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Abstract

Background The qualitative and quantitative analysis of all low molecular weight metabolites within a biological sample,
known as the metabolome, provides powerful insights into their roles in biological systems and processes. The study of all
the chemical structures, concentrations, and interactions of the thousands of metabolites is called metabolomics. However
present state of the art methods and equipment can only analyse a small portion of the numerous, structurally diverse groups
of chemical substances found in biological samples, especially with respect to samples of plant origin with their huge diversity
of secondary metabolites. Nevertheless, metabolite profiling and fingerprinting techniques have been applied to the analysis
of the strawberry metabolome since their early beginnings.

Aim The application of metabolomics and metabolite profiling approaches within strawberry research was last reviewed in
2011. Here, we aim to summarize the latest results from research of the strawberry metabolome since its last review with a
special emphasis on studies that address specific biological questions.

Key scientific concepts Analysis of strawberry, and other fruits, requires a plethora of analytical methods and approaches
encompassing the analysis of primary and secondary metabolites, as well as capturing and quantifying volatile compounds
that are related to aroma as well as fruit development, function and plant-to-plant communication. The success and longevity
of metabolite and volatile profiling approaches in fruit breeding relies upon the ability of the approach to uncover biologi-
cally meaningful insights. The key concepts that must be addressed and are reviewed include: gene function analysis and
genotype comparison, analysis of environmental effects and plant protection, screening for bioactive compounds for food
and non-food uses, fruit development and physiology as well as fruit sensorial quality. In future, the results will facilitate
fruit breeding due to the identification of metabolic QTLs and candidate genes for fruit quality and consumer preference.

Keywords Strawberry - Fragaria - Metabolite - Volatile - VOC - Aroma - Metabolomics - Volatilomics

1 Introduction

In addition to biopolymers including proteins, polysaccha-
rides, lignins, and deoxynucleic acids, organisms ingest
and produce a multitude of low-molecular weight mol-
ecules collectively called the metabolome (Oliver et al.
Annika Haugeneder and Johanna Trinkl have contributed equally 1998). In plants, the small molecules determine key fea-
to this work. tures such as nutritional value, flavour, fragrance, colour,
bioactivity, pest and disease antagonism. The definition of
metabolome was coined in analogy to the previously sug-
gested notions genome and proteome although the difficulty

< Wilfried Schwab
wilfried.schwab@tum.de

Biotechnology of Natural Products, Technische Universitit with the concept was immediately recognized, as molecules
Miinchen, Liesel-Beckmann-Str. 1, 85354 Freising, Germany making up the metabolome are more diverse in their phySi—
*  Environmental and Biochemical Sciences Group, The James ochemical properties than structures comprising the genome

Hutton Institute, Invergowrie, Dundee, Scotland DD2 5DA,

UK and proteome. The metabolome embraces a wide range of

@ Springer


http://orcid.org/0000-0003-0112-2694
http://orcid.org/0000-0001-6433-2694
http://orcid.org/0000-0002-9753-3967
http://crossmark.crossref.org/dialog/?doi=10.1007/s11306-018-1441-x&domain=pdf

145 Page2o0of10

A. Haugeneder et al.

structurally and chemically various molecules including
highly water-soluble and volatile compounds such as short-
chain alcohols and fruit esters, respectively, but also com-
pletely water-insoluble and non-volatile metabolites like
carotenoids and monosaccharides, respectively. Due to the
high complexity, until today there is no analytical instru-
ment and method available to detect, identify and quantify
all of the metabolites that constitute the metabolome. It is
also impossible to determine or even estimate the number
of different chemicals contributing to the metabolome of
a sample. This will only be feasible when single molecule
analysis becomes a reality. Amylose, although a biopolymer,
may serve here as an example, which is formed by the suc-
cessive addition of D-glucose units to a growing saccharide
chain. As amylose contains 200-2000 monosaccharide units,
all intermediates could theoretically be present in a sample
and thus amylose alone comprises already several hundreds
of metabolites. In other words, metabolomics, which is the
systematic study of all metabolites in a given biological sam-
ple, is unrealistic considering the current analytical equip-
ment and methods. The high-throughput characterization of
selected groups of small molecules presently performed in
many labs is best described as metabolic profiling when the
identities of the metabolites are known (targeted analysis)
and metabolic fingerprinting when the exact chemical struc-
tures of the compounds are unknown (untargeted analysis).
The traditional target molecules analysis aims at the detec-
tion and quantification of a small set of known metabolites
but it is not applicable for the chemical profiling of complex
mixtures.

As analysis of the metabolome can link key features of
interest with the causal compounds, numerous life science
disciplines currently apply metabolome analysis techniques
to tackle biological questions. In plant science, metabolite
profiling of soft fruits is of special interest because low
molecular weight compounds are essential constituents of
a healthy diet due to their potential health-beneficial bioac-
tivity and fast and comprehensive analysis of their metabo-
lite composition can significantly accelerate the breeding
of nutrient-rich varieties. Hundreds of natural products,
including primary and secondary metabolites, have been
found in fruit but it is expected that many more are present,
which will be identified in the near future due to continuous
improvements in the sensitivity and separation efficiency of
the analytical instruments.

The only review on the strawberry (Fragaria x ananassa)
metabolome dates back to 2011 (Hanhineva et al. 2011). In
their excellent report, Hanhineva and co-workers discussed
the non-volatile phytochemicals produced in leaf, flower
and fruit of the strawberry plant, both with regard to the
physiology of the plant and as a component of the human
diet. They presented the metabolome of strawberry in con-
nection with developments and applications of cutting-edge
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analytical chemistry-based approaches. Since then, the list
of clearly identified strawberry metabolites has not been
extended very much, except for acylphloroglucinols (Song
et al. 2015b, 2016b) but the analysis of the metabolome
has been employed to investigate various biological issues.
Acylphloroglucinols are newly identified strawberry fruit
constituents and are formed by the condensation of inter-
mediates in branched-chain amino acid metabolism with
three molecules of malonyl-CoA catalysed by chalcone
synthase (CHS) (Song et al. 2015b) (Fig. 1). Identification
of acylphloroglucinols was made possible by comparative
metabolite fingerprinting analysis of fruits of wild type and
transgenic plants showing reduced CHS transcript levels.

Thus, this review cannot present newly identified straw-
berry compounds, except for acylphloroglucinols but focuses
and discusses recent successful examples applying metabo-
lite profiling and fingerprinting analysis to study strawberry
plant physiology with the aim to improve fruit quality. The
focus is on the analysis of secondary metabolites because
they have been best studied in strawberry fruit and there are
no studies, which focus only on the metabolite profiling of
primary metabolites in strawberry fruit.

2 Primary and secondary metabolites

Although biopolymers such as proteins, polysaccharides,
lignins, and deoxyribonucleic acids are major constituents
of plant cells they are not considered as part of the cells
metabolome. Generally, the metabolome refers to small-
molecule chemicals (< 1500 Da, arbitrarily defined) found
in biological samples, which can be easily analysed by
high-throughput platforms based on GC-MS and LC-MS
equipment (Wishart 2007). In contrast to the analysis of
small molecules, the comprehensive analysis of polymers
cannot be achieved so easily in high throughput and auto-
mated applications because of a dearth of methods that are
available for profiling these complex high-molecular weight
biomolecules.

The metabolome itself is further subdivided into pri-
mary and secondary metabolites, which are either directly
involved in the normal growth of the organism or have
important ecological function, respectively. Because sec-
ondary metabolism uses biosynthetic enzymes and building
blocks derived from primary metabolism, both are directly
connected. Primary metabolism comprises all physiological
processes allowing organisms to grow and propagate while
the secondary or specialized metabolism is essential for
an organisms’ interaction with the environment. Although
not necessary for survival, specialized metabolites aid a
plant in protection, competition and species interactions.
The substances of the primary and secondary metabolism
are considered as the chemical phenotype, which can be
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Fig. 1 Biosynthetic pathway of acylphloroglucinols newly identified in strawberry fruit (F. x. ananassa) (Song et al. 2015a, 2016a)

investigated by metabolite profiling and metabolite finger-
printing analyses.

Phenylpropanoids (mainly glucose esters of cinnamic
acid, 4-coumaric acid, caffeic acid and ferulic acid), flavo-
noids (mainly glycosides of quercetin and kaempferol as
well as derivatives of catechin and epicatechin), anthocya-
nins (mainly glycosides of pelargonidin and cyanidin), and
ellagic acid derivatives are among the major non-volatile
secondary metabolites found in strawberry fruit (Hanhineva
etal. 2011). They are involved, among others, in the attrac-
tion of frugivores (anthocyanins), protect plants against

UV-B light (flavonoids), serve as energy-rich precursor
molecules in plant metabolism (phenylpropanoid glucose
esters), and play a role in plant growth regulation (deriva-
tives of ellagic acid). Recent studies have shown that these
compounds contribute to the nutritional quality of foods due
to their anti-inflammatory, photoprotective, anticarcinogenic
and antimutagenic properties (Giampieri et al. 2014).

In addition to non-volatile organic chemicals, plants also
produce and emit volatile metabolites. The volatile sub-
stances (volatilome) comprise a structurally diverse group
of low molecular weight chemicals having an appreciable
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vapour pressure under ambient conditions. They attract pol-
linator and seed dispersing animals, provide defence against
pathogens and pests, and play a role in plant—plant com-
munication. Only recently, the volatilome of the strawberry
fruit has been excellently reviewed (Ulrich et al. 2018) and
in total 979 volatiles were identified in strawberry fruit.
Despite the fact that only a small number of the volatile
metabolites contributes to the aroma of strawberry, the
knowledge is important for genetic studies, plant breeding,
plant protection, nutritional science, and the strawberry pro-
cessing industry.

3 Biological questions

3.1 Gene function analysis and genotype
comparison

Metabolome analysis is a powerful tool for studying gene
function in organisms and has been frequently applied to
elucidate the roles of nucleic acids in strawberry fruit devel-
opment (Fig. 2). Generally, in reverse genetics, the gene’s
function is altered and the effect on the phenotype, includ-
ing the perturbations of the chemical phenotype is analysed.
Already in 2006, RNAi-induced gene silencing in strawberry
fruit by agroinfiltration was demonstrated as a rapid assay
for gene function analysis (Hoffmann et al. 2006). Later, the
efficiency was experimentally confirmed by deep sequencing
of the primary and secondary siRNAs (Hértl et al. 2017b).
Successful applications of this method have been reviewed
in 2011 (Schwab et al. 2011), 2015 (Guidarelli and Baraldi
2015) and 2016 (Carvalho et al. 2016).

Transient RNAi-mediated downregulation of transcript
levels in strawberry fruit in combination with metabolome

Fig. 2 Functional analysis of
the strawberry metabolome
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analysis is now commonly utilized for studying gene func-
tion during fruit development and ripening, e.g., for the
validation of genes potentially involved in polyphenol and
flavour biosynthesis in strawberry fruit. Among others, the
transcription factor MYB10 (Medina-Puche et al. 2014), the
anthocyanidin reductase gene (Fischer et al. 2014), glycosyl-
transferase genes (Song et al. 2015a), genes involved in the
biosynthesis of polyphenols (Ring et al. 2013), acylphloro-
glucinols (Song et al. 2015b, 2016b), and 4-hydroxy-2,5-di-
methyl-3(2H)-furanone glucoside (Song et al. 2016a) were
functionally characterized by metabolite profiling analysis
of polyphenols in reverse genetics studies.

Furthermore, comparative metabolite profiling analysis
of ripe fruits of different Fragaria species (Mufioz et al.
2011) and of red- and white-fruited strawberry varieties
(Hartl et al. 2017a) were performed in combination with
expression profiling of regulatory and biosynthetic genes
(Hossain et al. 2018) to gain a deeper insight into the regu-
lation of anthocyanin biosynthesis. Chemical analysis by
LC-MS of anthocyanins, flavonols, flavan-3-ols, flavanones,
hydroxycinnamic acid derivatives, and ellagic acid in fruits
of a F. vesca near isogenic line (NIL) collection revealed
that the genetic factor was more decisive than the environ-
mental factor for the accumulation of phenolic compounds
(Urrutia et al. 2016). Genotyping the NIL collection allowed
the mapping of 76 stable quantitative trait loci controlling
accumulation of the phenolics.

Strawberry is an economically important fruit crop world-
wide and there is a growing need to have analytical method-
ologies available for the authentication of variety and origin.
Metabolite profiling technologies have revealed significant
differences between three strawberry cultivars and thus pro-
vides a suitable tool to differentiate strawberry cultivars and
their production regions (Akhatou et al. 2016). Similarly,
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unique phenolics were identified in fruits of diploid Fragaria
vesca compared to octoploid Fragaria x ananassa providing
the basis for comparative analysis of polyphenols in different
strawberry genotypes (Sun et al. 2014).

3.2 Environmental effects

Environmental stresses are features of life that affect all
organisms, in particular plants that have a sessile life style.
Metabolite profiling tools are widely applied to explore
stress metabolism and to elucidate its regulation in a wide
range of environmental conditions and biological systems.
Thus, the influence of different biotic and abiotic environ-
mental factors on the metabolite profiles has also been fre-
quently analysed in Fragaria.

A comparative analysis of secondary metabolites of
Fragaria x ananassa fruits obtained from either organic or
conventional, non-organic crops was performed (D’Urso
et al. 2015). Although an untargeted metabolite fingerprint-
ing approach differentiated both sample sets, flavonoids
and anthocyanins were not responsible for the classifica-
tion. Similarly, the untargeted and targeted analysis of the
phytochemical content of wild and cultivated Fragaria vesca
fruit collected from different geographic areas revealed that
fruits from locations with different pedoclimatic conditions
could be discerned (D’ Urso et al. 2016). Chemical analysis
also revealed significant changes in primary and secondary
metabolites between three strawberry cultivars grown under
different crop conditions (Akhatou et al. 2016, 2017).

In another study, 186 secondary metabolites of straw-
berry fruits were separated by targeted metabolic profiling
analysis showing significantly different concentrations in 15
strawberry cultivars grown in Finland or Estonia (Karlund
et al. 2016). Besides, identifying cultivar-specific differ-
ences in the levels of major phytochemicals, the research
also suggested that cultivar selection is essential for breeding
strawberry cultivars with optimal functional properties and
sensory qualities.

To study the metabolic processes and regulatory mecha-
nisms during cold exposure of strawberry, metabolite pro-
filing approaches were applied to both root and leaf tis-
sues (Koehler et al. 2015; Rohloff et al. 2012). About 160
substances comprising primary and secondary metabolites
were quantitatively analysed. Metabolic changes included a
strong adaptation of the central metabolism, and accumula-
tion of osmotically active sugars, amino acids, and amines.
The amino acid proline, known to be cold induced in other
plant systems, was absent. Levels of key metabolites of the
cold-inducible raffinose pathway, such as galactinol and raf-
finose were drastically enhanced. The results showed that
alterations in metabolite pools of cold-acclimated Fragaria
vesca were clearly affected by the genotype. Overall, the

cold response behaviour of the strawberry plant is charac-
teristic for a moderately cold tolerant plant.

In nine strawberry genotypes grown at various altitudes
the influence of temperature, ultraviolet (UV)-irradiation
and sunshine duration on the phytochemical composition
of fruits was investigated by metabolite profiling analysis
(Palmieri et al. 2017). A significant correlation was found
between the levels of benzoic acid derivatives and altitude
as well as phenylpropanoid content and UV-radiation and
sunshine duration. The flavone concentrations seemed to be
affected by the variety, while flavonol and ellagitannin levels
were highly controlled by the environment. The accumula-
tion of numerous secondary metabolites reflects the acclima-
tion effects of plants in response to abiotic stress.

3.3 Plant protection

Polyphenols are major constituents in strawberry leaves
and potentially possess defensive activities against micro-
bial pathogens. The levels of defensive polyphenols can be
increased by exposing plants to elicitor-active compounds.
Treatment of strawberry leaves with the plant activator
S-methylbenzo-1,2,3-thiadiazole-7-carbothiate, followed
by metabolite profiling analysis resulted in increased lev-
els of individual ellagitannins, while treatment with a birch
wood distillate elicitor strongly enhanced the concentra-
tions of chlorogenic acid in comparison with the non-treated
control (Karlund et al. 2014). The outcome suggested that
plant elicitors are useful tools for the activation of defensive
metabolites in strawberry leaves.

In another study, the metabolic response of strawberry
leaves to the angular leaf spot bacterium (Xanthomonas

fragariae) was examined by metabolite profiling analysis

(Kim et al. 2016). Infected leaves showed decreased levels of
selected molecules of the phenylpropanoid pathway, which
are related to the plant defence system. In contrast, infec-
tion of strawberry fruit with Colletotrichum nymphaeae,
the causative agent of strawberry black spot, resulted in the
accumulation of high levels of total sugars and increased the
contents of ellagic acid derivatives, flavonols, oligomeric
procyanidins, flavan-3-ols, and total phenolics (Mikulic-
Petkovsek et al. 2013).

Immature strawberry fruits are known to be more toler-
ant to diseases, the two major strawberry fungal pathogens,
Botrytis cinerea and Colletotrichum acutatum show dis-
ease symptoms only at red ripe stages of fruit development
(Nagpala et al. 2016). Metabolite profiling analysis revealed
pathogen-specific alterations of the phenolic content only in
white infected fruits. Interestingly, changes in the expression
levels of polyphenol pathway genes did not correlate with
the alterations in phenolic content.

Infection of strawberry fruits by Botrytis cinerea resulted
in a characteristic earthy, mushroom odour caused by
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1-octen-3-one and 1-octen-3-ol. Headspace GC-MS tech-
niques were used to determine the alterations in the com-
position of volatiles as a function of the degree of Botrytis
cinerea infection, which was determined by an enzyme-
linked immunosorbent assay (Vandendriessche et al. 2012).
Because some infected fruits showed no symptoms and did
not produce fungal volatiles it was concluded that the ana-
lytical techniques are not currently useful for early detection
of Botrytis cinerea infections in strawberry fruit.

3.4 Screening for bioactive compounds for food
and non-food uses

The vegetative parts of the Fragaria sp. plant are of phar-
maceutical interest in many areas of the world and are con-
sidered as a promising bioresource for diverse health-related
applications. Decoctions of leaves are used for hypertension
treatment and show diuretic and dermatological protective
properties. Metabolite profiling analysis in strawberry leaves
in combination with antioxidant measurement was per-
formed to identify natural products that are accountable for
the antioxidant activity of the extracts (D’Urso et al. 2018).
LC-MS was also utilized to study the differences and com-
monalities between the metabolite profiles in leaves (Kar-
lund et al. 2017). In general, strawberry leaves contained
high levels of quercetin and kaempferol derivatives, caffeic
and chlorogenic acid derivatives, and ellagitannins as well
as octadecatrienoic acid derivatives.

In another study, the strawberry fruit metabolome was
analysed in combination with bioactivity tests to identify
the key constituent exerting anti-inflammatory activity
(Lee et al. 2014). It was found that ellagic acid is the major
component playing a crucial role in inflammation in murine
macrophage cells. The results demonstrated that metabolite
profiling analysis is a versatile tool to determine the key
ingredients having biological functions in plant extracts.
Additional LC-MS analyses showed that strawberry extracts
contain very complex mixtures of ellagitannins and proan-
thocyanidins, whereas profiles of extracts of raspberry and
cloudberry present similar although lower complexity mix-
tures of ellagitannins and ellagic acid (McDougall et al.
2008).

Comparative LC-MS analyses of extracts from fruits of
two Chilean white strawberry genotypes (Fragaria chiloen-
sis spp. chiloensis and spp. patagonica) and of the com-
mercial strawberry Fragaria x ananassa (Simirgiotis et al.
2009), as well as of fruits, rhizomes and leaves of Fragaria
chiloensis were performed (Simirgiotis and Schmeda-
Hirschmann 2010). Procyanidins, ellagitannins, ellagic acid
and flavonol derivatives were the major products and the
different extracts exhibited similar antioxidant activity. Thus,
the rhizomes and leaves are also rich sources of phenolic
antioxidants.
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Selenium (Se) is an essential nutrient for humans,
whereas its role in plants remains to be demonstrated. Nev-
ertheless, plant growth is enhanced if Se is added to the
cultivation substrate. Metabolite analyses of Se-fortified
strawberry fruit revealed an increase in the levels of fla-
vonoids and polyphenols, and an increase in the sweetness
of the fruits upon Se accumulation (Mimmo et al. 2017).
Strawberry plants appear to be a good target for Se biofor-
tification, as they would increase the human intake of this
essential micronutrient.

3.5 Fruit development and physiology

The quality of strawberry fruit is a function of the levels
of metabolites, which are affected by different factors, such
as the genotype and various environmental impacts, as has
been shown before, but also result from physiological alter-
ations during fruit development and ripening (Hanhineva
et al. 2011). By applying a range of metabolite profiling
technologies in combination with metabolite correlation
and network analyses, it has been shown in larger fruit
varieties, namely cantaloupe melon that spatial metabo-
lite distributions throughout different fruit tissue sections
(epicarp, outer, middle and inner mesocarp) change sig-
nificantly. These changes become more pronounced dur-
ing fruit ripening, especially with regard to the ripening
of fruit in the anoxic environment of the inner mesocarp.
Here, hypoxia has profound effects on both aroma related
volatile compounds and their small molecule precursors, as
well as leading to the accumulation of ethanol (Biais et al.
2009, 2010; Moing et al. 2011). With technological advance-
ments, especially with respect to technologies capable of
studying spatial metabolite distributions (i.e., mass spec-
trometric (MS) imaging), as well as enhanced cell sorting
and micro-dissection techniques, similarly powerful studies
will become possible to study the spatial development and
ripening in smaller soft fruit species.

Although there are crucial limitations associated with
MS imaging such as the inability to differentiate isobaric
metabolites, Matrix-Assisted Laser Desorption/Ionization
Mass spectrometric Imaging (MALDI-MSI) is the most
widely used method to spatially localize metabolites in their
native histological context. A number of strategies have been
recently proposed to attenuate the disadvantages including
in-tissue chemical derivatization and dual isotope labelling
of precursor metabolites (Feldberg et al. 2018).

MALDI-MSI was already employed to analyse the spatial
distribution of strawberry metabolites during fruit develop-
ment in one wild-type and two transgenic lines (Crecelius
et al. 2017). The investigated metabolites were exclusively
present in the skin of the mature fruits and fruit ripening
led to a reduction of many of the studied plant constituents.
In another study, pelargonidins were detected in the skin,
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cortical, and pith tissues, whereas cyanidins and delphini-
dins were found in the skin of the receptacle (Enomoto et al.
2018). Additionally, cyanidins were detected in the skin of
the achenes. Citric acid was localized in cortical tissue while
hexoses were found almost equally throughout the fruits.

In addition histochemical screening combined with
metabolite profiling analysis demonstrated flavan-3-ols (cat-
echins) as secondary metabolites in roots of Rosaceae (Hoff-
mann et al. 2012). Thus, catechin, epicatechin and dimeric
flavan-proanthocyanidins are prominent polyphenols in root
tips of strawberry, apple, rose, pear and plum roots and prob-
ably play a role as plant protective agents.

Metabolite profiling and fingerprinting analyses in com-
bination with metabolite correlation and network analysis in
strawberry has already revealed interdependencies of indi-
vidual plant constituents and metabolic pathways (Zhang
et al. 2011). The outcome of such analyses have provided
new insights into strawberry fruit composition and metab-
olite changes and demonstrated the value of metabolome
analysis as a tool for functional genomics.

3.6 Fruit sensorial quality: search for odour-active
metabolites and candidate genes

Fruit colour and flavour are important traits of strawberry
varieties as they are the main quality parameters for the con-
sumption of strawberry fruits. Thus, many efforts have been
undertaken to identify genes controlling fruit colour but also
flavour (Schwab et al. 2008). In one report, two cultivars,
varying for presence-absence of the volatile y-decalactone,
along with a segregating population, were analysed by
metabolite profiling and RNAseq (Chambers et al. 2014).
Computational analysis revealed a candidate gene that was
likely controlling this key flavour molecule in strawberry.

Gas chromatography with olfactometry (GC/O) can be
considered as an untargeted analysis method to differenti-
ate between odour-active and odour-neutral substances of
complex blends. The sensitive “nose” detector recognizes
substances, which escape detection by other methods, due to
their low abundance or instability. GC/O has been employed
to examine strawberry fruits harvested in winter months in
Florida with short photoperiods to examine the aroma pro-
files of strawberries grown in subtropical regions (Du et al.
2011). Twenty-nine odour-active volatiles were identified
and the cultivars showed an aroma pattern different from
those strawberry fruits produced in summer months, prob-
ably due to a lack of methyl anthranilate.

GC/O in combination with GC-MS was also used for
the identification of volatiles contributing to the aroma of
Fragaria chiloensis fruit (Prat et al. 2014). This genotype
is endemic to Chile, produces white fruits and is one of the
progenitors of Fragaria x ananassa Duch. Twenty major
volatiles were found that showed dilution factors greater than

1000 and thus are associated with the aroma of the Chilean
strawberry.

Fruit volatiles were also analysed by GC-MS in a Fra-
garia vescalFragaria bucharica near isogenic line collection
to investigate fruit quality traits (Urrutia et al. 2017). The
study revealed 50 major quantitative trait loci including 14
key volatiles, with the transcriptome analysis suggesting new
candidate genes for the regulation of the volatile QTLs.

The strawberry volatilome has been very recently
reviewed (Ulrich et al. 2018). In total, 979 volatile organic
compounds were identified in 25 significant analytical
studies between 1997 and 2016, but none of the identified
volatiles were consistently reported across all of the stud-
ies reviewed. The extraction method was identified as the
crucial step that restricted inter-laboratory comparability, as
has also been observed in tomato and other species of fruit
such as melon (Allwood et al. 2014).

Breeding of new strawberry varieties aims at the improve-
ment of strawberry fruit quality including colour, texture
taste and aroma. Biochemically diverse strawberry fruit
were subjected to metabolite profiling and consumer rating
to identify fruit attributes influencing hedonics and sensory
perception (Schwieterman et al. 2014). Consumer preference
of strawberry fruit was greatly affected by sweetness and
flavour intensity. Thirty-one volatiles were identified which
significantly correlated to flavour intensity.

4 Conclusions

Metabolomics is the comprehensive large-scale chemical
analysis of the metabolome. Due to the chemical complex-
ity of the metabolome and limitations of the instrumental
methodologies, a comprehensive and complete analysis of
all metabolites is not currently possible. However, altera-
tions in the metabolome are frequently explored by profiling
approaches to study biological processes. In studies aimed at
the improvement of strawberry fruit quality, combinations
of different metabolite profiling techniques have been suc-
cessfully applied to elucidate gene functions, analyse envi-
ronmental effects, screen for bioactive compounds, improve
plant protection, localize metabolites, compare genotypes
and physiological stages and identify odour-active volatiles.
The levels of biological insight captured within such plant
metabolite profiling studies, demonstrates the great utility
of profiling the metabolome and volatilome, when such
approaches are combined with other ‘omic’ level data (i.e.,
transcripts, proteins, enzymatic determinations of metabolite
concentrations). The level of systematic knowledge that can
be gained is huge especially in contrast with applications
within other scientific fields that solely aim to discover bio-
marker compounds.

@ Springer



145 Page80of10

A. Haugeneder et al.

Acknowledgements We apologize to those colleagues whose work
could not be cited because of space constraint.

Author contributions AH and JT were the lead authors of the review
performing the majority of writing, with KH, TH, JWA, and WS mak-
ing minor contributions to writing as well as providing critical review
and guidance to the lead authors. All authors read and approved the
manuscript.

Funding The authors would like to thank and acknowledge the support
of this work by the EU funded GoodBerry project (funded from the
European Union’s Horizon 2020 research and innovation programme
under Grant Agreement No 679303).

Compliance with ethical standards

Conflict of interest All authors declare that there are no conflicts of
interest.

Research involving human and animal participants This article does
not contain any studies with human and/or animal participants per-
formed by any of the authors.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Akhatou, I., Gonzalez-Dominguez, R., & Fernandez-Recamales, A
(2016). Investigation of the effect of genotype and agronomic con-
ditions on metabolomic profiles of selected strawberry cultivars
with different sensitivity to environmental stress. Plant Physiol-
ogy and Biochemistry: PPB, 101, 14-22. https://doi.org/10.1016/j.
plaphy.2016.01.016.

Akhatou, 1., Sayago, A., Gonzalez-Dominguez, R., & Ferndndez-Reca-
males, A (2017). Application of targeted metabolomics to investi-
gate optimum growing conditions to enhance bioactive content of
strawberry. Journal of Agricultural and Food Chemistry, 65(43),
9559-9567. https://doi.org/10.1021/acs.jafc.7b03701.

Allwood, J. W., Cheung, W., Xu, Y., Mumm, R., De Vos, R. C.,
Deborde, C., et al. (2014). Metabolomics in melon: A new oppor-
tunity for aroma analysis. Phytochemistry, 99, 61-72. https://doi.
org/10.1016/j.phytochem.2013.12.010.

Biais, B., Allwood, J. W., Deborde, C., Xu, Y., Maucourt, M., Beauvoit,
B., et al. (2009). '"H NMR, GC-EI-TOFMS, and data set corre-
lation for fruit metabolomics: Application to spatial metabolite
analysis in melon. Analytical Chemistry, 81(8), 2884—2894. https
://doi.org/10.1021/ac9001996.

Biais, B., Beauvoit, B., Allwood, J. W., Deborde, C., Maucourt, M.,
Goodacre, R., et al. (2010). Metabolic acclimation to hypoxia
revealed by metabolite gradients in melon fruit. Journal of Plant
Physiology, 167(3), 242-245. https://doi.org/10.1016/j.jplph
.2009.08.010.

Carvalho, R. F., Carvalho, S. D., O’Grady, K., & Folta, K. M. (2016).
Agroinfiltration of strawberry fruit—a powerful transient expres-
sion system for gene validation. Current Plant Biology, 6, 19-37.
https://doi.org/10.1016/j.cpb.2016.09.002.

@ Springer

Chambers, A. H., Pillet, J., Plotto, A., Bai, J., Whitaker, V. M., &
Folta, K. M. (2014). Identification of a strawberry flavor gene
candidate using an integrated genetic-genomic-analytical
chemistry approach. BMC Genomics, 15, 217. https://doi.
org/10.1186/1471-2164-15-217.

Crecelius, A. C., Holscher, D., Hoffmann, T., Schneider, B., Fischer,
T. C., Hanke, M.-V., et al. (2017). Spatial and temporal locali-
zation of flavonoid metabolites in strawberry fruit (Fragaria x
ananassa). Journal of Agricultural and Food Chemistry, 65(17),
3559-3568.

D’Urso, G., d’Aquino, L., Pizza, C., & Montoro, P. (2015). Integrated
mass spectrometric and multivariate data analysis approaches for
the discrimination of organic and conventional strawberry (Fra-
garia ananassa Duch.) crops. Food Research International, 77,
264-272. https://doi.org/10.1016/j.foodres.2015.04.028.

D’Urso, G., Maldini, M., Pintore, G., d’Aquino, L., Montoro, P., &
Pizza, C. (2016). Characterisation of Fragaria vesca fruit from
Italy following a metabolomics approach through integrated mass
spectrometry techniques. LWT-Food Science and Technology, 74,
387-395. https://doi.org/10.1016/j.1wt.2016.07.061.

D’Urso, G., Pizza, C., Piacente, S., & Montoro, P. (2018). Combina-
tion of LC-MS based metabolomics and antioxidant activity for
evaluation of bioactive compounds in Fragaria vesca leaves from
Italy. Journal of Pharmaceutical and Biomedical Analysis, 150,
233-240. https://doi.org/10.1016/.jpba.2017.12.005.

Du, X., Plotto, A., Baldwin, E., & Rouseff, R. (2011). Evaluation of
volatiles from two subtropical strawberry cultivars using GC-
olfactometry, GC-MS odor activity values, and sensory analysis.
Journal of Agricultural and Food Chemistry, 59(23), 12569—
12577. https://doi.org/10.1021/j2030924.

Enomoto, H., Sato, K., Miyamoto, K., Ohtsuka, A., & Yamane, H.
(2018). Distribution Analysis of anthocyanins, sugars, and organic
acids in strawberry fruits using matrix-assisted laser desorption/
ionization-imaging mass spectrometry. Journal of Agricultural
and Food Chemistry, 66(19), 4958—4965. https://doi.org/10.1021/
acs.jafc.8b00853.

Feldberg, L., Dong, Y., Heinig, U., Rogacheyv, 1., & Aharoni, A. (2018).
DLEMMA-MS-imaging for identification of spatially localized
metabolites and metabolic network map reconstruction. Analytical
Chemistry. https://doi.org/10.1021/acs.analchem.8b01644.

Fischer, T. C., Mirbeth, B., Rentsch, J., Sutter, C., Ring, L., Fla-
chowsky, H., et al. (2014). Premature and ectopic anthocyanin
formation by silencing of anthocyanidin reductase in strawberry
(Fragaria x ananassa). The New phytologist, 201(2), 440-451.
https://doi.org/10.1111/nph.12528.

Giampieri, F., Alvarez-Suarez, J. M., & Battino, M. (2014). Strawberry
and human health: Effects beyond antioxidant activity. Journal of
Agricultural and Food Chemistry, 62(18), 3867-3876. https://doi.
org/10.1021/jf405455n.

Guidarelli, M., & Baraldi, E. (2015). Transient transformation meets
gene function discovery: The strawberry fruit case. Frontiers in
Plant Science, 6, 444. https://doi.org/10.3389/fpls.2015.00444.

Hanhineva, K., Kédrenlampi, S. O., & Aharoni, A. (2011). Recent
advances in strawberry metabolomics. Genes, Genomes and
Genomics, 5(Special Issue 1), 65-75.

Hirtl, K., Denton, A., Franz-Oberdorf, K., Hoffmann, T., Spornraft,
M., Usadel, B., & Schwab, W. (2017a). Early metabolic and
transcriptional variations in fruit of natural white-fruited Fra-
garia vesca genotypes. Scientific Reports, 7, 45113. https://doi.
org/10.1038/srep45113.

Hirtl, K., Kalinowski, G., Hoffmann, T., Preuss, A., & Schwab, W.
(2017b). RNAi-mediated endogene silencing in strawberry fruit:
Detection of primary and secondary siRNAs by deep sequenc-
ing. Plant Biotechnology Journal, 15(5), 658-668. https://doi.
org/10.1111/pbi.12664.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.plaphy.2016.01.016
https://doi.org/10.1016/j.plaphy.2016.01.016
https://doi.org/10.1021/acs.jafc.7b03701
https://doi.org/10.1016/j.phytochem.2013.12.010
https://doi.org/10.1016/j.phytochem.2013.12.010
https://doi.org/10.1021/ac9001996
https://doi.org/10.1021/ac9001996
https://doi.org/10.1016/j.jplph.2009.08.010
https://doi.org/10.1016/j.jplph.2009.08.010
https://doi.org/10.1016/j.cpb.2016.09.002
https://doi.org/10.1186/1471-2164-15-217
https://doi.org/10.1186/1471-2164-15-217
https://doi.org/10.1016/j.foodres.2015.04.028
https://doi.org/10.1016/j.lwt.2016.07.061
https://doi.org/10.1016/j.jpba.2017.12.005
https://doi.org/10.1021/jf2030924
https://doi.org/10.1021/acs.jafc.8b00853
https://doi.org/10.1021/acs.jafc.8b00853
https://doi.org/10.1021/acs.analchem.8b01644
https://doi.org/10.1111/nph.12528
https://doi.org/10.1021/jf405455n
https://doi.org/10.1021/jf405455n
https://doi.org/10.3389/fpls.2015.00444
https://doi.org/10.1038/srep45113
https://doi.org/10.1038/srep45113
https://doi.org/10.1111/pbi.12664
https://doi.org/10.1111/pbi.12664

Answering biological questions by analysis of the strawberry metabolome

Page90of10 145

Hoffmann, T., Friedlhuber, R., Steinhauser, C., Tittel, I., Skowranek,
K., Schwab, W., & Fischer, T. C. (2012). Histochemical screen-
ing, metabolite profiling and expression analysis reveal Rosaceae
roots as the site of flavan-3-ol biosynthesis. Plant Biology, 14(1),
33-40. https://doi.org/10.1111/j.1438-8677.2011.00462.x.

Hoffmann, T., Kalinowski, G., & Schwab, W. (2006). RNAi-induced
silencing of gene expression in strawberry fruit (Fragaria x
ananassa) by agroinfiltration: A rapid assay for gene func-
tion analysis. The Plant Journal: For Cell and Molecular
Biology, 48(5), 818-826. https://doi.org/10.1111/j.1365-
313X.2006.02913.x.

Hossain, M. R., Kim, H. T., Shanmugam, A., Nath, U. K., Goswami,
G., Song, J. Y., et al. (2018). Expression profiling of regula-
tory and biosynthetic genes in contrastingly anthocyanin rich
strawberry (Fragaria x ananassa) cultivars reveals key genetic
determinants of fruit color. International Journal of Molecular
Sciences. https://doi.org/10.3390/ijms19030656.

Karlund, A., Hanhineva, K., Lehtonen, M., McDougall, G. J., Stew-
art, D., & Karjalainen, R. O. (2017). Non-targeted metabolite
profiling highlights the potential of strawberry leaves as a
resource for specific bioactive compounds. Journal of the Sci-
ence of Food and Agriculture, 97(7), 2182-2190. https://doi.
org/10.1002/jsfa.8027.

Kérlund, A., Moor, U., McDougall, G., Lehtonen, M., Karjalainen, R.
0., & Hanhineva, K. (2016). Metabolic profiling discriminates
between strawberry (Fragaria x ananassa Duch.) cultivars grown
in Finland or Estonia. Food Research International, 89(Pt 1), 647—
653. https://doi.org/10.1016/j.foodres.2016.09.013.

Karlund, A., Salminen, J. P., Koskinen, P., Ahern, J. R., Karonen, M.,
Tiilikkala, K., & Karjalainen, R. O. (2014). Polyphenols in straw-
berry (Fragaria x ananassa) leaves induced by plant activators.
Journal of Agricultural and Food Chemistry, 62(20), 4592-4600.
https://doi.org/10.1021/jf405589f.

Kim, M. S., Jin, J. S., Kwak, Y. S., & Hwang, G. S. (2016). Metabolic
response of strawberry (Fragaria x ananassa) leaves exposed to
the angular leaf spot bacterium (Xanthomonas fragariae). Journal
of Agricultural and Food Chemistry, 64(9), 1889-1898. https://
doi.org/10.1021/acs.jafc.5b05201.

Koehler, G., Rohloff, J., Wilson, R. C., Kopka, J., Erban, A., Winge,
P., et al. (2015). Integrative “omic” analysis reveals distinctive
cold responses in leaves and roots of strawberry, Fragaria X
ananassa ‘Korona’. Frontiers in Plant Science, 6, 826. https://
doi.org/10.3389/fpls.2015.00826.

Lee, J., Kim, S., Namgung, H., Jo, Y. H., Bao, C., Choi, H. K., et al.
(2014). Ellagic acid identified through metabolomic analysis is an
active metabolite in strawberry (‘Seolhyang’) regulating lipopol-
ysaccharide-induced inflammation. Journal of Agricultural and
Food Chemistry, 62(18), 3954-3962. https://doi.org/10.1021/
jf4038503.

McDougall, G., Martinussen, 1., & Stewart, D. (2008). Towards fruitful
metabolomics: High throughput analyses of polyphenol composi-
tion in berries using direct infusion mass spectrometry. Journal
of Chromatography. B, Analytical Technologies in the Biomedi-
cal and Life Sciences, 871(2), 362-3609. https://doi.org/10.1016/j.
jchromb.2008.06.032.

Medina-Puche, L., Cumplido-Laso, G., Amil-Ruiz, F., Hoffmann, T.,
Ring, L., Rodriguez-Franco, A., et al. (2014). MYBI10 plays a
major role in the regulation of flavonoid/phenylpropanoid metabo-
lism during ripening of Fragaria x ananassa fruits. Journal of
Experimental Botany, 65(2), 401-417. https://doi.org/10.1093/
jxb/ert377.

Mikulic-Petkovsek, M., Schmitzer, V., Slatnar, A., Weber, N., Veberic,
R., Stampar, F., et al. (2013). Alteration of the content of primary
and secondary metabolites in strawberry fruit by Colletotrichum
nymphaeae infection. Journal of Agricultural and Food Chemis-
try, 61(25), 5987-5995. https://doi.org/10.1021/jf402105g.

Mimmo, T., Tiziani, R., Valentinuzzi, F., Lucini, L., Nicoletto, C.,
Sambo, P., et al. (2017). Selenium biofortification in Fragaria
x ananassa: Implications on strawberry fruits quality, content
of bioactive health beneficial compounds and metabolomic pro-
file. Frontiers in Plant Science, 8, 1887. https://doi.org/10.3389/
fpls.2017.01887.

Moing, A., Aharoni, A., Biais, B., Rogacheyv, 1., Meir, S., Brodsky,
L., et al. (2011). Extensive metabolic cross-talk in melon fruit
revealed by spatial and developmental combinatorial metabo-
lomics. New Phytologist, 190(3), 683-696. https://doi.org/10.11
11/j.1469-8137.2010.03626.x.

Muiioz, C., Sanchez-Sevilla, J. F., Botella, M. A., Hoffmann, T.,
Schwab, W., & Valpuesta, V. (2011). Polyphenol composition in
the ripe fruits of Fragaria species and transcriptional analyses of
key genes in the pathway. Journal of Agricultural and Food Chem-
istry, 59(23), 12598-12604. https://doi.org/10.1021/j£203965;.

Nagpala, E. G., Guidarelli, M., Gasperotti, M., Masuero, D., Bertolini,
P., Vrhovsek, U., & Baraldi, E. (2016). Polyphenols variation in
fruits of the susceptible strawberry cultivar alba during ripening
and upon fungal pathogen interaction and possible involvement in
unripe fruit tolerance. Journal of Agricultural and Food Chemis-
try, 64(9), 1869-1878. https://doi.org/10.1021/acs.jafc.5b06005.

Oliver, S. G., Winson, M. K., Kell, D. B., & Baganz, F. (1998).
Systematic functional analysis of the yeast genome. Trends in
Biotechnology, 16(9), 373-378. https://doi.org/10.1016/S0167
-7799(98)01214-1.

Palmieri, L., Masuero, D., Martinatti, P., Baratto, G., Martens, S., &
Vrhovsek, U. (2017). Genotype-by-environment effect on bioac-
tive compounds in strawberry (Fragaria x ananassa Duch.). Jour-
nal of the Science of Food and Agriculture, 97(12), 4180—4189.
https://doi.org/10.1002/jsfa.8290.

Prat, L., Espinoza, M. L., Agosin, E., & Silva, H. (2014). Identification
of volatile compounds associated with the aroma of white straw-
berries (Fragaria chiloensis). Journal of the Science of Food and
Agriculture, 94(4), 752-759. https://doi.org/10.1002/jsfa.6412.

Ring, L., Yeh, S. Y., Hiicherig, S., Hoffmann, T., Blanco-Portales, R.,
Fouche, M., et al. (2013). Metabolic interaction between antho-
cyanin and lignin biosynthesis is associated with peroxidase
FaPRX27 in strawberry fruit. Plant Physiology, 163(1), 43-60.
https://doi.org/10.1104/pp.113.222778.

Rohloft, J., Kopka, J., Erban, A., Winge, P., Wilson, R. C., Bones,
A. M., et al. (2012). Metabolite profiling reveals novel multi-
level cold responses in the diploid model Fragaria vesca (wood-
land strawberry). Phytochemistry, 77, 99-109. https://doi.
org/10.1016/j.phytochem.2012.01.024.

Schwab, W., Davidovich-Rikanati, R., & Lewinsohn, E. (2008). Bio-
synthesis of plant-derived flavor compounds. The Plant Journal:
For Cell and Molecular Biology, 54(4), 712-732. https://doi.
org/10.1111/5.1365-313X.2008.03446.x.

Schwab, W., Hoffmann, T., Kalinowski, G., & Preuss, A. (2011).
Functional genomics in strawberry fruit through RNAi-mediated
silencing. Genes, Genomes and Genomics, 5(Special issue 1),
91-101.

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

Simirgiotis, M. J., & Schmeda-Hirschmann, G. (2010). Determina-
tion of phenolic composition and antioxidant activity in fruits,
rhizomes and leaves of the white strawberry (Fragaria chiloen-
sis spp. chiloensis form chiloensis) using HPLC-DAD-ESI-MS
and free radical quenching techniques. Journal of Food Compo-
sition and Analysis, 23(6), 545-553. https://doi.org/10.1016/j.
j£ca.2009.08.020.

@ Springer


https://doi.org/10.1111/j.1438-8677.2011.00462.x
https://doi.org/10.1111/j.1365-313X.2006.02913.x
https://doi.org/10.1111/j.1365-313X.2006.02913.x
https://doi.org/10.3390/ijms19030656
https://doi.org/10.1002/jsfa.8027
https://doi.org/10.1002/jsfa.8027
https://doi.org/10.1016/j.foodres.2016.09.013
https://doi.org/10.1021/jf405589f
https://doi.org/10.1021/acs.jafc.5b05201
https://doi.org/10.1021/acs.jafc.5b05201
https://doi.org/10.3389/fpls.2015.00826
https://doi.org/10.3389/fpls.2015.00826
https://doi.org/10.1021/jf4038503
https://doi.org/10.1021/jf4038503
https://doi.org/10.1016/j.jchromb.2008.06.032
https://doi.org/10.1016/j.jchromb.2008.06.032
https://doi.org/10.1093/jxb/ert377
https://doi.org/10.1093/jxb/ert377
https://doi.org/10.1021/jf402105g
https://doi.org/10.3389/fpls.2017.01887
https://doi.org/10.3389/fpls.2017.01887
https://doi.org/10.1111/j.1469-8137.2010.03626.x
https://doi.org/10.1111/j.1469-8137.2010.03626.x
https://doi.org/10.1021/jf203965j
https://doi.org/10.1021/acs.jafc.5b06005
https://doi.org/10.1016/S0167-7799(98)01214-1
https://doi.org/10.1016/S0167-7799(98)01214-1
https://doi.org/10.1002/jsfa.8290
https://doi.org/10.1002/jsfa.6412
https://doi.org/10.1104/pp.113.222778
https://doi.org/10.1016/j.phytochem.2012.01.024
https://doi.org/10.1016/j.phytochem.2012.01.024
https://doi.org/10.1111/j.1365-313X.2008.03446.x
https://doi.org/10.1111/j.1365-313X.2008.03446.x
https://doi.org/10.1371/journal.pone.0088446
https://doi.org/10.1371/journal.pone.0088446
https://doi.org/10.1016/j.jfca.2009.08.020
https://doi.org/10.1016/j.jfca.2009.08.020

145 Page 100f 10

A. Haugeneder et al.

Simirgiotis, M. J., Theoduloz, C., Caligari, P. D. S., & Schmeda-
Hirschmann, G. (2009). Comparison of phenolic composition and
antioxidant properties of two native Chilean and one domestic
strawberry genotypes. Food Chemistry, 113(2), 377-385. https://
doi.org/10.1016/j.foodchem.2008.07.043.

Song, C., Hong, X., Zhao, S., Liu, J., Schulenburg, K., Huang, F. C.,
et al. (2016a). Glucosylation of 4-hydroxy-2,5-dimethyl-3(2H)-
furanone, the key strawberry flavor compound in strawberry
fruit. Plant Physiology, 171(1), 139-151. https://doi.org/10.1104/
pp-16.00226.

Song, C., Le, G, Liu, J., Zhao, S., Hong, X., Schulenburg, K., &
Schwab, W. (2015a). Functional characterization and substrate
promiscuity of UGT71 glycosyltransferases from strawberry (Fra-
garia x ananassa). Plant & Cell Physiology, 56(12), 2478-2493.
https://doi.org/10.1093/pcp/pcv15].

Song, C., Ring, L., Hoffmann, T., Huang, F. C., Slovin, J., & Schwab,
W. (2015b). Acylphloroglucinol biosynthesis in strawberry fruit.
Plant Physiology, 169(3), 1656-1670. https://doi.org/10.1104/
pp-15.00794.

Song, C., Zhao, S., Hong, X., Liu, J., Schulenburg, K., & Schwab, W.
(2016b). A UDP-glucosyltransferase functions in both acylphlo-
roglucinol glucoside and anthocyanin biosynthesis in strawberry
(Fragaria x ananassa). The Plant Journal: For Cell and Molecu-
lar Biology, 85(6), 730-742. https://doi.org/10.1111/tpj.13140.

Sun, J., Liu, X., Yang, T., Slovin, J., & Chen, P. (2014). Profiling poly-
phenols of two diploid strawberry (Fragaria vesca) inbred lines
using UHPLC-HRMS(n.). Food Chemistry, 146, 289-298. https
://doi.org/10.1016/j.foodchem.2013.08.089.

@ Springer

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.

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: PPB,
121,99-117. https://doi.org/10.1016/j.plaphy.2017.10.015.

Urrutia, M., Schwab, W., Hoffmann, T., & Monfort, A. (2016). Genetic
dissection of the (poly)phenol profile of diploid strawberry (Fra-
garia vesca) fruits using a NIL collection. Plant Science: An
International Journal of Experimental Plant Biology, 242, 151—
168. https://doi.org/10.1016/j.plantsci.2015.07.019.

Vandendriessche, T., Keulemans, J., Geeraerd, A., Nicolai, B. M., &
Hertog, M. L. (2012). Evaluation of fast volatile analysis for detec-
tion of Botrytis cinerea infections in strawberry. Food Microbiol-
ogy, 32(2), 406—414. https://doi.org/10.1016/j.fm.2012.08.002.

Wishart, D. S. (2007). Current progress in computational metabo-
lomics. Briefings in Bioinformatics, 8(5), 279-293. https://doi.
org/10.1093/bib/bbm030.

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


https://doi.org/10.1016/j.foodchem.2008.07.043
https://doi.org/10.1016/j.foodchem.2008.07.043
https://doi.org/10.1104/pp.16.00226
https://doi.org/10.1104/pp.16.00226
https://doi.org/10.1093/pcp/pcv151
https://doi.org/10.1104/pp.15.00794
https://doi.org/10.1104/pp.15.00794
https://doi.org/10.1111/tpj.13140
https://doi.org/10.1016/j.foodchem.2013.08.089
https://doi.org/10.1016/j.foodchem.2013.08.089
https://doi.org/10.1021/acs.jafc.8b01115
https://doi.org/10.1021/acs.jafc.8b01115
https://doi.org/10.1016/j.plaphy.2017.10.015
https://doi.org/10.1016/j.plantsci.2015.07.019
https://doi.org/10.1016/j.fm.2012.08.002
https://doi.org/10.1093/bib/bbm030
https://doi.org/10.1093/bib/bbm030
https://doi.org/10.1093/jxb/erq343
https://doi.org/10.1093/jxb/erq343

	Answering biological questions by analysis of the strawberry metabolome
	Abstract
	Background 
	Aim 
	Key scientific concepts 

	1 Introduction
	2 Primary and secondary metabolites
	3 Biological questions
	3.1 Gene function analysis and genotype comparison
	3.2 Environmental effects
	3.3 Plant protection
	3.4 Screening for bioactive compounds for food and non-food uses
	3.5 Fruit development and physiology
	3.6 Fruit sensorial quality: search for odour-active metabolites and candidate genes

	4 Conclusions
	Acknowledgements 
	References


