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The strawberry, a globally traded fruit, is a prime example of how geographical origin has become an
important marketing factor. Significant price differences between countries of origin make mislabeling a
financially attractive form of food fraud, underlining the need for origin verification. In this context, the
development of methods that can unequivocally prove the authenticity, i.e., the declared origin, is
an absolute necessity. In this study, a non-targeted lipidomic approach using ion mobility combined
with high resolution mass spectrometry was applied to clearly distinguish German strawberries from
non-German strawberries. Using linear discriminant analysis (LDA), an accuracy of 90% was achieved.
Furthermore, a detailed classification of strawberries from Central Europe (German, Dutch and Polish
strawberries) as well as strawberries from Mediterranean regions (Spanish, Greek and Egyptian
strawberries) was carried out with a classification accuracy of 74%. To further investigate the
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classification results, a total of 39 lipids were identified as relevant markers for German, Dutch and
Polish strawberries as well as for Spanish, Greek and Egyptian strawberries using MS/MS measurements.
A particular difficulty was the fact that the influence of climatic conditions on the metabolome is similar
in countries that are geographically close to each other. Overall, the results of this study help to prevent
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1. Introduction

The geographical origin of food has become an increasingly
important factor in consumer purchasing decisions in recent
years."? Furthermore, with the implementation of regulation
(EC No 1169/2011) on the provision of food information to
consumers in 2014, the indication of geographical origin also
became mandatory in certain cases.’

Strawberries are a fruit that is widely traded worldwide.*
This can be illustrated particularly well by the German import
and export business. In 2023, approx. 2000 farms in Germany
cultivated strawberries on an area of approximately 140 km?,
producing about 1300000 tons of strawberries. During the
same harvesting period, 114 010 tons of fresh strawberries were
imported to Germany.®> The most important supplier countries
for the German strawberry market are Spain, Greece, the
Netherlands and Egypt. Spain exported 71700 tons, Greece
16900 tons, the Netherlands 13 000 tons, and Egypt 2200 tons
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food fraud and to confirm the authenticity of strawberries in terms of their origin.

to Germany.® The average price of German strawberries in 2023
was 3.35 € per kg. In comparison, strawberries from non-
German growing regions, including Spain and Greece, ranged
between 1.36 and 2.46 € per kg.” The higher prices for German
strawberries are mainly the result of higher labor and production
costs, shorter supply chains and a strong emphasis on freshness
in regional marketing. Furthermore, a significant proportion of
products are sold under regional quality labels, which commu-
nicate premium quality to consumers. Origin verification is
therefore a crucial component in protecting both consumers
and producers from economically motivated fraud.*™'° The sig-
nificant price differences between the various countries of origin
make the re-declaration of the origin of imported strawberries a
financially beneficial endeavor. Therefore, the continuous devel-
opment of analytical methods to ensure the authenticity of such
products, particularly with regard to their ability to determine
the geographical origin of strawberries, is crucial.

The potential and limitations of metabolome analysis for
determining the geographical origin of strawberries have been
investigated in several studies. Various analytical approaches
have been explored in the literature to determine the geogra-
phical origin of strawberries. For example, Covaciu et al. (2016)
investigated elemental profiles and stable isotope ratios using
ICP-MS and AAS, to assess environmental influence on
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strawberry composition." GC-MS was employed by Hakala
et al. (2002) to characterize volatile compounds in selected
cultivars, which are known to vary with both genotype and
cultivation environment.'? Josuttis et al. (2013) used LC-MS to
study the tannin composition of strawberries grown at different
European locations, showing how metabolic profiles can reflect
geographical and environmental influences. D’Urso et al. (2016)
utilised a metabolomics approach, employing LC-MS/MS in
conjunction with multivariate analysis to differentiate Fragaria
vesca samples from diverse Italian regions, thereby identifying
region-specific phenolic compounds.’®'* Khan et al. (2010)
utilised a combination of fundamental physicochemical mea-
surements, including pH and sugar content, in conjunction with
multivariate analysis to differentiate Pakistani strawberries
originating from distinct regions.”® Wu et al. (2023) employed
GC-MS and HPLC to profile aroma compounds and phenolic
acids, respectively thereby unveiling distinctive markers for straw-
berries from the Changping region in China.'* Although these
studies demonstrate the potential of analytical methods for origin
determination, they were often limited to a small number of
countries, did not account for interannual or seasonal variability,
and included only a few strawberry cultivars. This highlights
the need for more comprehensive studies that integrate broader
sampling strategies and analytical depth. In addition, in a
previously published study, our group analyzed the origin of
strawberries using a non-targeted approach based on Fourier-
transform near-infrared (FT-NIR) spectroscopy. The results of this
study suggest that it is possible to distinguish between German
and non-German strawberries, including strawberries from Egypt,
Spain and Greece, with 92% accuracy. However, it should be noted
that due to the low resolution of FT-NIR spectroscopy measure-
ments, the analysis only provides a general overview of various
ingredients, but no detailed information on the exact metabolites
that are relevant for differentiation according to geographical
origin."® A study on the geographical origin of asparagus showed
that origin markers were present in both polar and non-polar
extracts. Nevertheless, more relevant markers were predominantly
detected in the lipidome.'® Therefore, in the present study, a
lipidomic approach was used to determine the origin of strawber-
ries using a non-polar extraction method.

The aim of this study was to develop a non-targeted liquid
chromatography approach coupled to electrospray ionization
ion mobility quadrupole time-of-flight mass spectrometry
(LC-ESI-IM-qTOF) to classify German versus non-German straw-
berries according to their geographical origin based on their
lipid profile. Moreover, the exact geographical origin of straw-
berries from six countries - namely Germany, Poland, the
Netherlands, Spain, Greece and Egypt — was to be determined.
The discrepancies between the sample populations, which
could be due to external factors, were determined by applying
multivariate statistical techniques, with a focus on comparing
the relative lipid peak intensities. Furthermore, MS/MS experi-
ments were conducted to identify the metabolites relevant for
the different geographical origins. Marker identification was
supported by the use of an ion mobility (IM) cell, which enabled
the determination of the identification parameter collision
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cross section (CCS value). CCS-values can be used to separate
isomers, isobars and conformers, which is particularly advanta-
geous in case of very complex matrices such as strawberry
extracts.'” The identification of markers represents an important
step towards the development of simpler targeted authentication
methods in the future. One example of this is the use of LC-MS
techniques with a triple quadrupole (LC-ESI-QqQ-MS/MS) instru-
ment in routine laboratories.*®

2. Materials and methods

2.1. Reagents and chemicals

Isopropanol (LC-MS grade) was purchased from Merck KGaA
(Darmstadt, Germany) and chloroform (HPLC grade), methanol
(LC-MS grade), acetonitrile (LC-MS grade) as well as ammonium
formate (LC-MS grade) were received from Carl Roth GmbH and
Co. KG (Karlsruhe, Germany). Demineralized water was ultra-
purified using a Direct-Q 3 UV-R system (Merck, Millipore,
Darmstadt, Germany). Purine, hexakis(1H,1H,3H-tetrafluoropro-
poxy)phosphazine and the ESI tuning mix, hexamethoxypho-
sphazine were obtained from Agilent Technologies (City of Santa
Clara, California, USA).

2.2. Sample acquisition

In order to distinguish between German and non-German
strawberries, a total of 195 strawberry samples with a balanced
distribution of samples across the countries Germany, Poland,
Netherlands, Greece, Egypt and Spain were used. An overview of
sampling is provided in Table 1 and detailed sample informa-
tion, including geographical origin, harvest year and variety,
can be found in Table S1 in the ESI.f We collected the German
samples directly from the fields and stored them at 4-5 °C
during transport to maintain sample freshness. 500 g of
strawberries were harvested from different rows and plants to
cover location variances. The non-German samples were
obtained from various traders in Germany and, where possible,
directly from local retailers in Greece, Egypt, Spain, Poland, and
the Netherlands. The collection of samples occurred between
2022 and 2024, contingent upon factors such as availability,
seasonal access, and local logistics. Consequently, certain
countries, such as Egypt, were represented in a single harvest
year, whereas Germany was sampled more extensively across
multiple years. This resulted in an imbalanced distribution of
samples per country and year, reflecting realistic sourcing
conditions.

Table 1 Overview of the samples obtained, with number of samples and
harvest year per country

Total sample amount 2022 2023 2024
Germany 50 32 12 6
Poland 28 — 12 16
Netherlands 33 4 10 19
Greece 22 3 13 6
Spain 33 7 18 8
Egypt 29 — 28 1

This journal is © The Royal Society of Chemistry 2025
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2.3. Sample preparation

For each sample, 500 g of strawberries were cleaned with
demineralized water. The strawberries were quartered with a
ceramic knife, discarding the stalk. The quarters were shock
frozen in liquid nitrogen at —196 °C and stored at —20 °C. 300 g
of the frozen strawberries were homogenized with the same
amount of dry ice in a knife mill (Retsch, Haan, Germany). The
frozen powders were freeze-dried (Christ, Osterode, Germany)
and then stored at —80 °C.

For analysis of non-polar metabolites, strawberry powder
was extracted using a Bligh and Dyer extraction method,
modified according to Creydt et al. (2018).'®'° For this purpose,
50.0 £ 0.5 mg of strawberry powder was weighed into a 2.0 mL
reaction tube (Eppendorf, Hamburg, Germany) and mixed with
0.75 mL ice-cold chloroform/methanol (1:2, v/v). Two steel
balls (@ = 3.25 mm) were added to each sample suspension.
The extracts were ball-milled for 1 min at 3.1 m s~ using a Bead
Ruptor 24 equipped with a 2.0 mL microtube carriage kit
(Biolabproducts, Bebensee, Germany). Thereafter, 0.5 mL of
water and 0.25 mL of chloroform were added and the mixtures
were again milled in a ball mill for 2 min. The remaining
suspensions were centrifuged for 20 min at 14000 g and 4 °C
(Eppendorf 5420R, Eppendorf, Hamburg, Germany). The super-
natants were diluted 1:4 (v/v) with chloroform and centrifuged
again for 5 min under the same conditions. In order to prevent
any changes in the metabolites during the process of extraction,
the samples and solvents were kept on ice whenever possible.

2.4. Data acquisition

A 6560 Ion Mobility qToF LC-MS system (Agilent Technologies,
City of Santa Clara, California, USA) was used for metabolomic
profiling analyses. Liquid chromatography was performed on an
Agilent 1290 Infinity II UHPLC system equipped with a high-
speed pump (G71204, 1290 High Speed Pump), a multisampler
(G7167B, 1290 multisampler) and a temperature-controlled
column tray (G7116B, 1290 MCT). Separation of non-polar meta-
bolites was performed using an Accucore RP-MS UPLC column
(150 mm x 2.1 mm i.d., 2.6 pm) equipped with a guard column of
the same material (10 mm x 2.1 mm i.d., 2.6 pm) (Thermo Fisher
Scientific, Braunschweig, Germany). The autosampler was tem-
perature controlled at 5 °C. The column oven was set at 50 °C with
a flow rate of 0.3 mL min~". The mobile phase consisted of water
(A) and acetonitrile/isopropanol (2: 1, v/v) (B) with the addition of
0.1 mMol L' ammonium formate. The chromatography gradient
listed in Table S2 in the ESIf was used for the LC-MS measure-
ments of the strawberry extracts. The injection volume was
adjusted to 8 pL.

The MS-analysis was performed in positive ionization mode
in the mass range 50 to 1700 Da with the following ionization
parameters: gas temperature 225 °C, drying gas flow rate
10 L min~", nebulizer 40 psi, sheath gas temperature 375 °C,
sheath gas flow rate 12 L min~ ' and, capillary voltage 3500 V.
The instrument was calibrated with a tuning mixture prior to
the series of measurements. In addition, a lock mass calibra-
tion was performed using a secondary nebulizer with purine
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and hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine during
the measurements. For the measurement in IM mode, the
following parameters were used for the determination of the
CCS values: drift gas nitrogen; drift gas pressure 3.95 Torr; frame
rate 0.9 frames per s; IM transient rate 18 IM transients/frame;
maximum drift time 60 ms; TOF transient rate 600 transients/IM
transients; trap fill time 3900 us; trap release time 250 ps;
multiplexed pulse sequence length 4 bits. Drift times were
calibrated by infusion of Agilent Technologies ESI tuning mix
and hexamethoxyphosphazine under the same conditions for
1 min on a daily basis.

The QC sample was a mixture of 10 pL of the first 48 non-
polar strawberry extracts used in the measurement sequence.
The sample order was randomized with respect to origin and
harvest year to avoid systematic bias and reduce potential instru-
mental drift. In addition, a blank sample was analyzed after every
five measurements. MS/MS spectra were measured for the identifi-
cation of metabolites. MS/MS fragment spectra were recorded at
10, 20 and 40 eV in QTOF mode. The acquisition rate/time for MS
mode was 1.5 spectra per s with 666.7 ms per spectrum (transients/
spectrum: 5452) and for MS/MS mode 1 spectra per s with 1000 ms
per spectrum (transients/spectrum: 7999).

2.5. Data processing

Multiplexing of IM-TOF data files was conducted utilizing the
PNNL preprocessor software (version 2020.03.23)**>" with the
following specified parameters: demultiplexing was enabled,
moving average window size was five frames, moving average
smoothing was enabled, m/z was not employed, drift three,
chromatography/infusion three, and a lower signal intensity
threshold of 20 counts. CCS values were calibrated utilizing the
IM-MS Browser software, version 10.0 from Agilent. Subse-
quently, four-dimensional feature finding was conducted using
Mass Profiler software (version 10.0) from Agilent with the
following parameters: restriction of the retention time to the
range of 0.0 to 28.0 min, ion intensity threshold of 200.0 counts,
isotope model of common organic compounds (exclusive of
halogens), charge state range of 1-2, report single-ion features
with charge state z = 1, RT tolerance = +£10.0% + 0.50 min, DT
tolerance = +1.5%, mass tolerance = £20.0 ppm + 2.0 mDa,
Q-Score >70.0. The resulting bucket table was exported in the
Excel.xlsx format (Microsoft Corporation, Washington, USA).
To ensure statistical significance, each bucket had to be detect-
able in at least 10% of all samples within a single sample group
(geographical origin), leaving 1523 variables for the dataset. The
dataset was transferred to the MetaboAnalyst 6.0 software and
missing values (proportion approx. 21%) were replaced by the
smallest value at which a characteristic could still be detected.
In addition, the dataset was sum-normalized and autoscaled
using this software.>” Identification was based on the analysis of
the high-resolution mass and fragment spectra, with additional
confirmation provided by the Lipid Annotator software, the
Agilent Masshunter Qualitative Analysis 10.0 software (Agilent
Technologies), as well as the LipidMaps database®® and
FoodDB.>* CCS values were cross-referenced with the LipidCCS
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database or LipidCCS Predictor.”>*° Lipid annotations follow the
guidelines established by Liebisch et al. (2013).>”

2.6. Statistical analysis

In order to identify significant metabolites based on the multi-
variate dataset (six countries), p-values were calculated using an
analysis of variance (ANOVA, p-value < 0.01) according to
Fisher’s least significant difference (LSD). This statistical selection
reduced the total number of LC-IM-MS features from 1523 to 379
variables that showed significant differences between the country-
specific groups and were subsequently subjected to tentative
identification via LC-MS/MS. The statistical methods and princi-
pal component analysis (PCA), an unsupervised approach, were
performed using the MetaboAnalyst 6.0 software.”” PCA was
utilised to ascertain preliminary grouping tendencies, both
between German and non-German strawberries, as well as among
the six countries of origin. In addition, a hierarchical cluster
analysis using Euclidean distances and mean values was applied
to the normalized and autoscaled peak intensities of the identi-
fied metabolites, alsousing the MetaboAnalyst 6.0 software to
visualize their distribution patterns in relation to geographical
origin.>®> For the purpose of supervised classification, the algo-
rithm linear discriminant analysis (LDA) was executed with
MATLAB R2021b (The MathWorks Inc., Natick, MA, USA) to
differentiate between German and non-German strawberries, in
addition to distinguishing between the six distinct origin groups
based on geographical origin. The LDA models were validated by a
5-fold cross-validation (CV) with 100 repetitions. The full dataset
of 1523 preprocessed LC-IM-MS variables was used for both PCA
and LDA analyses to explore data structure and to classify samples
according to geographical origin.

3. Results and discussion

3.1.
strawberries

Differentiation between German and non-German

In a first step, the comparability of the measurements after pre-
processing was evaluated. For this purpose, the measurements
of the 195 strawberry samples and 22 measurements of the QC
sample were analyzed using PCA. Due to the small deviations of
the QC sample measurement in the PCA plot, the measure-
ments were considered comparable (Fig. S1, ESIt). An example
of a total ion chromatogram (TIC) of a measurement from a QC
sample is shown in Fig. S2 (ESIt).

To investigate initial differences between German and non-
German strawberry samples, the peak intensities obtained of
the 1523 variables of the 195 samples were analyzed using PCA.
For this purpose, the samples from Poland, the Netherlands,
Spain, Greece and Egypt were summarized as ‘“non-Germany”'.
Fig. 1 shows the PCA score plots of the first two main compo-
nents (PC1 and PC2), which account for 14.8% of the total
variance. The scores are displayed in different colors corres-
ponding to the two classes. Based on the score plot, no clear
separation of German samples and non-German samples is
recognizable. The two sample classes are distributed in the
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Fig. 1 PCA score plots of PC1 and PC2 of the 195 strawberry samples. The
German samples are colored green and all other samples red.

negative and positive directions of PC1 and PC2. However, the
score plot of PC2 and PC5, which explain a total variance of
9.5% (Fig. 2), shows a clustering of the two sample groups. The
German samples show predominantly mostly negative values
on PC2, while the non-German samples show a clustering with
positive loadings on PC2.

Overall, the PCA results indicate initial trends suggesting
that it is possible to distinguish between German and non-
German strawberries based on the score plot of PC2 and PC5.
Therefore, additional supervised methods such as LDA were
used to classify German strawberries.

An LDA with a 5-fold cross-validation and 100 repetitions was
carried out to create classification models to distinguish between
German and non-German strawberries. To compensate for the
imbalance in the class distribution of German samples compared
to non-German samples, the sample size was adjusted by weight-
ing. The weighting of the samples was inversely proportional to
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Fig. 2 PCA score plots of PC2 and PC5 of the 195 strawberry samples.
The German samples are colored green and all other samples red.
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Table 2 Confusion matrix of the LDA classification results for distinguish-
ing the geographical origin of German and non-German strawberry
samples

Predicted

Non-Germany [%] Germany [%] Sensitivity [%]

True Non-Germany [%] 96.4 3.6 96.4
Germany [%] 22.3 77.7 77.7
Specificity [%] ~ 77.7 96.4 90.0

the class frequency and was only applied during training to
compensate for class imbalances. The performance of the model
was evaluated on unweighted validation datasets. The confusion
matrix of the classification model is reported in Table 2.

The analysis with LDA resulted in a classification accuracy
of 90.0 £ 5.1%. A correct classification of 96.4% was found
for non-German samples and 77.7% for German samples. The
results obtained show that it is possible to distinguish between
German and non-German samples. Nevertheless, a misclassifi-
cation of 22.3% of the samples for the classification of German
samples can be observed. This result is due to the fact that the
sample pool of the non-German class also included Polish and
Dutch samples, which, due to their geographical proximity to
Germany, may cause confusion in the classification of German
samples. Climatic conditions of samples that are geographi-
cally close to each other are often analogous, especially if there
are no significant geographical barriers such as mountain
ranges or seas. This circumstance could influence the meta-
bolome during the vegetation and fruit ripening phases in a
similar way, resulting in similar chemical profiles. This thesis
has already been proven in various studies.”®*° A previously
published study by our institute determined the origin of
strawberries using FT-NIR spectroscopy, showing that German
strawberries can be distinguished from non-German strawber-
ries with a classification accuracy of 91.9%. In contrast to this
study, the pool of non-German strawberries included countries
that are geographically further away from Germany, such as
Spain, Greece and Egypt."> The inclusion of geographically
close neighboring countries, such as the Netherlands or Poland
in the present study may influence the distinction between
German and non-German strawberries. Consequently, the
results of the classification indicate that a distinction between
German and non-German samples is possible depending on
the distance between the individual sample groups.

3.3. Differentiation of strawberries according to their
countries of origin

The strawberries were then classified according to their countries
of origin. Here, too, the datasets of the 195 strawberry samples
were first analyzed using PCA. The score plot of PC1 and PC2
(Fig. 3, total variance of 14.8%) reveals that a clear separation
regarding the six countries is not visible, using an unsupervised
method. The Spanish and Greek strawberry samples form a
cluster in the positive direction of PC2, while the samples from
the Netherlands, Poland and Germany form a cluster with nega-
tive loadings of PC2. The Egyptian strawberries are located

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 PCA score plot of PC1 and PC2 of the 195 strawberry samples
colored according to their geographical origin (German samples green
dots, Spanish samples yellow dots, Egyptian samples red dots, Dutch
samples turquoise dots, Greek samples blue dots and Polish samples
purple dots).

between the two clusters described previously. Based on the score
plot of PC2 and PC5 (Fig. S3 in the ESI}), it can be shown that
samples from the Netherlands, Poland and Germany are grouped
in the negative direction of PC2 and are thus more distinct from
the Egyptian, Spanish and Greek strawberries, which are grouped
in the positive direction of PC2.

The 6-class classification was again performed using LDA
with a 5-fold CV and 100 repetitions. Based on the classification
with the LDA algorithm, an accuracy of 74.2% =+ 6.1% was
obtained. The confusion matrix of the 6-group LDA classifica-
tion is shown in Table 3.

The results of the classification demonstrate that the Egyp-
tian samples were classified most accurately (86.2%) and the
German strawberries with an accuracy of 89.8% were the most
accurately classified. A small proportion of German samples
(6.1% and 4.1%, respectively) were incorrectly assigned to the
Netherlands and Poland. Polish samples were particularly often
mistaken for samples from Germany (23.1%) and the Netherlands
(11.5%), while the correct classification of Polish samples was
achieved in 61.5% of cases. Misclassifications also occurred in the
Dutch samples. Strawberries from the Netherlands were correctly
classified with an accuracy of 78.1%. However, 6.3% of Dutch
samples were incorrectly classified as samples from Poland and
Germany. Due to the geographical proximity of Poland, the
Netherlands and Germany, and the similar climatic conditions,
confusion was to be expected. These three countries are located in
a similar climate zone, which is characterized by cooler tempera-
tures and more precipitation during the ripening period.>*** The
climatic conditions may have a similar exogenous influence on
the metabolome of strawberry’s metabolome, which could explain
the mix-up between these countries.'®>%3*-3¢

Greek strawberries were the worst performers, with an
accuracy of only 47.6%. It is particularly striking that 38.1%

Mol. Omics, 2025, 21, 353-364 | 357


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mo00006h

Open Access Article. Published on 16 May 2025. Downloaded on 4/4/2026 11:48:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

View Article Online

Molecular Omics

Table 3 Confusion matrix of the LDA classification results for distinguishing the geographical origin of Egyptian, German, Greek, Dutch, Polish and

Spanish strawberry samples

Predicted
Class Egypt [%] Germany [%] Greece [%] Netherlands [%] Poland [%] Spain [%] Specificity [%]
Egypt [%] 86.2 3.4 3.5 0.0 3.4 3.5 96.3
Germany [%] 0.0 89.8 0.0 6.1 41 0.0 92.4
Greece [%] 4.7 0.0 47.6 4.8 4.8 38.1 95.8
True Netherlands [%] 3.1 6.3 3.1 78.1 6.3 3.1 94.9
Poland [%] 7.7 23.1 0.00 11.5 61.5 7.7 95.9
Spain [%] 3.0 3.0 15.2 3.0 3.0 72.8 93.3
Sensitivity [%] 87.3 87.9 47.4 77.0 55.8 72.8 74.2

of the Greek samples were assigned to Spain. The same trend
was observed for Spanish samples. Although the Spanish
samples were mostly correctly classified with an accuracy of
72.8%, 15.2% of the Spanish samples were attributed to Greece.
The comparable climatic conditions in Spain and Greece are
also the likely cause of these misclassifications and the reason
for the similarity in the composition of the strawberries pro-
duced in both countries. The growing regions of Huelva in
Spain and Pyrgos in Greece have a similar maritime climate
zone, characterized by high temperatures and drought during
the ripening period. The comparable climatic conditions in
both countries lead to similar cultivation methods, in which
irrigation systems are used to increase productivity.'>?%?7-3
Prior studies have demonstrated that the metabolome can be
influenced by exogenous factors such as temperature and
rainfall.>>° In neighboring countries of origin, it is therefore
possible that similar influences, such as climatic conditions are
reflected in the metabolome of these strawberries.

In addition, the influence of the strawberry varieties on the
metabolome must also be taken into account. In order to
minimize the influence of variety diversity, care was taken to
include as many varieties as possible when selecting the
samples to be analyzed (34 varieties in total, see Table S1 in
the ESIf). Whenever possible, by purchasing the samples
directly from the producers, the variety could be considered
for about half of the samples, making Clery (eight samples) the
most represented varieties. These were followed by Fortuna
(four samples), Sonsation (four samples), Hademar (four samples),
Asia (four samples) and Faith (four samples). The varieties Clery,
Asia and Faith are exclusively represented in German samples,
while Fortuna occurs in Egyptian, Greek and Spanish samples.
The variety Hademar only contained samples from Poland and
the samples of the variety Sonsation from the Netherlands and
Germany. The PCA and the classification using LDA and a 5-fold
CV with 100 repetitions were carried out according to the variety
of the samples. At least four samples of one variety were
considered. The results of the score plot of PC1 and PC2 in
Fig. S4 in the ESI} demonstrated that the varieties Clery, Asia,
Sonsation, Hademar and Faith cluster together in the positive
range of PC2, while the variety Fortuna clusters in the negative
range of PC2 and in the positive range of PC1. The PCA results
indicate that there is only a differentiation between the variety
Fortuna and the five other varieties.

The classification results shown in Table S3 in the ESIT
describe an accuracy of 50.7%. The Clery variety, which
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exclusively contained samples from Germany, was accurately
classified with a precision of 97.1%. The samples of the Asia
and Faith varieties, which originated in Germany, were mostly
incorrectly identified as the Clery variety and the Sonsation
variety, which originated from Germany and the Netherlands,
respectively. The variety Hademar, whose samples came exclu-
sively from Poland, was correctly classified with 72.3%, but
22.3% were assigned to the variety Sonation, whose samples
came from both Germany and the Netherlands. The variety
Sonsation was primarily confused with the Clery variety (43.0%)
and the Hademar variety (45.3%), while the Fortuna variety,
whose samples could be traced back to Greece, Spain and
Egypt, was correctly classified with 100%. This could be
due to the similar climatic conditions in these countries. The
results of the classification shows that the influence of geogra-
phical origin predominates, while the influence of variety plays
a subordinate role. However, it is important to note that the
findings must be interpreted with caution, as only a limited
number of the samples (n = 28) from the dataset were suitable
for chemometric testing to determine the influence of the
variety. For the remaining samples, the variety was unknown,
or the number of samples per variety was insufficient to draw
statistically valid conclusions. Nevertheless, the dataset con-
tains a total of 34 varieties, which suggests that it exhibits a
high level of diversity. Given the limited and imbalanced
number of samples per variety, the varietal classification
should therefore be considered exploratory. Future studies
should aim to include larger and more balanced sample sets
across regions and seasons to better differentiate varietal from
geographical effects. Consequently, a possible variety influence
is also taken into account with regard to the classification by
origin. Furthermore, discrepancies in post-harvest handling
and ripeness stage among the samples must be taken into
account as a potential source of variation. While German
strawberries were collected directly from the field, several
non-German samples were obtained from local retailers, which
may have introduced variability due to transport and storage
both of which are known to influence the strawberry
metabolome.*® While this does represent a limitation, the
classification of origin under such heterogeneous conditions
highlights the robustness of the model and its applicability to
realistic conditions. Indeed, recent studies have highlighted
the sensitivity of the strawberry metabolome to postharvest
handling conditions. In a recent study, Ma et al. (2023) reported
significant changes in the lipid composition of strawberries

This journal is © The Royal Society of Chemistry 2025
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due to postharvest fungal infections.>® This emphasizes the
extent to which lipid profiles can be affected by storage dura-
tion, temperature, and transport conditions. In the present
study, German samples were collected directly from the fields
under controlled cooled conditions (4-5 °C). In contrast, non-
German samples were obtained from various retailers, and
their exact pre-analytical conditions could not be fully standar-
dized. Notwithstanding this limitation, the approach success-
fully differentiated the samples according to geographical
origin, thereby demonstrating robustness under these practical
and realistic variations in sample handling.

To ensure that the differences are due to the origin of the
individual countries and are not caused by different harvest
years, the score plot of PC1 and PC2 was also colored according
to the harvest years of the samples. Based on the score plot in
Fig. S5 in the ESL,{ no clusters could be identified by harvest year.
Furthermore, LDA was applied with a 5-fold CV and 100 repeti-
tions according to the harvest year of the samples (see Table S4 in
the ESIT). The overall accuracy of the classification process was
found to be 56.4%, with the 2022 harvest year demonstrating a
correct classification rate of 50.4%, the 2023 harvest year achiev-
ing 51.6%, and the 2024 harvest year showing 44.5%. It was
observed that the proportions of misclassifications were consis-
tent across all harvest years, suggesting that the harvest year has
no influence on the data.

3.4. Identification of important metabolites by LC-IM-MS/MS

The most important metabolites for determining geographical
origin, corresponding to the six countries, were selected using
an ANOVA (p-value <0.01). The analysis of the MS/MS spectra
and CCS values allowed the identification of 45 metabolites
from a total of 379 variables with a p-value <0.01 whose
composition is influenced by geographical origin.

A total of 23 of the significant signals were identified as
phosphatidylcholines (PC). Since some of the PCs were detected
in the form of several adducts ([M + H], [M + NH,]" or [M + Na]"),
the number was reduced to 19 PCs that were conspicuous as
marker compounds. The identification of the PCs was based on
the exact mass of the feature and the fragment ion at m/z 184.07,
which is formed by cleavage of the phosphocholine group.

Furthermore, 17 triacylglycerides (TG) were identified as
[M+H]", [M+H—H,0]" or [M+NH,]" adducts. Again, some TGs
were identified twice due to different adduct formations, so
that the number was reduced to 15 TGs. Furthermore, five
diacylglycerides (DG) were identified as [M+H]", [M+H—H,0]"
or [M+NH,]" adducts. The identification of TG and DG was based
on the cleavage fragments of the respective fatty acids or the neutral
loss of fatty acids as well as the exact mass. As an additional
parameter for the identification of lipids, the obtained CCS values
were compared with the calculated CCS values from the LipidCCS
database and the LipidCCS predictor for the respective
metabolite.>>*° The comprehensive list of all identified compunds
with their associated identification parameters an p-values is
provided in Table S3 (ESIt), and representative MS/MS spectra of
the identified lipids are presented in Fig. S6 to S8 in the ESL{ All
lipid annotations were performed in accordance with the lipid

This journal is © The Royal Society of Chemistry 2025
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annotation guidelines provided by Liebisch et al. (2013), clearly
indicating that positional (sn-position) isomers were not resolved.>”

The identified lipids belong to the compounds with the
lowest p-values in the ANOVA. Therefore, it can be deduced that
these markers play a crucial role in differentiating strawberries
according to their geographical origin. The scaled peak inten-
sities of the identified markers show various trends that
indicate which substance classes have higher peak intensities
in the different countries. The heatmap in Fig. 4 shows the
relationships between the normalized and scaled peak inten-
sities of the identified metabolites and the geographical origin
of the strawberries. In addition, Fig. 5 shows examples of
marker substances with the corresponding autoscaled peak
intensities in box plots.

The identified lipids can be divided into two groups: (i) the
first group comprises markers for countries in temperate climate
zones, which include Germany, Poland and the Netherlands
(cluster I in Fig. 4)°°3® For example, TGs such as TG
18:0_18:3_22:0 (m/z 963.8346), and TG 18:0_18:2_22:0 (m/z
960.8949) and DGs such as DG 18:1_18:2 (m/z 601.5174) were
identified for these countries (Fig. 5A-C). These TGs and DGs are
esterified with stearidonic acid (FA 18:1), linoleic acid (FA 18:2) or
linolenic acid (FA 18:3), among others. These are mono- or
polyunsaturated fatty acids, which are increasingly found in
plants in colder regions. This is due to the fact that they are
required to maintain the fluidity of the cell membrane at cooler
temperatures.**™** The structure of unsaturated fatty acids leads
to a reduction in van der Waals forces due to steric hindrance.
This results in a higher fluidity of the cell membrane.** Similar
studies on hazelnuts and asparagus have already shown that fatty
acids with a higher unsaturated character occur in higher con-
centrations in cold regions.'®>%*°

Furthermore, highly unsaturated PC such as PC 36:6 (m/z
778.5414) (Fig. 5D) or PC 36:5 (m/z 780.5562) (Fig. 5E) were
identified with high signal intensities in German, Polish and
Dutch samples. PCs major constituents of the cell membrane
and lipid bilayer and also influence the fluidity of the cell
membranes.***

Cluster 1II in Fig. 4 shows the identified lipids for the group
of countries in warmer climate zones such as Spain, Egypt and
Greece. Mainly, different PCs were identified as markers for
Spain, Greece and Egypt. Compared to the PCs identified for
the Central European countries, they have an overall lower
unsaturated character in their esterified fatty acids like PC
36:2 (m/z 786.5995) (Fig. 5F). The increased formation of PCs
with a lower proportion of double bonds could be a reaction of
the plant to prevent oxidative stress caused by high tempera-
tures. This hypothesis is supported by results from a study on
peanuts, which showed that heat stress triggers lipid remodel-
ing, possibly to protect against oxidative damage.*>

Nevertheless, some PCs and some TGs such as PC 40:7 (m/z
814.5713) (Fig. 5G), TG 60:5 (m/z 965.8538) (Fig. 5H) and TG
56:6 (m/z 907.7756) (Fig. 5I), were also identified as marker
compounds for strawberries in these countries, which showed
a higher proportion of unsaturated esterified fatty acids.
The synthesis of highly unsaturated TGs and PCs is rather
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Fig. 4 Results of the hierarchical cluster analysis using Euclidean distances. The intensity of the coloring indicates the peak intensity of the identified
metabolites between the respective geographical origin. The clusters are labeled with (I and Il) and were assigned to: (I) cool climate countries such
Germany, Poland and the Netherland and (I) warm climate countries such Spain, Greece and Egyptian.

uncommon in plants growing in warmer regions. Therefore,
it can only be speculated that they are formed to a greater
extent in these countries to provide greater flexibility in
response to changes in the cell membrane, such as those
occurring during stress reactions e.g. when there is a lack of
water'30,46750

360 | Mol Omics, 2025, 21, 353-364

It is important to note that the number of identified lipids in
our study is lower compared to some previous targeted lipido-
mic studies on strawberries. For instance, Bianco et al. (2020)
applied a highly targeted approach using HILIC chromatogra-
phy coupled to high-resolution mass spectrometry to quantify
intact phospholipids, achieving greater lipid coverage. In a

This journal is © The Royal Society of Chemistry 2025
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TG 56:6, m/z 907.7749 which were chosen exemplary from the identified marker compounds for the differentiation of geographical origin of

strawberries.
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similar vein, Ma et al. (2023) identified extensive changes in the
strawberry lipidome due to fungal stress. Conversely, the non-
targeted LC-IM-MS approach utilized a modified Bligh and Dyer
extraction method, as established by Creydt et al. (2018).'%3%3!
This method was selected due to its proven robustness and
reproducibility under realistic sampling conditions. Future
investigations could benefit from integrating complementary
targeted lipid extraction and analytical approaches to enhance
the coverage of lipid subclasses and improve discrimination
capabilities, particularly in geographically proximate regions.

Overall, the identified lipids of strawberries from countries
with cooler temperatures are predominantly more unsaturated,
while the identified markers of strawberries from countries in
warmer regions tend to show a more saturated character
(Cluster I, Cluster II in Fig. 4). Nevertheless, the identified
markers show similar peak intensities for countries that are
geographically close to each other and exposed to similar
climate zones during fruit ripening. This is particularly true
for German strawberries compared to Polish and to some
extent Dutch strawberries, as well as for Spanish strawberries
compared to Greek and Egyptian strawberries. This highlights
the difficulties in distinguishing strawberries grown in geogra-
phically close countries and reflects the results of the 6-class
classification.

4. Conclusion

In this study, a method for determining the origin of strawber-
ries using an LC-ESIFIM-qTOF instrument is presented. The
focus of the analyses was on the investigation of the lipidome,
as previous studies had already shown that it is particularly
suitable for distinguishing the geographical origin of food. The
separation of German strawberries from non-German strawber-
ries was successful, with an overall accuracy of 90.0%. However,
the differentiation between the six countries proved to be much
more challenging, with an overall accuracy of 74.21%. This
result indicates that the lipidome of strawberries from coun-
tries that are geographically close to each other shows great
similarities. Of particular relevance here are confusions
between Spanish and Greek samples, as well as Polish, Dutch
and German strawberries. MS/MS measurements also identi-
fied similar metabolites for German, Dutch and Polish straw-
berries, as well as similar metabolites for Spanish, Egyptian and
Greek strawberries. To pinpoint the geographical origin of the
strawberries, further investigations with a larger number of
samples per country or further analyses from other disciplines
could support this investigation. Furthermore, the identified
marker compounds could be used in future work to validate
targeted methods for determining the origin of strawberries. In
this context, the use of triple quadrupole instruments, which
are relatively widely used in state testing centers and commer-
cial laboratories, is particularly suitable, enabling a successful
transfer from research to industry. This approach is particularly
suitable for protecting German strawberries from non-German
strawberries, since the classification result of 90% is very
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promising, even though it is probably not possible to classify
non-German strawberries very precisely according to their
country of origin.
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