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In this study, 50 tomato landraces grown in Turkey were investigated in terms of their secondary metabolite
proﬁles. Each accession was planted in 2016 and 2017 in 3 replicates in an open ﬁeld. In this study, color, pH
and brix of the fruit samples were measured and an unbiased LCMS-based metabolomics approach was applied.
Based on Principal Components Analysis (PCA) and Hierarchical Cluster Analysis (HCA) of the relative abundance levels of > 250 metabolites, it could be concluded that fruit size was the most inﬂuential to the biochemical composition, rather than the geographical origin of accessions. Results indicated substantial biodiversity in various metabolites generally regarded as key to fruit quality aspects, including sugars; phenolic
compounds like phenylpropanoids and ﬂavonoids; alkaloids and glycosides of ﬂavour-related volatile compounds. The phytochemical data provides insight into which Turkish accessions might be most promising as
starting materials for the tomato processing and breeding industries.
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1. Introduction
There is a general agreement that a healthy diet is important in
preventing chronic diseases, and supporting the right energy balance of
the body. Speciﬁc recognition has been given to the so-called
‘Mediterranean diet’ as being particularly healthy in terms of its balanced nutritious and health-promoting components (Trichopoulou
et al., 2014). Tomato and its products are key components of the
Mediterranean diet and are considered as healthy foods due to their low
fat content and high levels of vitamins A and C as well as of a range of
other health-promoting compounds such as phenolic acids, ﬂavonoids
and carotenoids. The health-related bioactive compounds in Mediterranean diet were previously investigated by several researchers
(Mazzoni et al., 2016; Battino et al., 2019; Cianciosi, Simal-Gandara, &
Forbes-Hernandez, 2019).
The (poly)phenolic compounds of tomato and tomato-based products have frequently been evaluated in relation to their potential eﬀect
against, for example, cardiovascular diseases (O’Kennedy et al., 2006),
certain types of cancer (Ramos-Bueno et al., 2017), diabetes (Shidfar
et al., 2011), and also regarding their general antioxidant activity
(Kotíková, Lachman, Hejtmánková, & Hejtmánková, 2011) and antiinﬂammatory activity (Burton-Freeman, Talbot, Park, Krishnankutty, &
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Edirisinghe, 2012).
Tomato is a member of the Solanaceae family, and part of the genus
Solanum which includes many wild relatives as well as the cultivated
tomato ‘Solanum lycopersicum’. It is one of the most widely consumed
vegetables across the world and its consumption is still increasing.
According to the data provided by FAOSTAT, tomato production in the
world continually increased during the 1994–2016 period. Tomato is
very important for the Turkish diet and Turkey is fourth in the world for
tomato production (for fresh and processing goals) following China,
USA, and India (Faostat, 2017).
Tomato fruit has been also a regular subject for metabolic proﬁling
and has almost become a model organism for investigations relating to
both the fresh fruit (Zhu et al., 2018) and their processed forms
(Capanoglu, Beekwilder, Boyacioglu, De Vos, & Hall, 2010; Di Lecce,
Martinez-Huelamo, Tulipani, Vallverdu-Queralt, & Lamuela-Raventos,
2013).
Metabolites are generally recognized as being the end products of
the genome, and mirror the operation of the biological system (Herrero,
Simo, Garcia-Canas, Ibanez, & Cifuentes, 2012) and metabolomics has
become an application-driven science with a broad range of applications in various ﬁelds, including medical science, synthetic biology,
medicine, food science and technology as well as nutrition (Putri et al.,
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2013). The matrices of many food materials have been characterized in
great detail, mainly by using comprehensive metabolomics approaches
such as liquid chromatography or gas chromatography coupled to mass
spectrometry (LC-MS and GC–MS, respectively) in order to investigate
their biochemical composition in relation to e.g. phenotype, genotype,
processing treatments etc. This approach can be used for food quality
analysis (Capanoglu et al., 2010; Thissen et al., 2011; Wishart, 2008)
and also, food safety aspects such as investigating the presence of
pesticide residues, veterinary drugs, natural toxins, environmental
contaminants and contaminants arising from food processing (CastroPuyana, Perez-Miguez, Montero, & Herrero, 2017; Pinu, 2016). Adulteration and fraud in foods have also been revealed through metabolite
proﬁling of materials using similar chromatographic techniques and,
metabolites can be used as indicators for the provenance of food materials in terms of their origin (Tolstikov & Fiehn, 2002; Esteki et al.,
2018; Esteki, Ahmadi, Heyden, & Simal-Gandara, 2019; Esteki,
Regueiro, & Simal-Gandara, 2019; Esteki, Shahsavari, & Simal-Gandara,
2019a, 2019b) and post-harvest history (Thurman et al., 2005) as well
as fraudulent deception of consumers regarding their purity and adulteration (Wishart, 2008; Esteki, Farajmand, Kolahderazi, & SimalGandara, 2017; Moldes, Mejuto, Rial-Otero, & Simal-Gandara, 2017). In
the literature, there are few studies indicating the combined use of
spectrophotometric techniques and multivariate analysis in order to
identify food classiﬁcation, authentication and adulteration (Esteki,
Shahsavari, & Simal-Gandara, 2018; Astray et al., 2019; GonzalezFernandez et al., 2019). Besides, nowadays blockchain technology is
also becoming popular in the ﬁeld of food traceability (Galvez, Mejuto,
& Simal-Gandara, 2018).
There are several studies in which the metabolites of tomato fruit
have been investigated by using LCMS methods (Moco et al., 2006;
Moco et al., 2007; Iijima et al., 2008; Tohge & Fernie, 2015; Alseekh
et al., 2015). On the other hand, there are yet few studies investigating
diﬀerent tomato accessions for their metabolite contents (Siracusa,
Avola, Patane, Riggi, & Ruberto, 2013; Baldina et al., 2016; Naranjo
et al., 2016; Di Paola Naranjo et al., 2016), and the number of accessions involved were relatively small and none applied an unbiased and
comprehensive (untargeted) metabolomics approach. In this study, we
collected a unique set of locally-grown accessions of tomato from all
over Turkey. This set included many regional landraces and special
accessions which were collected from hobby-growers in local villages
and from farmers. Seeds from all lines were stored at the Turkish National Seed Gene Bank of the Aegean Agricultural Research Institute.
The results presented here are therefore the ﬁrst not only for this substantial collection of Turkish accessions, but also for exploring their
natural biodiversity in an essentially untargeted manner. In this study
we applied LC with high resolution MS to semi-polar aqueous-methanol
extracts, which in tomato fruit, enables the detection of a large variety
of secondary metabolites, including phenolic acids, phenylpropanoids,
ﬂavonoids, alkaloids, glycosylated volatiles, etc.

Center Directorate, Beykoz, Istanbul in 2016 and experiments were
carried out following a uniform cultivation practice in an open ﬁeld
based on randomized block design with irrigation and fertilization
being fully automated. Each accession was planted in 3 replicates. The
same seed batch used in 2016 was used to grow the plants for a second
season in 2017. The same cultivation procedure as in 2016 was applied
in 2017, with the only exception being that the planting was carried out
in a diﬀerent open ﬁeld provided by Ataturk Horticultural Central Research Institute, Yalova. Both in 2016 and 2017, the planting time in
the ﬁeld was at the end of March and harvesting was performed at the
end of August. However, not all accessions yielded suﬃcient fruits: 51
accessions could be harvested in 2016 and 50 in 2017. In the end, 37
accessions were common across the two years. After harvesting at the
ripe stage, fruits were immediately brought to the Food Engineering
Department Laboratories at Istanbul Technical University, Istanbul,
Turkey, for general fruit assessments (size, brix, pH and colour), sample
preparation and storage. Representative fruits per accession were selected by eliminating damaged tomatoes and those with black spots.
Cherry-type tomatoes were grouped as being small-sized (< 3.5 cm),
beef type tomatoes were grouped as large-sized (> 6.5 cm) and the
tomatoes sized between 3.5 and 6.5 cm were grouped as being medium.
Three to ten intact fruits (depending on the size of the fruit) per accession were pooled. The whole fresh tomatoes were subsequently
blended for 10 sec in order to obtain pulp for both pH and brix measurements. After this short blending step the main part of the pulp was
immediately frozen in liquid nitrogen for metabolite analysis. Frozen
pulps were powdered using a precooled IKA A11 grinder (Staufen,
Germany), powders were dried using a freeze dryer (ALPHA 1–2
LDplus, Osterode am Harz, Germany) and these dried powders were
stored at −20 °C until transport to WUR, Wageningen, The Netherlands, for metabolome analysis.
2.2. Colour, pH and brix measurements
Color analyses were performed on the sliced surfaces of freshly-cut
ripe fruits, using a colorimeter (Chroma Meter CR-410, Konica-Minolta,
Milan, Italy) in the CIE 1976 (L*, a*, b*) color space. The instrument
was calibrated against a white tile before measurements were performed. Chroma and hue values of samples were calculated from L*, a*,
b* using the equation ( a∗2 + b∗2 ) .
An Abbe refractometer (PCE Instruments, UK) was used for the
determination of brix values and a pH meter (HI 2211 Hanna
Instruments, The Netherlands) for pH values of the freshly blended
tomatoes prepared as explained in Section 2.1.
2.3. Metabolomics
Metabolite extraction and LCMS-based metabolomics was basically
carried out as originally described in De Vos et al. (2007). Brieﬂy,
30 mg of freeze dried samples were accurately weighed and mixed with
1.2 mL 75% MeOH containing 0.1% formic acid. Samples were sonicated in a water bath (Branson 3510, Hampton) at maximum frequency
for 15 min at 20 °C, and then centrifuged at 16,000 rpm (Eppendorf
Centrifuge 5810R and 5415R-Ontario, Canada) before transferring the
clear supernatant into HPLC glass vials. Quality control samples (QC’s)
were made using an equal mixture of all tomato powders and preparing
ﬁve independent extractions as technical replicates. In addition, 2 tomato samples were selected randomly to prepare four replicate extractions as additional individual technical replicates.
Chromatographic separation of extracts was performed with an
HPLC system (Waters Acquity, Milford, MA, USA) ﬁtted with a C18
column (Phenomenex Luna 150 × 2 mm i.d., 3 μm-Torrence, USA).
0.1% formic acid in Milli-Q water (Purelab Ultra water puriﬁcation
system, High Wycombe, UK) (eluent A) and 0.1% formic acid in acetonitrile (eluent B) were prepared for the mobile phase. Gradient phase

2. Materials and methods
2.1. Tomato samples
The origins of all Turkish tomato seed samples used in this screen
were obtained from the National Seed Gene Bank of Aegean
Agricultural Research Institute, Izmir, Turkey. All details are reported
in Supplemental Table S1. Landraces were acquired from farmers who
do not have access to commercial hybrid seeds to produce tomatoes and
hence seed is retained on the farm from year to year. In total, 75 different landraces were initially included in this research. In addition,
two commercial hybrids, Ayaş and Tosya, were included in the study of
2017 for comparison with the accessions. All accessions were labelled
according to their origin, based on the name of their nearest city as
indicated in Supplemental Table S1. All plants were cultivated in a ﬁeld
provided by the Plant Biodiversity, Geophyte Research and Training
2
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small cherry-type tomatoes or intermediate sized with round or elliptic
shapes. Among all accessions there was a single yellow accession
(number 37; Fig. 2e) while all others had the typical red color.

started with 95% eluent A and 5% eluent B; at 45 min 65% eluent A and
35% eluent B: at 47 min 25% eluent A and 75% eluent B; at 52 min 25%
eluent A and 75% eluent B and at 54 min returns to the initial conditions with a 0.19 mL/min ﬂow rate. The column temperature was set to
40 °C and detection was accomplished with both a photodiode array
(PDA) detector (Waters) at 210–600 nm and an LTQ-Orbitrap FTMS
hybrid mass spectrometer (Thermo Scientiﬁc, Bremen, Germany) in
negative ionization mode at an m/z range of 90–1350 D and a mass
resolution of 60,000 FWHM (Mokochinski et al., 2018).
The MetAlign software package (Lommen, 2009) was used for mass
signal extraction and alignment, with a peak detection threshold value
(Metalign parameter 8B) of 10,000 ions/scan. The data obtained from
MetAlign were then ﬁltered for mass peaks having a minimum intensity
of 20,000 ions/scan in at least 2 samples. The resulting ﬁltered peak list
was imported into MSClust software (Mokochinski et al., 2018) in order
to remove metabolite signal redundancy by clustering signals derived
from the same metabolite, based on their similar retention time and
relative abundance pattern across all samples, and creating an in-source
mass spectrum consisting of e.g. natural isotopes, fragments and adducts created in the ion source. In addition, for each metabolite the
MSClust tool calculated a single representative intensity value (total ion
counts) based on clustered representative mass signals. The resulting
list with relative intensities of each putative metabolite detected in each
sample was used for multivariate analysis after log transformation of
the metabolite intensity data; to enable log-transformation, non-detects
with intensity value 0 were randomized between 45% and 55% of the
Metalign detection threshold. Principal components analysis (PCA) was
made with Simca v. 14 (Umetrics; Umea; Sweden) using pareto scaling,
while hierarchical clustering analysis (HCA) was performed with GeneMaths XT (Applied Maths; 1.6 software, Belgium) using mean-centering.

3.2. Color, pH and brix values
The color, pH and brix values of the tomato accessions were measured and are reported in Supplementary data Table S2 and demonstrated with box plot in Supplementary data Fig. S1. For the color
analyses, in the CIELAB color space the a* value represents the redness
and greenness from positive to negative, the b* value represents the
yellowness and blueness from positive to negative and the L* value
represents the lightness (Singh, Chauhan, Vatsa, & Singh, 2003). Tomatoes used in this study were harvested after reaching its maturity
level which was decided visually (spherical, uniform red color formation), so a* values of accessions were always positive and there were no
negative values which is related with the unripe stages. Chroma is the
reﬂection of purity or saturation of light and is a good indicator of
consumer acceptance (López Camelo & Gómez, 2004). The chroma
values of the Turkish tomato accessions were calculated based on
measured a* and b* values and varied between 30 and 60. On the other
hand, the L, a*, b* values of the samples ranged between 36.9–46.1,
8.1–34.9, and 21.1–55.7, respectively. The yellow-colored accession
had the lowest a* and the highest b* values, as expected, and thus its
chroma ( a∗2 + b∗2 ) is in the middle. Brix values of fruits ranged between 5.5 and 9.42 (Fig. 3) and pH values were found to be between
4.02 and 4.47. These pH and Brix values were observed to be in the
range of other published commercial hybrids/landraces (Bottino,
Capannelli, Turchini, Della Valle, & Trevisan, 2002; Tiwari, O' Donnell,
Brunton, & Cullen, 2009).

2.4. Metabolite annotation

3.3. Metabolic diversity

The annotation of selected metabolites was primarily based on existing databases like the MotoDB (Soﬁa Moco, Raoul J Bino, Oscar
Vorst, Harrie A Verhoeven, Joost de Groot, Teris A van Beek, et al.,
2006), the KOMICS database http://www.kazusa.or.jp/komics/en/
database-en.html and the Dictionary of Natural Products, as well as
on annotations reported in other papers dealing with tomato fruits and
other tomato plant parts (e.g. Gómez-Romero, Segura-Carretero, and
Fernández-Gutiérrez (2010), Tikunov, de Vos, Paramás, Hall, and Bovy
(2010), Vallverdú-Queralt Jauregui Medina-Remón Andrés-Lacueva &
Lamuela-Raventós (2010), Ferreres, Taveira, Pereira, Valentao and
Andrade (2010), Schmidt, Li, Shi, Jones, & Pichersky (2011)). Annotation was based on a number of complementary features – their corresponding accurate mass (using a threshold of 5 ppm), chromatographic retention time, UV/Vis absorbance spectrum (when available)
and any in-source fragments that were detected. New metabolites (the
so-called ‘unknowns’) were putatively annotated based on their elemental formula calculated from the observed accurate mass also using
additional information such as UV absorption spectra and MS/MS
fragmentation data.

Fruits of 48 accessions and the 2 hybrids from the 2017 harvest
were examined for their metabolic diversity by analyzing semi-polar
(aqueous-methanol) extracts with a high-resolution LC-MS system and
processing the data in an unbiased manner.
To estimate the overall technical variation of the untargeted analysis, appropriate reference extracts were prepared both from a pool of
all samples (QC’s, n = 5, spread evenly across the real samples and used
to check system stability during the entire analysis series; and 2 random
accessions (n = 4 each).
We ﬁrst checked whether the metabolite intensity data generated by
the untargeted metabolomics workﬂow, as applied in the present study,
are representative of data obtained by targeted data analysis. For 3
well-known phenolic compounds in tomato fruit i.e. rutin, naringenin
chalcone and chlorogenic acid, we plotted the peak intensities derived
from the untargeted processing workﬂow against those derived from
targeted LCMS data analysis based on retrieving the peak height of their
corresponding molecular ion-speciﬁc mass signals from the same raw
LCMS data ﬁles (Suppl Fig. S2). For all three, the targeted data were
linearly and highly (R2 > 0.99) correlated with the untargeted data. In
addition, the correlations between the data from this untargeted LCMS
analysis and those from targeted LC-PDA analysis, based on integrating
chromatographic peak areas of UV/Vis traces – a common approach in
phenolic compound analysis – across the tomato extracts analyzed by
the LC-PDA-MS system were also high, with regression values of 0.987,
0.988, and 0.94 for rutin, naringenin chalcone, and chlorogenic acid,
respectively (data not shown). These high correlations across samples
indicate that the untargeted LC-MS approach provides similar relative
abundance data for metabolites as targeted analysis using LC-MS or LCPDA, while additionally providing insight into the relative abundance
of many other known and yet unknown compounds in the fruit samples.
Using our untargeted workﬂow, we were able to obtain relative
abundance values for 251 putative compounds present in the ripe fruits

3. Results and discussion
3.1. Geographical distribution
In this study, we collected 75 tomato accessions from Turkey and 2
commercial hybrids. As can be seen from Fig. 1, the accessions collected
represent all geographical regions in Turkey. Collection areas were at
diverse altitudes (2–1566 m above sea level), and with diﬀerent climate
conditions ranging from Adana with a relatively hot and dry climate to
Erzurum which is relatively cold and dry (Supplementary metadata:
Table S1). There were signiﬁcant phenotypic diﬀerences between the
fruit samples (Fig. 2): some were large beef type tomatoes, others were
3
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Fig. 1. Map of Turkey with indicated sampling areas of 75 tomato landraces and 2 hybrids. The red points on the map represent locations of the landraces and the
blue points of the hybrids.

Fig. 2. Demonstration of some contrasting tomato accessions. [a] accession 16 TR68513 Bartin, [b] accession 21 TR69785 Corum, [c] accession 24 TR69805
Kirsehir, [d] accession 29 TR69817 Ankara, [e] accession 37 TR70708 Amasya, [f] accession 42 TR70740 Kastamonu, [g] accession 44 TR71370 Yozgat, [h]
accession 57 TR61697 Mugla and [i] accession 72 TR75261 Artvin. Pictures are taken after harvest 2017.
4
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Fig. 3. Brix values of 48 tomato accessions and 2 hybrids (red columns with red circles) after harvest in 2017. Error bars indicate the standard deviation of 3
measurements from the tomato surface. The genotypes associated with the accession codes are to be found in Supp. Table S1.

Fig. 4. Relative level of the main ﬂavonol-glycoside rutin (quercetin-3-O-rutinoside) in ripe fruits of 48 Turkish tomato accessions and 2 hybrids (red columns with
red circles) from the 2017 harvest based on untargeted LC-MS analysis. Samples are ordered from lowest to highest level. To estimate technical error, accessions 23
and 63 were analysed 4 times while the quality control samples (QC), consisting of a mix of all genotypes, was analysed 5 times during the entire sample series; error
bars represent the standard deviations of their means.

compounds, were only detected in speciﬁc accessions (Fig. 4 and Suppl
data Fig. S3).
In order to provide insight into the overall diﬀerences and similarities in the metabolite composition between accessions, the metabolite
data of the 2017 harvest year were subjected to multivariate analyses.
The Principal Components Analysis (PCA) results (Fig. 5) showed that
the technical replicates (of both the pooled and 2 individual accessions)
were mostly relatively closely grouped, indicating that the observed
distribution of accessions is due to the biological variation (accession
diﬀerences) rather than the analytical variation, as expected. In addition, this PCA plot indicates that the main metabolite variation between
fruits (PC1) could be explained by the diﬀerences in their approximate
fruit sizes (color coded in Fig. 5): small sized (cherry type) tomatoes are
generally located opposite to the bigger (beef type) fruits. Within the
metabolites (loadings) underlying this separation, we could identify
several ﬂavonoids, including naringenin and quercetin derivatives, as

of the 48 Turkish accessions and 2 hybrids harvested in 2017 (Suppl
Excel Table 1, sheet 2017) and 265 compounds present in the ripe fruits
of the 37 accessions in 2016 which were common to the accessions
measured in 2017 (Suppl Excel Table 1, Sheet 2016). We identiﬁed
substantial biodiversity among these accessions in metabolites representing various biochemical classes, including ﬂavonoids, regarded
as potentially healthy dietary compounds, phenylpropanoids, alkaloids
and glycosides of ﬂavour-related volatile compounds like benzyl alcohol and methyl salicylate. As an example, results for rutin (quercetin3-O-rutinoside) obtained with untargeted metabolite analysis of the
fruits in 2017 are presented in Fig. 4, and those of some other compounds are to be found in the supplementary data, Fig. S3. Results indicate that the metabolite content of samples with the lowest to the
highest levels varied for instance 6 fold for rutin, 8 fold for naringenin
chalcone, 5 fold for ferulic acid hexose and 2.5 fold for citric acid, while
several other compounds, including glycosides of ﬂavour-related
5
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Fig. 5. PCA plot of ripe tomato fruits, based on their metabolite variation analysed using LCMS, from 48 Turkish landraces harvested in 2017. Samples are colourcoded based on their approximate fruit size, with green, blue and magenta coloured markers representing large, medium and small sized tomatoes, respectively.
Extracts of the pooled fruit sample (QC1-5) are represented with turquoise markers. Green, magenta and turquoise circles comprise the technical replicates of
accessions 63 and 23 and of the pooled sample, respectively. PC1 explains 19% and PC2 11% of the total metabolite variation.

were observed. For instance, glycoalkaloids such as esculeoside A, esculeoside B and acetoxy-hydroxytomatine, dihydroxytomatine as well
as some other alkaloids, clustered together. The ﬂavonoid glycosides,
including quercetin 3-O-rutinoside, quercetin-hexose-deoxyhexose,
quercetin 3-O-rutinoside-7-O-glucoside, kaempferol 3-O-rutinoside also
clustered together as a separate group (Fig. 6). Additionally, phenylpropanoids including 5-caﬀeoylquinic acid, 3,4,5-tricaﬀeoyulquinic
acid, dicaﬀeoylquinic acid, 3,4 (or 3,5)-dicaﬀeoylquinic acid and 4,5dicaﬀeoylquinic acid also clustered together. Furthermore, we observed
a group of previously-described compounds which are known to deﬁne
the contrast between so-called ‘smoky’ and ‘non-smoky’ fruit ﬂavours
(Tikunov, Molthoﬀ, de Vos, Beekwilder, van Houwelingen, van der
Hooft, et al., 2013). Thus, the non-smoky glycoside form 2-O-β-d-glucopyranosyl-(1 → 2)-[O-β-d-xylopyranosyl-(1 → 6)]-O-β-d-glucopyranoside (GXG) of both methyl salicylate (MeSA-GXG) and eugenol
(Eugenol-GXG), as well as the malonylated form of MeSA-GXG clustered together due to their relative high abundance in 11 of the 50
accessions analyzed (highlighted by a yellow box in Supplementary
data, Fig. 5; i.e. accessions TR70701 Amasya, TR61870 Denizli,
TR61967 Denizli, TR69796 Ankara, TR69163 Konya, TR69818 Ankara,
TR68526 Eskisehir, TR70702 Amasya, TR69817 Ankara, TR66043
Kütahya and TR71389 Kayseri). The relative high abundance of these
speciﬁc glycosides suggests that these accessions contain the fully
functional gene controlling the key glycosylation step that prevents the
release of the smoky-ﬂavor related volatiles methyl salicylate and eugenol upon cell disruption of the fresh fruit (Tikunov et al., 2013) as
usually happens on cutting (e.g. food processing) or chewing (directly
consuming) the fruits. Interestingly, in the HCA these known nonsmoky compounds clustered together with some as yet so-called ‘unknown compounds’ (Suppl. data, Fig. 6S). Based on their elemental
composition and MSMS data, we could putatively identify these new
compounds as being malonylated glycosides of the ﬂavor-related volatiles phenylethanol and benzyl alcohol, namely phenylethanol malonyl pentosyl-dihexoside (m/z 663.214), phenylethanol malonyl-dihexoside (m/z 531.172), benzyl alcohol malonyl-pentosyl-dihexoside
(m/z 649.198) and benzyl alcohol malonyl-dihexoside (m/z 517.156).
All the other varieties did not show the presence of these speciﬁc glycosylated forms of volatiles.

being higher in the small fruited accessions. This is likely related to the
fact that tomato ﬂavonoids are known to speciﬁcally accumulate in the
fruit peel (Moco et al., 2007) and the relative proportion of the peel to
the whole fruit is larger in smaller fruits. On the other hand, the geographical origin of fruits did not have a clear eﬀect on the occurrence of
the metabolites in this 2017 harvest (Suppl data Fig. S4). For example,
accessions coded as 22, 29, and 30 which were all originated from the
same city (Ankara) were clearly separated in the PCA diagram, and
indeed accessions coded with 43, 44, and 45 originating from a relatively close city, Yozgat, were also distributed separate to each other
and also from the Ankara accessions.
For comparing the two harvest years (2016 and 2017), we subsequently performed LCMS analysis on fruit samples of those 37 accessions for which suﬃcient material had been collected in both years
(Supplementary data, Table 1) and performed PCA for both years separately (Suppl data, Fig. 5a and b). A similar trend was observed between the two years, i.e. the distribution of accessions in both PCA plots
was mostly related to the fruit size, which suggests that within this
population, the fruit phenotype (here in terms of fruit size) has a strong
inﬂuence on the overall biochemical proﬁle, at least based on the semipolar metabolites considered here. Similar results have also been obtained in a previous study (Adato et al., 2009). In both years, the
geographic origin of accessions was less important to the overall variation of metabolite composition. On the other hand, Anton et al.
(2017) investigated the polyphenols of tomatoes during ripening of
fruits. They emphasized that accumulation patterns of these compounds
were the same in standard-type fruits while it may change in a few
situations in cherry-type cultivars and they pointed out that changes in
the content of polyphenolic compounds during ripening mostly depend
on cultivar. In our study, we only focused on red-ripe fruits, so including fruits at diﬀerent ripening stages may change the results with
respect to the variation of metabolites between diﬀerent varieties.
To evaluate further the metabolic diversity and identify possible
common metabolic pathways between speciﬁc accessions (Etalo et al.,
2013), we applied a Hierarchical Cluster Analysis (HCA) on both accessions and metabolites, based on the variation in metabolites in fruits
of the 2017 harvest (Fig. 6). Conform the results in the PCA (Fig. 5), the
technical replicates of individual accessions cluster tightly together,
indicating similar metabolite proﬁles, as expected. Based on the
common variation across the accessions, several metabolite clusters
6
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Fig. 6. Hierarchical clustering analysis (HCA) diagram and heatmap of 48 Turkish landraces and 2 hybrids (columns) from the 2017-harvest, based on similarities in
their proﬁles of metabolites (rows) as obtained by untargeted LCMS. Green, purple and red squared genotypes represent the replications of accessions 63, 23 and
quality control sample, respectively. Color scale of the heatmap represents relative intensity values after log2-transformation and normalisation across samples by
mean-centring.

of compounds related to tomato fruit quality, such as ﬂavonoids, alkaloids and smoky-ﬂavor related compounds. This study is the ﬁrst
comprehensive screen of secondary metabolites in Turkish tomato
landraces on this large scale.

4. Conclusions
In this study, untargeted comprehensive LCMS-based metabolomics
was used to determine biodiversity in phytochemical composition, regarding mainly semi-polar secondary metabolites, in ripe fruits of 50
unique accessions originating in Turkey (landraces). Our results of
unsupervised multivariate analyses based on the variation in 265 and
251 compounds detected in harvests from 2016 and 2017, respectively,
indicated that there is no clear metabolome distinction between these
tomato accessions based on their geographic origin, while fruit type
appears most inﬂuential to their metabolite composition. Small cherrytype fruits generally contained higher levels of peel-speciﬁc compounds, including ﬂavonoids, than did large beef-type fruits. Within the
accessions analyzed a large biodiversity was detected in various classes
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