creases in five DAMs, including sucrose, whilst Italy induced only
galactinol accumulation.

A second cluster revealed strong differentiation between Sonata and
Frida. Sonata consistently displayed higher levels of primary metabo-
lites, including malic acid and sucrose, across environments. Environ-
mental modulation of Sonata's metabolome included enhanced amino
acid and sucrose accumulation in France, and increased organic acids,
notably malic acid, in Italy. Conversely, Frida consistently exhibited
lower metabolite levels. Harvest date influenced Frida's soluble sugars
content, which peaked at the first harvest date, though amino and
organic acids remained low throughout. DAMs calculations corrobo-
rated these patterns, with Frida showing extensive reductions. The
largest number of DAMs under polytunnel conditions was observed
between Clery and Sonata, indicating marked differences in their
metabolomic responses to controlled environments (Fig. 3-D).

3.5. Cultivar factor gained weight in determining volatile organic
compounds accumulation

Volatile organic compounds (VOCs) profiles exhibited higher het-
erogeneity than primary metabolites. In open-field grown fruits, samples
clustering primarily reflected growing location, with cultivar-specific
responses contributing to further stratification (Fig. 4-A, left). Notably,
Frida displayed a distinct metabolic signature, forming a separate cluster
and exhibiting elevated accumulation of multiple VOCs under Polish
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Fig. 3. (A) Accumulation patterns of the primary metabolites for four strawberry cultivars grown in open fields in Norway, Poland, and Germany (left) and under
polytunnels in Italy and France (right). Each heatmap displays the clustering of samples based on Pearson correlation of normalized mean intensities of three
biological replicates. The normalization step was done individually to each dataset. Red and blue colours indicate high and low metabolite abundance, respectively.
Sample group discrimination is indicated by colour labelling. (B) Upset plot for differentially accumulated metabolites (DAMs) across environments. Bar plots for the
DAMs counts across cultivars pairwise comparisons for open field (C) and polytunnel regions (D). Light grey denotes increased metabolites, whereas dark grey
denotes decreased metabolites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

conditions.

Norwegian-grown samples were clearly separated from other loca-
tions, showing a trend toward increased accumulation of fatty acid-
derived volatiles and methylketones although only three DAMs from
these classes were identified (Fig. 4-B). Polish samples shared a similar
VOC profile to norwegian samples. German samples exhibited the most
pronounced reduction in volatile content, with twelve decreased DAMs
predominantly comprising straight-chain esters and fatty acid volatiles.
Clery was the only cultivar to deviate from this trend in Germany, dis-
playing enhanced accumulation of VOCs under these conditions.

Cultivar-specific DAM calculations highlighted distinct metabolic
signatures related to aroma-relevant compounds. Frida exhibited the
highest number of VOCs-related DAMs (eleven), mostly decreased
straight-chain esters and methylketones (Fig. 4-C). Clery followed with
eight decreased volatiles, including methyl hexanoate. Gariguette
showed a distinct increase in four terpenoids, including linalool. Sonata
presented reduced levels of two esters and increased accumulation of y-
decalactone.

VOC profiles under polytunnel cultivation showed GxE interactions
markedly influencing sample grouping (Fig. 4-A, right). Frida again
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and Germany

(left) and under polytunnels in Italy and France (right). Each heatmap displays the clustering of samples based on Pearson correlation coefficients of normalized mean
intensities of three biological replicates. The normalization step was done individually to each dataset. Red and blue colours indicate high and low metabolite
abundance, respectively. Sample group discrimination is indicated by colour labelling. (B) Upset plot for differentially accumulated metabolites (DAMs) across
environments. Bar plots for the DAMs counts across cultivars pairwise comparisons for open field (C) and polytunnel regions (D). Light grey denotes increased
metabolites, whereas dark grey denotes decreased metabolites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)



P. Pacheco-Ruiz et al.

formed a separate group, clustering with second-harvest Sonata and
Gariguette samples. These cultivars accumulated higher levels of VOCs
under Italian environmental conditions, while a general reduction was
observed under French conditions. DAMs calculations confirmed these
trends, identifying thirteen increased volatiles in Italy—mainly esters
and methylketones—and only one in France.

The remaining cultivars—Clery, Sonata and Gariguette—clustered
together and further stratified by location and, for Sonata and Gar-
iguette, also by harvest date. DAMs calculations for these samples
revealed cultivar-specific metabolic footprints (Fig. 4-D). Frida consis-
tently exhibited reduced straight-chain esters and methylketones. So-
nata showed elevated y-decalactone levels, Clery accumulated distinct
straight-chain esters, and Gariguette demonstrated a consistent in-
crease in terpenoids, particularly linalool. These results were consistent
with what was observed for the open-field regions.

3.6. GXxE interactions is a strong factor determining flavour-relevant
compounds

Effect sizes of the evaluated factors were quantified for key flavour-
related compounds consistently reported in the literature (Fan et al.,
2021; Yan et al., 2018). Notably, the magnitude of these effects varied
considerably between the two cultivation systems (Table S4). Under
polytunnel conditions, environmental effects were substantially
reduced, while cultivar contributions to variance became more
pronounced.

The selected sugars (glucose, fructose, and sucrose - main sugars in
fruit) were influenced significantly by different factors, inconsistent
between cultivation methods. In open-field conditions, the accumula-
tion of sucrose, glucose and fructose were moderately influenced by GXE
interactions, accounting for approximately 20% of the variance. In
contrast, under polytunnel cultivation, these sugars were significantly
influenced solely by the cultivar, with a comparable effect size. Notably,
sucrose was the only sugar displaying a significant environmental effect
under polytunnel cultivation, contributing to 26% of the total variance
(Table S4).

Among the selected organic acids, malic and citric acids exhibited
strong significant effects on both cultivar and environment, with envi-
ronmental factors dominating in open-field conditions. However, in
polytunnel trials, the environment effect was not significant, with
cultivar being the predominant factor, contributing around 20% to the
variation in malic and citric acid accumulation. Additionally, for malic
acid, a significant GXE interaction effect was detected within polytunnel
environments, accounting for 17.6% of the variance (Table S4).

Regarding the selected VOCs, most compounds exhibited consistent
effect influence comparing both cultivation methods, and most of them
were predominantly determined by the cultivar, with mesifurane and y-
decalactone showing the strongest cultivar effects among the selected
compounds. Interestingly, furaneol did not show any significant effects,
and y-dodecalactone was affected significantly by only GXE interactions
under open-field conditions (Table S4).

To further delineate the environmental determinants of fruit meta-
bolic composition, correlation analysis uncovered a robust and consis-
tent negative association between cumulative temperature during the
previous days to harvest and the accumulation of all three major sugars
(Fig. S7). In contrast, mean global radiation exhibited a significant
positive correlation with sugar content. Organic acids responded
differently, both malic and citric acids content positively correlated with
mean daily temperature throughout the fruit development phase, con-
trary to y-decalactone which consistently showed a negative correlation
with these covariates. Furans compounds did not display any statisti-
cally significant relationship with the environmental covariates
assessed. Furthermore, methyl butyrate levels were inversely associated
with mean global radiation, whereas both ethyl esters exhibited positive
correlations with cumulative radiation exposure during the previous
days to harvest. Particularly, ethyl butyrate showed a pronounced
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positive correlation with mean daily global radiation during the fruit
development period.

3.7. Stability and plasticity analysis of metabolites contributing to
organoleptic quality

GGE biplots along with norm plots enabled the assessment of specific
metabolites plasticity across cultivar:environment combinations,
revealing numerous cross-over interactions (Fig. 5-A and Fig. S8).

Main soluble sugars (sucrose, fructose and glucose) displayed similar
behaviors with high plasticity across environment and strong GxE ef-
fects. Open field cultivation regions yielded higher content of these
metabolites than polytunnel cultivation regions. Best performing
cultivar (accounting stability and mean performance) for sucrose was
Sonata, whereas Frida cultivar exhibited the best performance for
fructose and glucose.

Organic acids displayed low GxE but high environmental sensitivity.
Both citric and malic acid reached peak levels in Poland and minimum
levels in Germany. Clery exhibited the highest and most stable malic
acid content, while both Clery and Gariguette showed strong and
consistent performance for citric acid across environments. Line plots for
terpenoids (linalool and terpineol) revealed major cultivar determina-
tion, with limited GXE. An exception was Clery, which showed a pro-
nounced increase in Germany compared to the other regions. Notably,
Gariguette demonstrated that highest mean levels and overall stability
for both volatiles.

Furans derivatives exhibited divergent patterns. Mesifurane dis-
played minimal plasticity, with cultivar effects predominating and Frida
cultivar being the best performing for this compound. In contrast, fur-
aneol was highly plastic and GxE-dependent, peaking in Germany and
with Gariguette cultivar obtaining the best performance. Like furans,
lactones exhibited different behaviors: y-decalactone was largely stable
across environments and mostly cultivar-driven, while y-dodecalactone
exhibited higher phenotypic plasticity. In this case, Sonata and Frida
presented the highest mean levels for y-decalactone and y-dodeca-
lactone, respectively.

Methyl esters revealed high GxE influences whereas ethyl esters
displayed patterns mainly based on growing location. Methyl esters
peaked in Germany, with Clery performing best. Ethyl esters varied by
compound: ethyl butyrate decreased from north to south following a
latitude gradient, with Gariguette showing highest means and Frida the
greatest stability; ethyl hexanoate peaked in Germany and France en-
vironments, with Clery demonstrating both high performance and
stability.

Genotype plus GxE effects heatmap (Fig. 5-B) and “Mean Vs. Sta-
bility” plot (Fig. 5-C) indicated that Clery performed optimally in
Poland, Frida in Norway, Gariguette in Germany and France. Lastly,
Sonata showed consistent high performance across all environments,
indicating it was the top-performing cultivar for the selected metabolites
in terms of stability and performance (Fig. 5-D).

3.8. Cultivar type overrides environment in shaping gene expression

RNA-Seq analysis of 120 strawberry fruits yielded a total of 107,054
transcripts, out of which 56,055 passed the minimum expression
threshold. PERMANOVA analysis revealed that the cultivar factor
accounted for approximately 12% of the total transcriptional variance,
followed by the environmental factor, which accounted for 8.9%. GxE
interactions were not statistically significant, and cultivar system effects
contributed less than 5% to the observed variance, thus, this factor was
excluded from subsequent analyses.

PCA model of gene expression matrix clearly separated samples by
cultivar (Fig. 6-A), along with correlation between samples (Fig. 6-B).
The first four principal components explained 51.1% of the total vari-
ance, with PC2 and PC4 effectively distinguishing cultivars (Fig. S9).
Notably, Frida and Gariguette formed distinct clusters, while Clery and
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Sonata exhibited partial overlap. PC3 further separated Clery samples,

suggesting a unique transcriptional signature.

Cultivar-specific differential expression analysis identified distinct
transcriptional patterns (Fig. 6-C). Clery presented 1011 differential

12

expressed genes (DEGs), including 10 acyltransferases involved in ester
biosynthesis. Frida exhibited 866 DEGs, with notable representation of
genes involved in carbohydrate metabolism and bZIP transcription
factors. Gariguette displayed 742 DEGs, seven of which were linked to
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terpenoids and carotenoid biosynthesis through the mevalonate
pathway (MVA). Sonata showed 808 DEGs, including nine related to
fatty acid metabolism.

Environmental pairwise comparisons highlighted underlying strong
transcriptional specificity by location (Fig. 6-D). None DEGs were
consistently shared across all contrasts. The largest transcriptional
divergence was observed between Norway and Italy (2949), with light-
responsive genes predominantly upregulated in Norway and
temperature-responsive genes in Italy. Moreover, Poland-France
contrast yielded 436 DEGs, with differential regulation of heat and
cold-responsive genes consistent with regional temperature profiles.

Finally, DEGs calculation across all cultivar:environment combina-
tions simultaneously identified 5895 common DEGs (Fig. 6-E and
Fig. S10). Gene function enrichment (Mercator4) revealed 15 signifi-
cantly overrepresented functional categories (FDR < 0.05). The most
enriched categories included cellular respiration (243 genes) and pro-
tein biosynthesis (573 genes), alongside four flavour-related pathways:
carbohydrate (189), amino acid (147), secondary (89) and lipid meta-
bolism (244), indicating their potential role in metabolic adaptation of
flavour compounds under varying environmental contexts.
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3.9. Integrative analysis of metabolomic and transcriptomic profiles

Weighted Gene Co-expression Network Analysis (WGCNA) of the
gene expression matrix identified 40 co-expression modules (Fig. S11-A,
B). Correlation analysis between these modules and selected key flavour
metabolites (sucrose, linalool, mesifurane and y-decalactone), revealed
potential regulatory networks specific to cultivar type (Fig. S11—C).
Pathway-specific filtering of significantly correlated (p < 0.05) modules
refined candidate genes strongly associated with metabolite
accumulation.

3.9.1. Sucrose related co-expression modules analysis

Co-expression module analysis linked to sucrose accumulation
identified 187 carbohydrate metabolism related genes, including 40
genes directly annotated within sucrose metabolic pathways. Hierar-
chical clustering of gene expression patterns revealed two major cultivar
groupings: Clery-Gariguette and Frida-Sonata, each displaying distinct
transcriptional footprints (Fig. 7-A). Clery and Gariguette showed
reduced expression of sucrose biosynthesis alongside elevated expres-
sion of degradation-associated genes. In contrast, Frida and Sonata
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M carotenoid biosynthesis
cycloartenol biosynthesis
isoprenyl diphosphate biosynthesis
‘ MEP pathway
B MVA pathway

y II M terpene biosynthesis
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Fig. 7. Heatmaps showing the Log>-normalized z-scores of expression levels for relevant differentially expressed genes (DEGs) associated with metabolite content.
(A) DEGs involved in sucrose metabolism in relation to sucrose levels. (B) DEGs linked to terpenoid metabolism in relation to linalool levels. (C) DEGs associated with
carbohydrate metabolism in relation to mesifurane levels. (D) DEGs related to fatty acid metabolism in relation to y-decalactone levels. Each heatmap includes colour

annotations representing the corresponding biological process categories.
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exhibited higher expression of biosynthetic genes, with Sonata also
showing partial upregulation of sucrose degradation genes.

Pearson correlation analysis between gene expression and sucrose
content identified five genes significantly associated with sucrose levels
(p < 0.05), including cytosolic UDP-glucose pyrophosphorylase,
sucrose-phosphate synthase, hexokinase and two cytosolic triose-
phosphate isomerases.

Line plots across cultivar:environment combinations demonstrated a
strong cultivar-specific transcriptional regulation of these genes, with
minimal environmental influence (Fig. S12-A). UDP-glucose pyrophos-
phorylase was upregulated in Clery and Frida but downregulated in
Gariguette and Sonata. Conversely, sucrose-phosphate synthase showed
higher expression in Gariguette and Sonata. The two triose-phosphate
isomerases displayed divergent expression: one was upregulated in
Clery, Frida and Gariguette, but repressed in Sonata; the other was
downregulated in Gariguette and upregulated in the remaining
cultivars.

3.9.2. Linalool related co-expression modules analysis

Gene expression analysis related to linalool accumulation identified
89 genes associated with secondary metabolism, including 33 specif-
ically annotated within terpenoid biosynthetic pathways (Fig. 7-B). Hi-
erarchical clustering of these genes predominantly separated samples by
cultivar, revealing distinct expression patterns. Gariguette and Sonata
grouped together, while Clery and Frida formed a separate cluster. An
upper gene cluster, enriched in terpenoid biosynthesis genes, exhibited
strong upregulation in Gariguette, Clery and Frida, but was markedly
downregulated in Sonata. Conversely, a lower gene cluster, primarily
composed of genes involved in mevalonate pathway (MVA) and carot-
enoid biosynthesis pathways, showed higher expression in Gariguette
and Sonata, and lower expression in Clery and Frida.

Correlation analysis identified five genes potentially associated with
linalool accumulation: cleave dioxygenase 1, two nerolidol synthases,
farnesyl diphosphate synthase and squalene monooxygenase
(Fig. S12—B). These genes demonstrated cultivar-dependent expression
patterns with minimal environmental modulation.

Notably, both nerolidol synthases were consistently upregulated in
Gariguette, exhibiting negligible expression plasticity across environ-
ments. The identified squalene monooxygenase also displayed higher
expression levels in Gariguette, with low environmental variation. In
contrast, carotenoid cleave dioxygenase and farnesyl diphosphate syn-
thase were downregulated in Gariguette and upregulated in other cul-
tivars, which showed greater transcriptional plasticity across locations.
Overall, Gariguette showed remarkably stable expression across envi-
ronments for the proposed genes.

3.9.3. Mesifurane related co-expression modules analysis

Co-expression modules significantly correlated with mesifurane
content were filtered by carbohydrate metabolism, given the established
role of fructose as its primary precursor in strawberry fruit (Roscher
et al., 1998). The hierarchical clustering analysis revealed a predomi-
nant stratification of samples by cultivar, suggesting cultivar-specific
gene expression patterns (Fig. 7-C).

DEGs associated with multiple metabolic processes were identified,
including plastidial glycolysis, the oxidative pentose phosphate pathway
and sucrose metabolism, among others. The genes were organized into
two principal clusters exhibiting distinct expression patterns. The first
cluster demonstrated in Gariguette and Sonata. Conversely, the second
major cluster exhibited the opposite trend, with upregulation in Gar-
iguette and Sonata and partial downregulation in Frida and Clery.

Further correlation analysis identified four genes exhibiting statis-
tically significant associations with mesifurane accumulation across
samples (Fig. S13-A). These included a triose-phosphate isomerase, a
dTDP-4-dehydroharmnose reductase, two fructose-biphosphate aldol-
ases, and a D-fructokinase. All genes, except for the fructokinase,
exhibited their highest expression levels and lowest plasticity in the
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Frida cultivar, followed by Sonata.

3.9.4. y-Decalactone related co-expression modules analysis

In the case of this compound, the filtering process led to the identi-
fication of 244 DEGs in relation to lipid metabolism. These genes were
implicated in phytosterol metabolism, glycerolipid metabolism and fatty
acid metabolism—pathways intimately linked to y-decalactone biosyn-
thesis. Genes from fatty acid metabolism were filtered yielding 144
DEGs. Subsequent hierarchical clustering of expression profiles revealed
a strong cultivar-dependent stratification of samples (Fig. 7-D).

Within the identified DEGs, key functional categories included genes
involved in fatty acid degradation and desaturation as well as the
plastidial fatty acid synthase system. Correlation analysis further iden-
tified nine genes exhibiting statistically significant relationships with y-
decalactone accumulation across samples (Fig. S13—B). These included
three NADP-dependent malic enzymes, two malonyl-CoA decarbox-
ylases, two ATP-citrate synthases, one enoyl-[acyl-carrier-protein]
reductase [NADH] 1, and one acyl carried protein 1.

Expression patterns varied across cultivars, reflecting distinct tran-
scriptional regulation. Among the three NADP-dependent malic en-
zymes, only one was significantly upregulated in Sonata, whereas the
remaining two exhibited higher expression in Gariguette. Both malonyl-
CoA synthases displayed consistently high and stable expression levels
in Sonata, contrasting with more variable expression patterns across
other cultivars and environments. Furthermore, Sonata exhibited the
highest and most stable expression of the enoyl-[acyl-carrier-protein]
reductase [NADH] 1, an enzyme catalyzing the terminal step of fatty
acid biosynthesis.

4. Discussion

Under the current scenario, where climatic change poses a significant
challenge to fruit development and quality, studying cultivar-by-
environment (GxE) interactions through multi-environment trials
helps to understand the effects of these factors and to develop strategies
for mitigating and/or avoiding negative impacts on important traits
(Adunola et al., 2024). Unlike climacteric fruits, strawberries—non-
climacteric—do not undergo significant ripening post-harvest, thereby
necessitating harvest at peak maturity (Li et al., 2022; Pedrozo et al.,
2023; Perotti et al., 2023). This biological constraint is further com-
pounded by commercial imperatives, where producers are pressured to
ensure rapid fruit turnover to maximize profitability (Kouloumprouka
Zacharaki et al., 2024). Accelerating or delaying the development and
ripening processes in fruits can alter their metabolic profiles and, thus,
their organoleptic quality (Castellarin et al., 2007; Orisa & Usoroh,
2020; Maduwanthi & Marapana, 2019). Within this framework, the
ability to dissect the effects of cultivar, environment and their interac-
tion on fruit development duration becomes a powerful tool to improve
the quality of the fruits and their environmental resilience (Kriiger et al.,
2012).

Our findings confirmed that harvest season and fruit development
duration was significantly modulated by temperature and global radi-
ation, with higher latitudes delaying harvest season and higher mean
daily temperatures form flowering onset to harvest accelerating the fruit
development duration, such as in Poland. It has been described that high
temperatures accelerate flower development in strawberry fruits,
aligning with the acceleration of fruit development that we observed
(Menzel, 2023). Specifically, temperature-dependent regulation of gib-
berellins and auxins plays a central role in cell expansion and fruit
maturation, with higher temperatures leading to increased metabolic
flux through carbohydrate metabolism, thereby shortening fruit devel-
opment times (Kurokura et al., 2013).

Elevated mean daily temperatures and global radiation during fruit
development in Poland environment yielded higher accumulation of
primary metabolites and great accumulation of volatile compounds in
comparison to the other regions, suggesting this phenomenon could be



P. Pacheco-Ruiz et al.

due to the reduction in fruit size observed in fruits grown under high
temperatures (Menzel, 2021; Menzel, 2023). This reduction could have
caused the concentration of metabolites within the fruit explaining the
observed patterns. Conversely, regions like Germany, characterized by
lower mean daily temperatures and reduced global radiation, exhibited
prolonged development times. Such observations are consistent with
prior research demonstrating that suboptimal temperatures can delay
physiological processes such as anthesis-to-ripening transition, starch
hydrolysis and pigmentation biosynthesis, ultimately prolonging the
ripening phase (Kadir et al., 2006). This also align with the thermal
accumulation hypothesis, which posits that lower temperatures slow
metabolic rates by downregulating key enzymes involved in glycolysis
and cell division, thereby prolonging fruit development (Brizzolara
et al., 2020; Mao et al., 2022).

Light availability has also emerged as co-determinant of develop-
ment timing, reinforcing the central role of photothermal regimes in
regulating phenological events (Cervantes et al., 2019; Jiang et al.,
2023). Variations in cumulative global radiation were mirrored by
changes in fruit development duration, highlighting the synergistic
impact of temperature and light on ripening. Given projections of
increasingly erratic weather patterns and altered light regimes
(Orlowsky & Seneviratne, 2012), these results raise important concerns
regarding the future synchronization of ripening dynamics and market
supply chains (Jiang et al., 2023; Twitchen et al., 2021).

Environmental modulation of key flavour compounds was particu-
larly pronounced. Sugars, especially sucrose, fructose and glucose,
showed a consistent negative correlation with temperature, which
aligned with higher sugar rates within cooler environments. This phe-
nomenon has been described in literature before and has been associated
to changes in the transcription of genes related to carbohydrate meta-
bolism in conjunction to hormonal signaling that leads to increased
soluble sugar contents (Wang & Camp, 2000). Additionally, some sugars
such as sucrose serve as protective compounds, osmolytes, maintaining
membrane integrity under cold stress (Pirzadah et al., 2014). In contrast
elevated temperatures before harvest favoured the accumulation of
malic and citric acids. However, conflicting literature on these organic
acids suggests that the metabolic responses are complex and potentially
cultivar-dependent, reinforcing the need for more granular, cultivar-
specific analyses (Uleberg et al., 2012; Wang & Camp, 2000). For
instance, in grapefruit elevated temperatures reduced malic acid in a
genotype-dependent manner (Wang et al., 2025).

Volatile profiles were also influenced by climatic conditions. Tem-
perature and global radiation modulated the accumulation of several
VOCs, including y-decalactone and ethyl esters, central to peachy and
fruity aromatic notes of strawberry (Klee & Tieman, 2018; Yan et al.,
2018). Yet, literature remains inconsistent regarding specific effects of
climate on VOCs, underscoring the importance of conducting further
multi-environment trials to establish robust, reproducible associations
under real-world conditions. Our findings, particularly, indicated that
elevated cumulative temperatures before harvest can reduce y-deca-
lactone content. Similarly, high cumulative global radiation values
before harvest can increase ethyl butyrate and ethyl hexanoate content
in strawberry fruits.

Stability and performance analysis further demonstrated the
breeding potential of specific cultivars. Gariguette showed high and
stable accumulation of linalool, a key terpene linked to desirable floral
aromas and consumer liking (Klee & Tieman, 2018). Sonata performed
consistently well for y-decalactone, contributing peach-like notes to the
aroma, while Frida emerged as a strong candidate for mesifurane
accumulation, associated with caramel-like nuances. Notably, Clery
exhibited potential for enhancing esters profile, which contributes to
fruity aromas (Klee & Tieman, 2018). Importantly, the metabolite sta-
bility of these key volatiles across environments suggests their robust-
ness as breeding resources, capable of supporting flavour-oriented
cultivar development even under varying climatic pressures. However,
the current scarcity of studies assessing the impact of G x E interactions
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on flavour-related metabolites in non-climacteric fruits underscores an
urgent need for comprehensive, multi-environment investigations. Such
efforts are essential to elucidate complex regulatory networks underly-
ing flavour resilience and to guide the development of new cultivars
capable of maintaining the high sensory quality demanded by con-
sumers under increasingly variable climatic conditions.

The integration of transcriptomic data indicated genetic background
plays a dominant role in shaping metabolic pathways underpinning
strawberry flavour, with strong cultivar-specific transcriptional re-
sponses modulated by environmental context. A dynamic interplay be-
tween cultivar and environment was observed in the regulation of genes
involved in carbohydrate metabolism, secondary metabolism and lipid
biosynthesis—pathways directly associated with the accumulation of
key flavour compounds such as sugars, terpenoids, furans, lactones and
esters (Bood & Zabetakis, 2002; Yan et al., 2018). These findings un-
derscore the existence of distinct, cultivar-dependent regulatory mech-
anisms, which can be strategically exploited in targeted breeding
programs to improve flavour profiles under specific environmental
conditions (Urrutia et al., 2017; Vallarino et al., 2018).

Crucially, transcriptomic variation influenced by local adaptation,
supporting the hypothesis that fine-tuning cultivation environments to
match specific cultivars could substantially enhance fruit quality (Gao
et al., 2023). This reinforces earlier findings in other horticultural crops
that demonstrate the efficacy of environmental optimization in
improving metabolite accumulation (Hu et al., 2022).

By integrating transcriptomic and metabolomic data, we identified
promising genetic targets associated with the accumulation of sucrose,
linalool, y-decalactone and mesifurane—metabolites with key roles in
defining strawberry flavour (Table 1) (Schwieterman et al., 2014). UDP-
glucose phosphorylases and hexokinases emerged as candidates for
enhancing sucrose accumulation, particularly under environmental
variability. These enzymes are key to sugar metabolism, and their reg-
ulatory roles extend beyond carbohydrate processing, linking metabolic
flux with developmental control (Wang et al., 2014; Wengqi, 2025). Their
upregulation in Sonata—the top performing cultivar for sucrose con-
tent—further highlights the value of this cultivar for breeding programs
focused on sweetness enhancement.

Similarly, the identification of DEGs within the mevalonate pathway
(MVA) and methylerythritol phosphate (MEP) pathways, along with
terpene synthase (TPS) activity, confirms the known linalool biosyn-
thesis in strawberry (Aharoni et al., 2004; Barbey et al., 2021; Chambers
etal., 2012; Nagegowda et al., 2008). The stability of these genes across
environmental conditions was particularly pronounced in Gariguette, a
cultivar widely recognized for its strong strawberry aroma and optimal
organoleptic qualities (Aubert et al., 2021). Given its superior perfor-
mance and stability for linalool accumulation, Gariguette represents an
excellent candidate for breeding programs aiming to enhance terpene-
derived aroma compounds in commercial cultivars. Previous studies
have demonstrated the role of MEP and MVA pathways regulation in the
biosynthesis of volatiles contributing to fruit flavour (Aharoni et al.,
2004; Chambers et al., 2012; Hampel et al., 2006) and can be used to
improve further sensory characteristics attributed to terpenoids. The
potential for metabolic engineering or marker-assisted selection to
optimize linalool production in strawberry cultivars should thus be
explored further.

Correlation analysis further identified promising candidate genes
associated with the biosynthesis of y-decalactone and mesifurane, two
key volatiles responsible for peach-like and caramel-like aroma notes,
respectively. These genes were predominantly involved in carbohydrate
and fatty acid metabolisms, both known to drive the synthesis and
accumulation of these aroma compounds by providing precursors
(Barbey et al., 2021; Oh et al., 2021; Sanchez-Sevilla et al., 2014; Zor-
rilla-Fontanesi et al., 2012). Notably, cultivar Frida exhibited the high-
est mean performance and phenotypic stability for mesifurane
accumulation, whilst Sonata excelled in y-decalactone content, indi-
cating their potential as valuable genetic resources for improving the
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production and stabilization of these metabolites in strawberry
breeding. A consolidated summary of the key findings characterizing the
specific profile of each cultivar is presented in Table 2.

Collectively, these findings underscore the transformative potential
of multi-omics integration in pinpointing robust molecular targets for
strawberry flavour improvement, with particular emphasis on the in-
fluence of genotype-by-environment interactions at both metabolic and
transcriptional levels (Vallarino et al., 2019). However, it will be
essential to move beyond association-based inferences and systemati-
cally assess the functional contribution of the candidate genes. This
should include targeted analyses of gene expression dynamics across
contrasting environments, as well as functional interrogation of selected
loci using reverse-genetic approaches that perturb their activity in a
controlled manner. Such efforts would enable the confirmation of causal
links between specific transcriptional regulators, metabolic shifts, and
flavour-related phenotypes, thereby overcoming the current limitation
that the proposed targets remain supported primarily by correlative
evidence. Establishing this mechanistic validation pipeline will be a
necessary step to translate the multi-omics predictions into actionable
markers and tools for breeding programs aimed at stabilizing strawberry
flavour under variable climatic conditions.

Moreover, integrating additional omics layers will unravel deeper
regulatory intricacies underlying fruit quality, accelerating the devel-
opment of strawberry cultivars that combine superior sensory attributes
with resilience to variable climates. It is also important to recognize that
the present study, by centering on European-bred cultivars, provides
critical insight into regional adaptation but imposes inherent
geographical limitations on the broader applicability of the molecular
findings. To transcend these constraints, future research must include
cultivars from diverse breeding backgrounds, as for example from major
strawberry-producing regions in Asia and the Americas. Such an
expansion will be pivotal for determining the universality of the iden-
tified regulatory modules and for translating these discoveries into
globally applicable, flavour-oriented breeding strategies.

Table 2
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5. Conclusion

These findings underscore the critical influence of cultivar-by-
environment (GxE) interactions on strawberry fruit quality, demon-
strating that both, phenological traits and flavour-related metabolites,
are highly sensitive to climatic variation and cultivar specification. The
divergent responses of primary and specialized metabolism highlight
intrinsic differences in their evolutionary plasticity, underscoring the
imperative for cultivar-tailored strategies in flavour optimization.

Our identification of cultivar-specific transcriptional regulation for
key compounds—such as sucrose, linalool, y-decalactone and mesifur-
ane—reveals untapped potential for precision breeding. Notably, the
discovery of robust and environmentally stable genetic targets provides
a tangible framework for the development of elite cultivars with
enhanced and consistent flavour profiles across diverse agroclimatic
conditions, maintaining environmental resilience.

In the face of ongoing climate change and its impact on photothermal
regimes, exploiting the predictive power of GxE-responsive genes
emerges as a critical path forward. Our results advocate for the devel-
opment of integrative, environmentally aware breeding pipelines that
prioritize metabolite stability and sensory quality. Moreover, these
findings call for the expansion of multi-environment, multi-omics trials
to establish robust models capable of guiding cultivar deployment under
diverse agroclimatic scenarios.

CRediT authorship contribution statement

Patricia Pacheco-Ruiz: Writing - original draft, Visualization, Re-
sources, Methodology, Investigation, Formal analysis. Elisa Senger:
Writing — review & editing, Writing — original draft, Supervision, Re-
sources, Methodology, Investigation, Formal analysis. Delphine M.
Pott: Writing — review & editing, Methodology, Investigation, Formal
analysis. Freya M.R. Ziegler: Resources, Methodology, Formal analysis.
Lidia Jiménez: Methodology, Investigation. Anita Sgnsteby: Writing —
review & editing, Resources, Investigation. Erika Kriiger: Writing —
review & editing, Resources, Investigation. Philippe Chartier: Re-
sources. Agnieszka Masny: Resources. Daniela Mott: Resources.

Summary of key metabolic and transcriptomic findings for the studied strawberry cultivars, highlighting performance across environments and Genotype x Envi-

ronment (GXE) interactions.

Cultivar Metabolic signatures in Transcriptomic signatures in comparison to ~ Top performance Worst Plasticity (GXE effects)
comparison to the other the other cultivars location performance
cultivars location
High: Gl , fructose, . Trait-d dent plasticity - High
.1g' .ucose ructose. Pronounced upregulation of ral' ependent plas ‘1c.1 y - Hig
citric acid, and methyl/ethyl . . environmental sensitivity observed for the
acyltransferases (AATs) involved in ester .
esters. . . . accumulation of most key flavour
Clery L biosynthesis and key enzymes in Poland Germany . .
Low: Malic acid, terpenes R o compounds, with the exception of
K . carbohydrate metabolism (specifically K .
(linalool, terpineol), and . mesifurane and y-decalactone, which
. sucrose degradation DEGs). . . .
mesifurane. displayed consistent accumulation patterns.
High: Malic acid, terpenes
(linalool, terpineol), Trait-dependent plasticity - High plasticity
furanones (mesifurane, Strong upregulation of MVA pathway DEGs, observed for most flavour-relevant
Gariguette  furaneol), and ethyl including terpenoid biosynthesis genes (e. Germany & France  Poland & Italy metabolites. Conversely, linalool, terpineol,
butyrate. g., terpene synthases). mesifurane, and y-decalactone showed
Low: Sucrose, fructose, and stable accumulation across conditions.
glucose.
. S . Global stability - Ranked as the top-
High: Sucrose, malic acid, Upregulation of DEGs related to sucrose . y‘ P . .
. . . . . . performing cultivar based on the Multi-Trait
mesifurane, and biosynthesis and degradation (including . s
R . . X All environments, Stability Index (MTSI). Demonstrates
Sonata y-decalactone. hexokinase). Distinct differential L Norway . . . o
. S . excelling in France consistent high accumulation and stability
Low: Fructose, glucose, expression of fatty acid biosynthesis and . -
- . . across environments for the majority of key
citric acid, and furaneol. degradation genes.
strawberry flavour compounds.
Strongest upregulation of DEGs . . . o
. . & p & . . Trait-dependent plasticity - High stability
High: Mesifurane. corresponding to sucrose biosynthesis. . . .
. . . R observed for linalool, terpineol, mesifurane,
. Low: Consistent low profile Notably, inverse expression patterns were .
Frida Norway France y-decalactone, and y-dodecalactone. High

for all other metabolites
across conditions.

identified for genes related to linalool,
mesifurane, and y-decalactone in
comparison to the other cultivars.

plasticity observed for the remaining
metabolites.




P. Pacheco-Ruiz et al.

Aurélie Petit: Writing — review & editing, Resources. Gianluca Savini:
Resources. Bjorn Usadel: Writing — review & editing, Supervision,
Methodology, Investigation, Formal analysis. Sonia Osorio: Writing —
original draft, Supervision, Methodology, Investigation, Funding
acquisition, Formal analysis, Conceptualization. José G. Vallarino:
Writing — original draft, Supervision, Methodology, Investigation,
Funding acquisition, Formal analysis, Conceptualization.

Funding sources

This work was supported through funding by the European Union's
Horizon 2020 Research and Innovation Programme (Goodberry project,
grant Agreement Number 679303 and BreedingValue project, grant
Agreement Number 101000747), and partially by Ministerio de Ciencia
e Innovacion and  Agencia  Estatal de  Investigaciéon
(PID2021-1285270B-100), Junta de Andalucia (P21-00315).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors would like to thank Sara Fernandez-Palacios Campos for
her valuable assistance on HS-SPME/GC-MS measurements (Servicios
Centrales de Apoyo a la Investigacién from University of Malaga), and
Dr. Sara Duran-Soria for her support in sample processing. The authors
acknowledge the funding for open access charge: Universidad de
Malaga.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodchem.2026.148161.

Data availability
Data will be made available on request.

References

Adunola, P. M., Ferrao, L. F. V., Azevedo, C. F., Nunez, G. H., & Munoz, P. R. (2024). The
effect of environmental variables on the genotyping-by-environment interaction in
blueberry. Euphytica, 220, 113. https://doi.org/10.1007/510681-024-03364-9

Aharoni, A., Giri, A. P., Verstappen, F. W. A, Bertea, C. M., Sevenier, R., Sun, Z., ...
Bouwmeester, H. J. (2004). Gain and loss of fruit flavor compounds produced by
wild and cultivated strawberry species. Plant Cell, 16(11), 3110-3131. https://doi.
org/10.1105/tpc.104.023895

Aubert, C., Bruaut, M., Chalot, G., & Cottet, V. (2021). Impact of maturity stage at
harvest on the main physicochemical characteristics, the levels of vitamin C,
polyphenols and volatiles and the sensory quality of Gariguette strawberry. European
Food Research and Technology, 247(1), 37-49. https://doi.org/10.1007/500217-020-
03605-w

Barbey, C. R., Hogshead, M. H., Harrison, B., Schwartz, A. E., Verma, S., Oh, Y., ...
Whitaker, V. M. (2021). Genetic analysis of methyl anthranilate, mesifurane,
linalool, and other flavor compounds in cultivated strawberry (Fragaria x ananassa).
Frontiers. Plant Science, 12, Article e615749. https://doi.org/10.3389/
fpls.2021.615749

Barrett, D. M., Beaulieu, J. C., & Shewfelt, R. (2010). Color, flavor, texture, and
nutritional quality of fresh-cut fruits and vegetables: Desirable levels, instrumental
and sensory measurement, and the effects of processing. Critical Reviews in Food
Science and Nutrition, 50(5), 369-389. https://doi.org/10.1080/
10408391003626322

Btaszczyk, J., Bieniasz, M., Nawrocki, J., Kope¢, M., Mierzwa-Hersztek, M., Gondek, K.,
... Bogdal, S. (2022). The effect of harvest date and storage conditions on the quality
of remontant strawberry cultivars grown in a gutter system under covers. Agriculture,
12(8), Article 1193. https://doi.org/10.3390/agriculture12081193

Bood, K. G., & Zabetakis, I. (2002). The biosynthesis of strawberry flavor (II):
Biosynthetic and molecular biology studies. In. Journal of Food Science, 67(1).
https://doi.org/10.1111/j.1365-2621.2002.tb11349.x

17

Food Chemistry 507 (2026) 148161

Brizzolara, S., Manganaris, G. A., Fotopoulos, V., Watkins, C. B., & Tonutti, P. (2020).
Primary metabolism in fresh fruits during storage. Frontiers in Plant Science, 11,
Article 80. https://doi.org/10.3389/fpls.2020.00080

Briickner, B. (2008). Consumer acceptance of fruit and vegetables: The role of flavour
and other quality attributes. Fruit and Vegetable Flavour: Recent Advances and Future
Prospects, 11-17. https://doi.org/10.1533/9781845694296.1.11

Bruhn, C. M., Feldman, N., Garlitz, C., Harwood, J., Ivans, E., & Williamson, E. (1991).
Consumer perceptions of quality: Apricots, cantaloupes, peaches, pears,
strawberries, and tomatoes. Journal of Food Quality, 14(3), 187-195. https://doi.org/
10.1111/j.1745-4557.1991.tb00060.x

Callahan, A. M. (2003). Breeding for fruit quality. Acta Horticulturae, 622. https://doi.
org/10.17660/actahortic.2003.622.27

Castellarin, S. D., Matthews, M. A., Di Gaspero, G., & Gambetta, G. A. (2007). Water
deficits accelerate ripening and induce changes in gene expression regulating
flavonoid biosynthesis in grape berries. Planta, 227(1), 101-112. https://doi.org/
10.1007/500425-007-0598-8

Cervantes, L., Ariza, M. T., Gomez-Mora, J. A., Miranda, L., Medina, J. J., Soria, C., &
Martinez-Ferri, E. (2019). Light exposure affects fruit quality in different strawberry
cultivars under field conditions. Scientia Horticulturae, 252, 291-297. https://doi.
org/10.1016/j.scienta.2019.03.058

Cervantes, L., Ariza, M. T., Miranda, L., Lozano, D., Medina, J. J., Soria, C., & Martinez-
Ferri, E. (2020). Stability of fruit quality traits of different strawberry varieties under
variable environmental conditions. Agronomy, 10(9), 1242. https://doi.org/
10.3390/agronomy10091242

Chambers, A., Whitaker, V. M., Gibbs, B., Plotto, A., & Folta, K. M. (2012). Detection of
the linalool-producing NES1 variant across diverse strawberry (Fragaria spp.)
accessions. Plant Breeding, 131(3), 437-443. https://doi.org/10.1111/j.1439-
0523.2012.01959.x

Cherian, S., Figueroa, C. R., & Nair, H. (2014). “Movers and shakers” in the regulation of
fruit ripening: A cross-dissection of climacteric versus non-climacteric fruit. Journal
of Experimental Botany, 65(17), 4705-4722. https://doi.org/10.1093/jxb/eru280

Colquhoun, T. A., Levin, L. A., Moskowitz, H. R., Whitaker, V. M., Clark, D. G., &
Folta, K. M. (2012). Framing the perfect strawberry: An exercise in consumer-
assisted selection of fruit crops. Journal of Berry Research, 2(1), 45-61. https://doi.
org/10.3233/JBR-2011-027

D’Esposito, D., Ferriello, F., Molin, A. D., Diretto, G., Sacco, A., Minio, A., ...

Ercolano, M. R. (2017). Unraveling the complexity of transcriptomic, metabolomic
and quality environmental response of tomato fruit. BMC Plant Biology, 17(1), 66.
https://doi.org/10.1186/5s12870-017-1008-4

Diao, Q., Tian, S., Cao, Y., Yao, D., Fan, H., & Zhang, Y. (2023). Transcriptome analysis
reveals association of carotenoid metabolism pathway with fruit color in melon.
Scientific Reports, 13(1), 5004. https://doi.org/10.1038/541598-023-31432-y

Dong, J., Zhang, Y., Tang, X., Jin, W., & Han, Z. (2013). Differences in volatile ester
composition between Fragaria x ananassa and F. Vesca and implications for
strawberry aroma patterns. Scientia Horticulturae, 150, 47-53. https://doi.org/
10.1016/j.scienta.2012.11.001

Duréan-Soria, S., Pott, D. M., Will, F., Mesa-Marin, J., Lewandowski, M., Celejewska, K.,
... Osorio, S. (2021). Exploring genotype-by-environment interactions of chemical
composition of raspberry by using a metabolomics approach. Metabolites, 11(8), 490.
https://doi.org/10.3390/metabo11080490

Edger, P. P., Poorten, T. J., Vanburen, R., Hardigan, M. A., Colle, M., Mckain, M. R., &
Knapp, S. J. (2019). Origin and evolution of the octoploid strawberry genome.
Nature Genetics, 51(3), 541-547. https://doi.org/10.1038/541588-019-0356-4

Egea, L, Estrada, Y., Flores, F. B., & Bolarin, M. C. (2022). Improving production and fruit
quality of tomato under abiotic stress: Genes for the future of tomato breeding for a
sustainable agriculture. Environmental and Experimental Botany, 204, Article 105086.
https://doi.org/10.1016/j.envexpbot.2022.105086

Fait, A., Hanhineva, K., Beleggia, R., Dai, N., Rogachev, I., Nikiforova, V. J., &
Aharoni, A. (2008). Reconfiguration of the achene and receptacle metabolic
networks during strawberry fruit development. Plant Physiology, 148(2), 730-750.
https://doi.org/10.1104/pp.108.120691

Fan, Z., Hasing, T., Johnson, T. S., Garner, D. M., Barbey, C. R., Colquhoun, T. A,, ...
Whitaker, V. M. (2021). Strawberry sweetness and consumer preference are
enhanced by specific volatile compounds. Horticulture Research, 8(1). https://doi.
org/10.1038/s41438-021-00502-5

FAOSTAT. (2023). FAOSTAT statistical database. Food and Agricultural Organization of
the United Nations, FAO.

Fernqvist, F., & Hunter, E. (2012). Who's to blame for tasteless tomatoes? The effect of
tomato chilling on consumers' taste perceptions. European Journal of Horticultural
Science, 77(5), 193-198. https://doi.org/10.1079/ejhs.2012/34776

Gao, L., Kantar, M. B., Moxley, D., Ortiz-Barrientos, D., & Rieseberg, L. H. (2023). Crop
adaptation to climate change: An evolutionary perspective. Molecular Plant, 16(10),
1518-1546. https://doi.org/10.1016/j.molp.2023.07.011

Gil-Ariza, D. J., Amaya, 1., Lopez-Aranda, J. M., Sdnchez-Sevilla, J. F., Botella, M. A., &
Valpuesta, V. (2009). Impact of plant breeding on the genetic diversity of cultivated
strawberry as revealed by expressed sequence tag-derived simple sequence repeat
markers. Journal of the American Society for Horticultural Science, 134(3), 337-347.
https://doi.org/10.21273/jashs.134.3.337

hummel@mpimp-golm.mpg.de. (2025). GMD - the Golm Metabolome Database.
Retrieved December 2, 2025, from http://gmd.mpimp-golm.mpg.de/.

Hampel, D., Mosandl, A., & Wiist, M. (2006). Biosynthesis of mono- and sesquiterpenes in
strawberry fruits and foliage: 2H labeling studies. Journal of Agricultural and Food
Chemistry, 54(4), 1473-1478. https://doi.org/10.1021/jf0523972

Hardner, C. (2017). Exploring opportunities for reducing complexity of genotype-by-
environment interaction models. Euphytica, 213(11), 248. https://doi.org/10.1007/
s10681-017-2023-0


https://doi.org/10.1016/j.foodchem.2026.148161
https://doi.org/10.1016/j.foodchem.2026.148161
https://doi.org/10.1007/s10681-024-03364-9
https://doi.org/10.1105/tpc.104.023895
https://doi.org/10.1105/tpc.104.023895
https://doi.org/10.1007/s00217-020-03605-w
https://doi.org/10.1007/s00217-020-03605-w
https://doi.org/10.3389/fpls.2021.615749
https://doi.org/10.3389/fpls.2021.615749
https://doi.org/10.1080/10408391003626322
https://doi.org/10.1080/10408391003626322
https://doi.org/10.3390/agriculture12081193
https://doi.org/10.1111/j.1365-2621.2002.tb11349.x
https://doi.org/10.3389/fpls.2020.00080
https://doi.org/10.1533/9781845694296.1.11
https://doi.org/10.1111/j.1745-4557.1991.tb00060.x
https://doi.org/10.1111/j.1745-4557.1991.tb00060.x
https://doi.org/10.17660/actahortic.2003.622.27
https://doi.org/10.17660/actahortic.2003.622.27
https://doi.org/10.1007/s00425-007-0598-8
https://doi.org/10.1007/s00425-007-0598-8
https://doi.org/10.1016/j.scienta.2019.03.058
https://doi.org/10.1016/j.scienta.2019.03.058
https://doi.org/10.3390/agronomy10091242
https://doi.org/10.3390/agronomy10091242
https://doi.org/10.1111/j.1439-0523.2012.01959.x
https://doi.org/10.1111/j.1439-0523.2012.01959.x
https://doi.org/10.1093/jxb/eru280
https://doi.org/10.3233/JBR-2011-027
https://doi.org/10.3233/JBR-2011-027
https://doi.org/10.1186/s12870-017-1008-4
https://doi.org/10.1038/s41598-023-31432-y
https://doi.org/10.1016/j.scienta.2012.11.001
https://doi.org/10.1016/j.scienta.2012.11.001
https://doi.org/10.3390/metabo11080490
https://doi.org/10.1038/s41588-019-0356-4
https://doi.org/10.1016/j.envexpbot.2022.105086
https://doi.org/10.1104/pp.108.120691
https://doi.org/10.1038/s41438-021-00502-5
https://doi.org/10.1038/s41438-021-00502-5
http://refhub.elsevier.com/S0308-8146(26)00319-5/rf0135
http://refhub.elsevier.com/S0308-8146(26)00319-5/rf0135
https://doi.org/10.1079/ejhs.2012/34776
https://doi.org/10.1016/j.molp.2023.07.011
https://doi.org/10.21273/jashs.134.3.337
http://gmd.mpimp-golm.mpg.de/
https://doi.org/10.1021/jf0523972
https://doi.org/10.1007/s10681-017-2023-0
https://doi.org/10.1007/s10681-017-2023-0

P. Pacheco-Ruiz et al.

Hu, Y., Feng, C., Yang, L., Edger, P. P., & Kang, M. (2022). Genomic population structure
and local adaptation of the wild strawberry Fragaria nilgerrensis. Horticulture
Research, 9, Article uhab059. https://doi.org/10.1093/hr/uhab059

Jiang, L., Chen, X., Gu, X., Deng, M., Li, X., Zhou, A., ... Zhang, Y. (2023). Light quality
and sucrose-regulated detached ripening of strawberry with possible involvement of
abscisic acid and auxin signaling. International Journal of Molecular Sciences, 24(6),
Article 5681. https://doi.org/10.3390/ijms24065681

Joine, M., & Sakar, E. H. (2025). Floral and fruit phenology in three young olive (Olea
europaea L.) cultivars grown in central northern Morocco. Part I: Reproductive
phenological calendar and agroclimatic requirements according to the olive specific
BBCH scale. Applied Fruit Science, 67, Article 116. https://doi.org/10.1007/510341-
025-01312-y

Kadir, S., Sidhu, G., & Al-Khatib, K. (2006). Strawberry (Fragaria xananassa Duch.)
growth and productivity as affected by temperature. ResearchGate. https://doi.org/
10.21273/HORTSCI.41.6.1423

Kishor, P. B. K., Guddimalli, R., Kulkarni, J., Singam, P., Somanaboina, A. K.,
Nandimandalam, T., ... Penna, S. (2023). Impact of climate change on altered fruit
quality with organoleptic, health benefit, and nutritional attributes. Journal of
Agricultural and Food Chemistry, 71(46), 17510-17527. https://doi.org/10.1021 /acs.
jafc.3c03312

Klee, H. J., & Tieman, D. M. (2018). The genetics of fruit flavour preferences. Nature
Reviews Genetics, 19(6), 347-356. https://doi.org/10.1038/541576-018-0002-5

Kouloumprouka Zacharaki, A., Monaghan, J. M., Bromley, J. R., & Vickers, L. H. (2024).
Opportunities and challenges for strawberry cultivation in urban food production
systems. Plants, People, Planet, 6(3), 1572. https://doi.org/10.1002/ppp3.10475

Kowarik, A., & Templ, M. (2016). Imputation with the R package VIM. Journal of
Statistical Software, 74(7), 1-16. https://doi.org/10.18637/jss.v074.i107

Kriiger, E., Josuttis, M., Nestby, R., Toldam-Andersen, T. B., Carlen, C., & Mezzetti, B.
(2012). Influence of growing conditions at different latitudes of Europe on
strawberry growth performance, yield and quality. Journal of Berry Research, 2(3),
143-157. https://doi.org/10.3233/JBR-2012-036

Kurokura, T., Mimida, N., Battey, N. H., & Hytonen, T. (2013). The regulation of seasonal
flowering in the Rosaceae. Journal of Experimental Botany, 64(14), 4131-4141.
https://doi.org/10.1093/jxb/ert233

Kyriacou, M. C., & Rouphael, Y. (2018). Towards a new definition of quality for fresh
fruits and vegetables. Scientia Horticulturae, 234, 463-469. https://doi.org/10.1016/
j-scienta.2017.09.046

Langfelder, P., & Horvath, S. (2008). WGCNA: An R package for weighted correlation
network analysis. BVC Bioinformatics, 9, Article 559. https://doi.org/10.1186/1471-
2105-9-559

Langfelder, P., & Horvath, S. (2012). Fast R functions for robust correlations and
hierarchical clustering. Journal of Statistical Software, 46(11), 1-17. https://doi.org/
10.18637/jss.v046.i11

Leonardou, V. K., Doudoumis, E., Tsormpatsidis, E., Vysini, E., Papanikolopoulos, T.,
Papasotiropoulos, V., & Lamari, F. N. (2021). Quality traits, volatile organic
compounds, and expression of key flavor genes in strawberry genotypes over harvest
period. International Journal of Molecular Sciences, 22(24), Article 13499. https://doi.
org/10.3390/ijms222413499

Li, B. J., Grierson, D., Shi, Y., & Chen, K. S. (2022). Roles of abscisic acid in regulating
ripening and quality of strawberry, a model non-climacteric fruit. Horticulture
Research, 9, Article uhac089. https://doi.org/10.1093/hr/uhac089

Lopes, P. R. C,, Silva, J. L., & Matta, F. B. (2009). Integrated fruit production-enhancing
production, quality, and safety of fruit production and packing of mango in Brazil as
a model. International Journal of Fruit Science, 9(2), 144-156. https://doi.org/
10.1080/15538360902991386

Love, M. I, Huber, W., & Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with deseq2. Genome Biology, 15(12), 550. https://doi.
org/10.1186/513059-014-0550-8

Maduwanthi, S. D. T., & Marapana, R. A. U. J. (2019). Induced ripening agents and their
effect on fruit quality of banana. International Journal of Food Science, 2019, Article
2520179. https://doi.org/10.1155/2019/2520179

Manning, K. (1991). Isolation of nucleic acids from plants by differential solvent
precipitation. Analytical Biochemistry, 195(1), 45-50. https://doi.org/10.1016/0003-
2697(91)90292-2

Mao, W., Han, Y., Chen, Y., Sun, M., Feng, Q., Li, L., & Li, B. (2022). Low temperature
inhibits anthocyanin accumulation in strawberry fruit by activating fvmapk3-
induced phosphorylation of fvmyb10 and degradation of chalcone synthase 1. Plant
Cell, 34(4), 1226-1249. https://doi.org/10.1093/plcell /koac006

Martinez-Rivas, F. J., & Fernie, A. R. (2024). Metabolomics to understand metabolic
regulation underpinning fruit ripening, development, and quality. Journal of
Experimental Botany, 75(6), 1726-1740. https://doi.org/10.1093/jxb/erad384

Mengzel, C. (2021). Higher temperatures decrease fruit size in strawberry growing in the
subtropics. Horticulturae, 7(2), Article 34. https://doi.org/10.3390/
horticulturae7020034

Menzel, C. M. (2023). A review of fruit development in strawberry: High temperatures
accelerate flower development and decrease the size of the flowers and fruit. Journal
of Horticultural Science and Biotechnology, 98(4), 409-431. https://doi.org/10.1080/
14620316.2023.2166599

Mohammadi, S., Rydgren, K., Bakkestuen, V., & Gillespie, M. A. K. (2023). Impacts of
recent climate change on crop yield can depend on local conditions in climatically
diverse regions of Norway. Scientific Reports, 13(1), Article 3633. https://doi.org/
10.1038/541598-023-30813-7

Nagegowda, D. A., Gutensohn, M., Wilkerson, C. G., & Dudareva, N. (2008). Two nearly
identical terpene synthases catalyze the formation of nerolidol and linalool in
snapdragon flowers. Plant Journal, 55(2), 224-239. https://doi.org/10.1111/§.1365-
313X.2008.03496.x

18

Food Chemistry 507 (2026) 148161

Nelson, A. S., & Whitehead, S. R. (2021). Fruit secondary metabolites shape seed
dispersal effectiveness. Trends in Ecology and Evolution, 36(12), 1113-1123. https://
doi.org/10.1016/j.tree.2021.08.005

Nevo, O., & Ayasse, M. (2020). Fruit scent: Biochemistry, ecological function, and
evolution. Reference Series in Phytochemistry, 403-425. https://doi.org/10.1007/978-
3-319-96397-6_33

Oh, Y., Barbey, C. R., Chandra, S., Bai, J., Fan, Z., Plotto, A, ... Lee, S. (2021). Genomic
characterization of the fruity aroma gene, FaFadl, reveals a gene dosage effect on
y-decalactone production in strawberry (Fragaria x ananassa). Frontiers. Plant
Science, 12, Article 639345. https://doi.org/10.3389/fpls.2021.639345

Olivoto, T., & Licio, A. D. C. (2020). Metan: An R package for multi-environment trial
analysis. Methods in Ecology and Evolution, 11(6), 783-789. https://doi.org/10.1111/
2041-210X.13384

Orisa, C. A., & Usoroh, C. I. (2020). Effects of accelerated ripening agents on the fruit
quality of pawpaw (Carica papaya). ARC Journal of Nutrition and Growth, 6(2), 42-49.
https://doi.org/10.20431/2455-2550.0602006

Orlowsky, B., & Seneviratne, S. I. (2012). Global changes in extreme events: Regional and
seasonal dimension. Climatic Change, 110, 669-696. https://doi.org/10.1007/
510584-011-0122-9

Osorio, S., Do, P. T., & Fernie, A. R. (2012). Profiling Primary Metabolites of Tomato
Fruit with Gas Chromatography/Mass Spectrometry. In N. W. Hardy, & R. D. Hall
(Eds.), Plant Metabolomics: Methods and Protocols (pp. 101-109). Humana Press.
https://doi.org/10.1007/978-1-61779-594-7 7.

Patro, R., Duggal, G., Love, M. L, Irizarry, R. A., & Kingsford, C. (2017). Salmon provides
fast and bias-aware quantification of transcript expression. Nature Methods, 14(4),
417-419. https://doi.org/10.1038/nmeth.4197

Pedrozo, P., Vicente, E., Moltini, A. 1., Ibanez, F., Lado, B., Farina, L., ... Lado, J. (2023).
Strawberry fruit quality: Impacts of the harvest date with a breeding perspective.
JSFA Reports, 3(11), 597-608. https://doi.org/10.1002/jsf2.163

Perotti, M. F., Posé, D., & Martin-Pizarro, C. (2023). Non-climacteric fruit development
and ripening regulation: ‘the phytohormones show. Journal of Experimental Botany,
74(20), 6237-6253. https://doi.org/10.1093/jxb/erad271

Pirzadah, T. B., Malik, B., Rehman, R. U., Hakeem, K. R., & Qureshi, M. L. (2014).
Signaling in response to cold stress. In K. Hakeem, R. Rehman, & I. Tahir (Eds.), Plant
signaling: Understanding the molecular crosstalk. New Delhi: Springer. https://doi.org/
10.1007/978-81-322-1542-4_10.

Pott, D. M., Duran-Soria, S., Allwood, J. W., Pont, S., Gordon, S. L., Jennings, N., &
Osorio, S. (2023). Dissecting the impact of environment, season and genotype on
blackcurrant fruit quality traits. Food Chemistry, 402, 134360. https://doi.org/
10.1016/j.foodchem.2022.134360

Pott, D. M., Duran-Soria, S., Osorio, S., & Vallarino, J. G. (2021). Combining
metabolomic and transcriptomic approaches to assess and improve crop quality
traits. CABI Agriculture and Bioscience, 2(1), Article 1. https://doi.org/10.1186/
s43170-020-00021-8

Pott, D. M., Vallarino, J. G., & Osorio, S. (2021). Profiling volatile compounds in
blackcurrant fruit using headspace solid-phase microextraction coupled to gas
chromatography-mass spectrometry. Journal of Visualized Experiments, 172, Article
e62421. https://doi.org/10.3791/62421

Previtali, P., Dokoozlian, N. K., Pan, B. S., Wilkinson, K. L., & Ford, C. M. (2021). Crop
load and plant water status influence the ripening rate and aroma development in
berries of grapevine (Vitis vinifera L.) cv. cabernet sauvignon. Journal of Agricultural
and Food Chemistry, 69(27), 7709-7724. https://doi.org/10.1021/acs.jafc.1c01229

Prohaska, A., Petit, A., Lesemann, S., Rey-Serra, P., Mazzoni, L., Masny, A., ...
Denoyes, B. (2024). Strawberry phenotypic plasticity in flowering time is driven by
the interaction between genetic loci and temperature. Journal of Experimental Botany,
75(18), 5923-5939. https://doi.org/10.1093/jxb/erae279

Rey-Serra, P., Mnejja, M., & Monfort, A. (2022). Inheritance of esters and other volatile
compounds responsible for the fruity aroma in strawberry. Frontiers in Plant Science,
13. https://doi.org/10.3389/fpls.2022.959155

Robinson, M. D., McCarthy, D. J., & Smyth, G. K. (2009). Edger: A Bioconductor package
for differential expression analysis of digital gene expression data. Bioinformatics, 26
(1), 139-140. https://doi.org/10.1093/bioinformatics/btp616

Rodriguez-Burruezo, A., Prohens, J., & Fita, A. M. (2011). Breeding strategies for
improving the performance and fruit quality of the Pepino (Solanum muricatum): A
model for the enhancement of underutilized exotic fruits. Food Research International,
44(7), 1927-1935. https://doi.org/10.1016/j.foodres.2010.12.028

Roscher, R., Bringmann, G., Schreier, P., & Schwab, W. (1998). Radiotracer studies on
the formation of 2,5-Dimethyl-4-hydroxy-3(2H)-furanone in detached ripening
strawberry fruits. Journal of Agricultural and Food Chemistry, 46(4), 1488-1493.
https://doi.org/10.1021/jf970659x

Sanchez-Sevilla, J. F., Cruz-Rus, E., Valpuesta, V., Botella, M. A., & Amaya, 1. (2014).
Deciphering gamma-decalactone biosynthesis in strawberry fruit using a
combination of genetic mapping, RNA-Seq and eQTL analyses. BMC Genomics, 15(1),
218. https://doi.org/10.1186/1471-2164-15-218

Schieberle, P., & Hofmann, T. (1997). Evaluation of the character impact odorants in
fresh strawberry juice by quantitative measurements and sensory studies on model
mixtures. Journal of Agricultural and Food Chemistry, 45(1), 227-232. https://doi.
org/10.1021/jf9603660

Schwieterman, M. L., Colquhoun, T. A., Jaworski, E. A., Bartoshuk, L. M., Gilbert, J. L.,
Tieman, D. M., ... Clark, D. G. (2014). Strawberry flavor: Diverse chemical
compositions, a seasonal influence, and effects on sensory perception. Plos ONE, 9
(2), Article e88446. https://doi.org/10.1371/journal.pone.0088446

Senger, E., Osorio, S., Olbricht, K., Shaw, P., Denoyes, B., Davik, J., ... Mezzetti, B.
(2022). Towards smart and sustainable development of modern berry cultivars in
Europe. Plant Journal, 111(5), 1238-1251. https://doi.org/10.1111/tpj.15876


https://doi.org/10.1093/hr/uhab059
https://doi.org/10.3390/ijms24065681
https://doi.org/10.1007/s10341-025-01312-y
https://doi.org/10.1007/s10341-025-01312-y
https://doi.org/10.21273/HORTSCI.41.6.1423
https://doi.org/10.21273/HORTSCI.41.6.1423
https://doi.org/10.1021/acs.jafc.3c03312
https://doi.org/10.1021/acs.jafc.3c03312
https://doi.org/10.1038/s41576-018-0002-5
https://doi.org/10.1002/ppp3.10475
https://doi.org/10.18637/jss.v074.i07
https://doi.org/10.3233/JBR-2012-036
https://doi.org/10.1093/jxb/ert233
https://doi.org/10.1016/j.scienta.2017.09.046
https://doi.org/10.1016/j.scienta.2017.09.046
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.18637/jss.v046.i11
https://doi.org/10.18637/jss.v046.i11
https://doi.org/10.3390/ijms222413499
https://doi.org/10.3390/ijms222413499
https://doi.org/10.1093/hr/uhac089
https://doi.org/10.1080/15538360902991386
https://doi.org/10.1080/15538360902991386
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1155/2019/2520179
https://doi.org/10.1016/0003-2697(91)90292-2
https://doi.org/10.1016/0003-2697(91)90292-2
https://doi.org/10.1093/plcell/koac006
https://doi.org/10.1093/jxb/erad384
https://doi.org/10.3390/horticulturae7020034
https://doi.org/10.3390/horticulturae7020034
https://doi.org/10.1080/14620316.2023.2166599
https://doi.org/10.1080/14620316.2023.2166599
https://doi.org/10.1038/s41598-023-30813-7
https://doi.org/10.1038/s41598-023-30813-7
https://doi.org/10.1111/j.1365-313X.2008.03496.x
https://doi.org/10.1111/j.1365-313X.2008.03496.x
https://doi.org/10.1016/j.tree.2021.08.005
https://doi.org/10.1016/j.tree.2021.08.005
https://doi.org/10.1007/978-3-319-96397-6_33
https://doi.org/10.1007/978-3-319-96397-6_33
https://doi.org/10.3389/fpls.2021.639345
https://doi.org/10.1111/2041-210X.13384
https://doi.org/10.1111/2041-210X.13384
https://doi.org/10.20431/2455-2550.0602006
https://doi.org/10.1007/s10584-011-0122-9
https://doi.org/10.1007/s10584-011-0122-9
https://doi.org/10.1007/978-1-61779-594-7_7
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1002/jsf2.163
https://doi.org/10.1093/jxb/erad271
https://doi.org/10.1007/978-81-322-1542-4_10
https://doi.org/10.1007/978-81-322-1542-4_10
https://doi.org/10.1016/j.foodchem.2022.134360
https://doi.org/10.1016/j.foodchem.2022.134360
https://doi.org/10.1186/s43170-020-00021-8
https://doi.org/10.1186/s43170-020-00021-8
https://doi.org/10.3791/62421
https://doi.org/10.1021/acs.jafc.1c01229
https://doi.org/10.1093/jxb/erae279
https://doi.org/10.3389/fpls.2022.959155
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/j.foodres.2010.12.028
https://doi.org/10.1021/jf970659x
https://doi.org/10.1186/1471-2164-15-218
https://doi.org/10.1021/jf960366o
https://doi.org/10.1021/jf960366o
https://doi.org/10.1371/journal.pone.0088446
https://doi.org/10.1111/tpj.15876

P. Pacheco-Ruiz et al.

Shen, J., Shao, W., Li, J., & Lu, H. (2022). Integrated metabolomic and transcriptomic
analysis reveals factors underlying differences in fruit quality between Fragaria
nilgerrensis and Fragaria pentaphylla. Journal of the Science of Food and Agriculture,
102(8), 3287-3296. https://doi.org/10.1002/jsfa.11674

Soneson, C., Love, M. 1., & Robinson, M. D. (2015). Differential analyses for RNA-seq:
Transcript-level estimates improve gene-level inferences. F1000Research, 4, Article
1521. https://doi.org/10.12688/f1000research.7563.1

Sun, J., & Xia, Y. (2024). Pretreating and normalizing metabolomics data for statistical
analysis. Genes and Diseases, 11(3), Article 100979. https://doi.org/10.1016/j.
gendis.2023.04.018

Teressa, T., Semahegn, Z., & Bejiga, T. (2021). Multi environments and genetic-
environmental interaction (GxE) in plant breeding and its challenges: A review
article. International Journal of Research Studies in Agricultural Sciences, 7(4), 11-18.
https://doi.org/10.20431/2454-6224.0704002

Thévenot, E. A., Roux, A., Xu, Y., Ezan, E., & Junot, C. (2015). Analysis of the human
adult urinary metabolome variations with age, body mass index, and gender by
implementing a comprehensive workflow for univariate and OPLS statistical
analyses. Journal of Proteome Research, 14(8), 3322-3335. https://doi.org/10.1021/
acs.jproteome.5b00354

Twitchen, C., Else, M. A., & Hadley, P. (2021). The effect of temperature and light
intensity on rate of strawberry fruit ripening. Acta Horticulturae, 1309. https://doi.
org/10.17660/actahortic.2021.1309.92

Uleberg, E., Rohloff, J., Jaakola, L., Trost, K., Junttila, O., Higgman, H., & Martinussen, L.
(2012). Effects of temperature and photoperiod on yield and chemical composition
of northern and southern clones of bilberry (vaccinium myrtillus 1.). Journal of
Agricultural and Food Chemistry, 60(42), 10406-10414. https://doi.org/10.1021/
j£302924m

Ulrich, D., Hoberg, E., Rapp, A., & Kecke, S. (1997). Analysis of strawberry flavour -
discrimination of aroma types by quantification of volatile compounds. European
Food Research and Technology, 205(3), 218-223. https://doi.org/10.1007/
5002170050154

Ulrich, D., Kecke, S., & Olbricht, K. (2018). What do we know about the chemistry of
strawberry aroma? Journal of Agricultural and Food Chemistry, 66(13), 3291-3301.
https://doi.org/10.1021/acs.jafc.8b01115

Umer, M. J., Bin Safdar, L., Gebremeskel, H., Zhao, S., Yuan, P., Zhu, H., ... Liu, W.
(2020). Identification of key gene networks controlling organic acid and sugar
metabolism during watermelon fruit development by integrating metabolic
phenotypes and gene expression profiles. Horticulture Research, 7(1), ss. https://doi.
org/10.1038/541438-020-00416-8

Urrutia, M., Rambla, J. L., Alexiou, K. G., Granell, A., & Monfort, A. (2017). Genetic
analysis of the wild strawberry (Fragaria vesca) volatile composition. Plant Physiology
and Biochemistry, 121, 99-117. https://doi.org/10.1016/j.plaphy.2017.10.015

19

Food Chemistry 507 (2026) 148161

Vallarino, J. G., De Abreu e Lima, F., Soria, C., Tong, H., Pott, D. M., Willmitzer, L., ...
Osorio, S. (2018). Genetic diversity of strawberry germplasm using metabolomic
biomarkers. Scientific Reports, 8(1), Article 14386. https://doi.org/10.1038/541598-
018-32212-9

Vallarino, J. G., Pott, D. M., Cruz-Rus, E., Miranda, L., Medina-Minguez, J. J.,
Valpuesta, V., ... Amaya, 1. (2019). Identification of quantitative trait loci and
candidate genes for primary metabolite content in strawberry fruit. Horticulture
Research, 6, 4. https://doi.org/10.1038/541438-018-0077-3

Vandendriessche, T., Vermeir, S., Mayayo Martinez, C., Hendrickx, Y., Lammertyn, J.,
Nicolai, B. M., & Hertog, M. L. A. T. M. (2013). Effect of ripening and inter-cultivar
differences on strawberry quality. LWT- Food Science and Technology, 52(2), 62-70.
https://doi.org/10.1016/J.LWT.2011.12.037

Wang, S. Y., & Camp, M. J. (2000). Temperatures after bloom affect plant growth and
fruit quality of strawberry. Scientia Horticulturae, 85(3), 183-199. https://doi.org/
10.1016/S0304-4238(99)00143-0

Wang, X. Q., Li, L. M., Yang, P. P., & Gong, C. L. (2014). The role of hexokinases from
grape berries (Vitis vinifera L.) in regulating the expression of cell wall invertase and
sucrose synthase genes. Plant Cell Reports, 33(2), 337-347. https://doi.org/10.1007/
500299-013-1533-z

Wenqi, Z. (2025). An overview of UDP-glucose Pyrophosphorylase in plants. Tropical
Plant Biology, 18, 10. https://doi.org/10.1007/s12042-024-09379-9

Yan, J. W., Ban, Z. J., Lu, H. Y., Li, D., Poverenov, E., Luo, Z. S., & Li, L. (2018). The
aroma volatile repertoire in strawberry fruit: A review. Journal of the Science of Food
and Agriculture, 98(12), 4395-4402. https://doi.org/10.1002/jsfa.9039

Zhang, C., & Hao, Y. J. (2020). Advances in genomic, transcriptomic, and metabolomic
analyses of fruit quality in fruit crops. Horticultural Plant Journal, 6(6), 361-371.
https://doi.org/10.1016/j.hpj.2020.11.001

Zhang, J., Wang, X., Yu, O., Tang, J., Gu, X., Wan, X., & Fang, C. (2011). Metabolic
profiling of strawberry (Fragaria x ananassa Duch.) during fruit development and
maturation. Journal of Experimental Botany, 62(3), 1103-1118. https://doi.org/
10.1093/jxb/erq343

Zheng, T., Lv, J., Sadeghnezhad, E., Cheng, J., & Jia, H. (2022). Transcriptomic and
metabolomic profiling of strawberry during postharvest cooling and heat storage.
Frontiers in Plant Science, 13. https://doi.org/10.3389/fpls.2022.1009747

Zorrilla-Fontanesi, Y., Rambla, J. L., Cabeza, A., Medina, J. J., Sdnchez-Sevilla, J. F.,
Valpuesta, V., ... Amaya, I. (2012). Genetic analysis of strawberry fruit aroma and
identification of O-methyltransferase FAOMT as the locus controlling natural
variation in mesifurane content. Plant Physiology, 159(2), 851.870. https://doi.org/
10.1104/pp.111.188318


https://doi.org/10.1002/jsfa.11674
https://doi.org/10.12688/f1000research.7563.1
https://doi.org/10.1016/j.gendis.2023.04.018
https://doi.org/10.1016/j.gendis.2023.04.018
https://doi.org/10.20431/2454-6224.0704002
https://doi.org/10.1021/acs.jproteome.5b00354
https://doi.org/10.1021/acs.jproteome.5b00354
https://doi.org/10.17660/actahortic.2021.1309.92
https://doi.org/10.17660/actahortic.2021.1309.92
https://doi.org/10.1021/jf302924m
https://doi.org/10.1021/jf302924m
https://doi.org/10.1007/s002170050154
https://doi.org/10.1007/s002170050154
https://doi.org/10.1021/acs.jafc.8b01115
https://doi.org/10.1038/s41438-020-00416-8
https://doi.org/10.1038/s41438-020-00416-8
https://doi.org/10.1016/j.plaphy.2017.10.015
https://doi.org/10.1038/s41598-018-32212-9
https://doi.org/10.1038/s41598-018-32212-9
https://doi.org/10.1038/s41438-018-0077-3
https://doi.org/10.1016/J.LWT.2011.12.037
https://doi.org/10.1016/S0304-4238(99)00143-0
https://doi.org/10.1016/S0304-4238(99)00143-0
https://doi.org/10.1007/s00299-013-1533-z
https://doi.org/10.1007/s00299-013-1533-z
https://doi.org/10.1007/s12042-024-09379-9
https://doi.org/10.1002/jsfa.9039
https://doi.org/10.1016/j.hpj.2020.11.001
https://doi.org/10.1093/jxb/erq343
https://doi.org/10.1093/jxb/erq343
https://doi.org/10.3389/fpls.2022.1009747
https://doi.org/10.1104/pp.111.188318
https://doi.org/10.1104/pp.111.188318

	Cultivar-by-environment interactions shape strawberry fruit quality: A multi-omics approach across European climates
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and field management
	2.2 Sample preparation and experimental design
	2.3 Environmental data
	2.4 Phenology data and statistical analysis
	2.5 Metabolite extraction and mass spectrometry (MS)
	2.6 RNA extraction and RNA-Seq analysis
	2.7 Metabolic statistical data analysis
	2.8 Transcriptomics statistical data analysis
	2.9 Multi-omics data integration and metabolic pathway construction

	3 Results
	3.1 Climatic variation across environments
	3.2 Phenotypic plasticity of fruit development duration under GxE influences
	3.3 GxE interactions significantly shaped metabolism groups accumulation patterns
	3.4 Growing location was a key determinant of primary metabolic profiles
	3.5 Cultivar factor gained weight in determining volatile organic compounds accumulation
	3.6 GxE interactions is a strong factor determining flavour-relevant compounds
	3.7 Stability and plasticity analysis of metabolites contributing to organoleptic quality
	3.8 Cultivar type overrides environment in shaping gene expression
	3.9 Integrative analysis of metabolomic and transcriptomic profiles
	3.9.1 Sucrose related co-expression modules analysis
	3.9.2 Linalool related co-expression modules analysis
	3.9.3 Mesifurane related co-expression modules analysis
	3.9.4 ɣ-Decalactone related co-expression modules analysis


	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Funding sources
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


