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Abstract

:

Viscum album L., commonly known as European mistletoe, is a hemi-parasitic plant of the Santalaceae family. The in vitro and in vivo effects of V. album differ, according to its host tree. However, little is known about the host-dependent phytochemical diversity in V. album. In this study, the metabolic profiles of V. album ssp. album from Malus domestica Bork., Quercus robur L., and Ulmus carpinifolia Gled were compared. Leaves, stems, and berries were collected in Switzerland, by the same procedure, in September 2016 and 2017. The methanolic extracts were analyzed by ultra-performance liquid chromatography, coupled to electrospray quadrupole time-of-flight mass spectrometry in positive ionization mode. The data were submitted to partial-least square discriminant analysis (PLS-DA) and the results showed that the V. album ssp. album samples were clustered into three groups, according to the three distinct host trees. Seven compounds, with high VIP scores (variable importance in projection), were responsible for this differentiation. The following four compounds were detected in both the harvest years: arginine, pipecolic acid or lysine, dimethoxycoumarin, and sinapyl alcohol, suggesting their use as host specific V. album biomarkers. The present work highlights the importance of standardized harvest and analytical procedures for the reproducibility of the chemical results of herbal materials.
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1. Introduction


V. album L. (Santalaceae), popularly known as mistletoe, is an ancient medicinal plant used by European and Asian communities. Its ethnomedicinal use includes the treatment of epilepsy, anxiety, hypertension, internal bleeding, and atherosclerosis [1,2]. The remarkable interest in this plant arose in 1920, when mistletoe was introduced as an anticancer agent by Steiner and Wegman [3]. Its antitumor activity is mainly attributed to viscotoxins and lectins, which are high-molecular-weight compounds [4]. Nowadays, it is used as a complementary therapy for the treatment of different types of cancer, such as breast, colorectal, and pancreatic cancer, to prolong survival and to increase the quality of life [5,6]. Other studies have shown V. album’s pharmacological potential as anti-inflammatory [7], antihepatotoxic [8], hypoglycemic and antioxidant [9,10], antimicrobial [11], antiepileptic, sedative, and antipsychotic, as well as for cardiac diseases [1,2].



V. album ssp. album can adapt to different conditions, being able to grow on different deciduous host trees, including Malus domestica Bork., Quercus robur L., and Ulmus carpinifolia Gled. The mistletoe plant morphology shows a dense and rounded aspect, with leaves in abundance and ripe white berries in the European winter [12]. In contrast to other traditional medicinal plants, V. album is a hemi-parasite species, since its growth occurs by the absorbance of water, sugars, amino acids, and minerals from the host tree; however, it is also able to produce primary and secondary metabolites. This parasitism occurs through a root system called haustorium, which establishes connections with the host tree xylem [12]. However, little is known about the host-depending chemical differences of V. album, as well as the metabolome influence on the biological activity of mistletoe preparations [13,14].



Plant metabolomics has become a potent experimental strategy, since it allows the simultaneous evaluation of many metabolites under different conditions, providing a rapid and reliable picture of the plant chemical content [15,16,17]. The metabolome analysis is mainly based on nuclear magnetic resonance (NMR) and liquid chromatography coupled to mass spectrometry (LC-MS) methodologies. A vast number of small molecules, derived from primary and secondary Viscum album metabolism, was previously described in mistletoe-fermented aqueous extracts, highlighting the sensitivity and selectivity of LC-MS for metabolite detection in complex matrices [18].



In the present study, a UHPLC-QTOF-MS untargeted metabolomic approach was used, to explore the metabolic composition of Viscum album ssp. album, grown on the following three different deciduous host trees: M. domestica, Q. robur, and U. carpinifolia. Moreover, the identification of specific biomarkers in two consecutive harvest years emphasizes the importance of the metabolome study, for the traceability and quality control of the V. album preparations.




2. Results and Discussion


Figure 1A–D shows a schematic drawing of the V. album ssp. album, harvested from each host tree (A: M. domestica; B: Q. robur; C: U. carpinifolia), located in the Canton Baselland (Switzerland). The metabolite fingerprinting was assessed by a UHPLC-TOF-MSE, using twenty-eight samples at the end of summer, in two subsequent years (2016, 2017). One of the five M. domestica samples harvested in 2016, and two technical replicates from 2017 were lost during the sampling process. The chromatographic profiles of the V. album samples were similar in each year of harvest, with only small differences in the peak intensities (Figure 1E,F).



After the preprocessing step, which led to 9800 markers and 7260 markers for the 2016 and 2017 batches, respectively, principal component analysis (PCA), an unsupervised analysis, was used to obtain a general overview of the possible clustering patterns. The PCA analysis showed three distinct clusters, in both the harvest years, with high differentiation among them (Figure S1).



In the second step, partial least squares discriminant analysis (PLS-DA), a supervised method, was conducted, to highlight the important variables in sample discrimination. Three clusters were observed, according to their following host trees: V. album ssp. album growing on M. domestica, Q. robur, and U. carpinifolia (Figure 2). The R2 and Q2 value coefficients were 95% and 88%, respectively, in the samples that were harvested in 2016, and 97% and 92%, respectively, in the samples that were collected in 2017, emphasizing the separation profiles among V. album ssp. album from different host trees, and a good fit and predictive ability with the PLS-DA model [19]. This was confirmed by permutation tests (n = 200), with R2 and Q2 intercepts at 0.771 and −0408 for the 2016 harvest, and 0.505 and −0.403 for the 2017 harvest. The PLS-DA scores plots (Figure 2A,B) showed that the latent variables LV1 and LV2 explained 23.3% and 10.7% (Figure 2A), and 26.8% and 10.1% of the data variability (Figure 2B), for the 2016 and 2017 harvests, respectively. Loadings plots are presented in Figure S2.



The data were clustered according to the host trees, contrary to the botanical classification that does not differentiate these samples, since all of them belong to the same subspecies, i.e., V. album ssp. album. These results highlight the differences in the chemical profiles among the samples of the host trees that were analyzed. The VIP score (variable importance in projection) was considered, to identify the features responsible for V. album spp. album differentiation. Table 1 summarizes the main characteristics of these high-VIP compounds, such as the following: the retention time, the experimental m/z value, the theoretical m/z value, the mass error, the neutral molecular formula, and the main deconvoluted MS/MS ions. Among the VIP generated by PLS-DA, 10 metabolites with a VIP score >5 were putatively identified, based on their MS/MS fragmentation pattern, compared to different MS/MS libraries and exact mass error <6 ppm, as shown in the Section 3.6.



In order to increase the chemical information, phenolic acids, flavonoids, amino acids, and others were putatively identified in the V. album ssp. album samples (Table 2). These compounds were also previously described in the Viscum album species [18,20,21,22,23]; however, they were not related to the differentiation of the three clusters that were described in the PLS-DA analysis.



High VIP score variables in PLS-DA strongly contribute to the samples differentiation [24]. In this work, amino acids, lipids, organic acids, and coumarin were included in the VIP-score shortlist, underlining their importance in discriminating V. album ssp. album groups. Each year revealed seven main compounds that were responsible for the V. album–host tree clustering, and four of them appeared in both the harvests (Table 1; Figure 3). In this analysis, arginine, pipecolic acid, or lysine presented a higher intensity in V. album ssp. album from U. carpinifolia. In addition, dimethoxycoumarin and sinapyl alcohol appeared to be predominant in V. album ssp. album from M. domestica (Figure 3A,B). The detected recurrence of these four compounds in both the years of summer harvest, as well as their intensities, suggest that they could be used as biomarkers of these raw materials. Therefore, our approach could be useful for the quality control of V. album ssp. album preparations. The other three VIP that were identified in 2016 (glyceryl linolenate, lysophosphatidylcholine, and leucine or isoleucine) and 2017 (glutamic acid, pinitol, and lysophosphatidylethanolamine) need to be further investigated, in order to reach any solid conclusions regarding their actual contributions as V. album biomarkers.



The quality control and standardization of plant extracts and herbal medicines include, among others, the source and quality of the raw materials, and good agricultural and manufacturing practices (GMP). The plants that were used in this work were harvested at the end of the European summer season (early September). The leaves, stems, and berries were collected from the same plants of V. album’s host trees, which were previously assigned by specific codes. GMP includes the establishment of growth conditions, harvesting, drying, and storage. Some elements, such as age, the part of the plant harvested, weather, time and method of collection, processing, and drying, can affect the quality, and thus the therapeutic activity, of the herbal medicines [25,26]. This is especially relevant for V. album ssp. album, since there are differences in biological activity, according to their host trees [17,27,28].



The use of V. album extracts for cancer complementary therapy is mainly standardized in concentrations of lectins and viscotoxins, which are high-molecular-weight compounds. However, the present work emphasizes the importance of small molecules, as well as the influence of the host tree on the metabolome of V. album ssp. album. The participation of these small molecules in the therapeutic potential of herbal preparations, should not be neglected, and needs further investigation. In Peñaloza and colleagues, we compared the metabolomic profile of fermented aqueous extracts from two different subspecies of V. album, i.e., ssp. album on M. domestica and ssp. austriacum on Pinus sylvestris [18]. We also registered a clear separation, according to the host tree species, by PLS-DA, and identified several primary and secondary metabolites, including amino acids, and organic and phenolic acids, emphasizing the importance of metabolome studies for the traceability of V. album preparations.



Arginine, a primary metabolite, with VIP score of 15.68, was the main compound that was responsible for the differentiation among the groups (Table 1), and presented high abundances in the V. album ssp. album from U. carpinifolia in both the years (Figure 3A,B). Arginine, and other amino acids, seem to be very important for the development of V. album, and have already been described in this species [29]. Urech previously reported arginine accumulation as an important form of nitrogen stock in V. album [30]. Zuber summed up V. album eco-physiological data and highlighted the importance of the high transpiration rates of this species, for its nutrition, also influencing the chemical composition of V. album [12]. This transpiration characteristic can be a parasite’s strategy to take up sufficient nitrogen from the host tree xylem, which is used to build proteins and other nitrogenous compounds that are important for the mistletoe development [31]. It is known that the content of nitrogen compounds in the host xylem depends on the nitrate nutrition and symbiotic N2 fixation. Since all the host trees evaluated in this work were not able to fix nitrogen [32], we suggest that the presence of arginine, as well as other amino acids that were identified in V. album ssp album from U. carpinifolia, could be explained by a difference in the nitrogenous soil nutrients around the host trees. New studies are needed to confirm this hypothesis, comparing the soil nutrient composition with the metabolome pattern of V. album host trees.



Lysophosphatidylcholine (VIP 6.22; 2016) and lysophosphatidylethanolamine (VIP 5.88, 2017) were also involved in V. album–host tree differentiation (Table 1). Lipids are present in cell membranes, and changes in their composition can be related to internal and external stress. Welti and coworkers concluded that the freezing temperature was responsible for the variation in the Arabidopsis membrane lipid constitution [33]. The authors showed that, contrasting to plants growing at 19–23 °C, cold acclimation of Arabidopsis at 4 °C increased the polyunsaturated lysophospholipid species in the membrane, as a protective damage mechanism. This behavior indicates that membrane lipid composition has an important impact on freezing tolerance [34]. In our work, the harvests were carried out in the last month of European summer, when the temperatures were mild. In this sense, the accumulation of these phospholipids could be important to the maintenance of the membrane lipid bilayer structure, preparing the plants for the next season (autumn), when the temperature drops.



V. album is partially heterotrophic and acquires not only water and minerals from host trees, but also takes carbon from the xylem sap, to complement its own nutrition [12]. The chloroplasts of V. album present large deficiencies in their photosystems, which creates the need for a high carbon input from the host tree [12]. Senkler and colleagues showed that Viscum album have a lack of complex I in their mitochondrial oxidative phosphorylation (OXPHOS), which could explain its dependency on host tree metabolites [35]. In our study, the VIP scores showed pinitol as an important compound in cluster distinction, with a high intensity in V. album from M. domestica. It is well known that cyclitols are important sources of carbon compounds, establishing an osmotic balance and also acting as cryoprotectant in V. album [36].



In addition, other secondary metabolites were putatively identified in the present work. Dimethoxycoumarin presented higher abundances in V. album from M. domestica compared to the other host trees, and had the same signal intensity pattern in both the harvests. Coumarins, lactones of hydroxycinnamic acid, can be found glycosylated and in the free form [37]. These compounds are important in the ecological plant–plant interactions, because they act as allelochemicals, and delay the germination and growth of the same species or other plant species [37]. Additionally, the synthesis of dimethoxycoumarin could be intensified in V. album on M. domestica, for protection against fungal infection [38]. However, the relevance of these compounds in parasitic plants needs further studies. The possible direct uptake of the compounds, from the xylem sap of the host tree, might explain the host specific differences of V. album, but this still remains to be investigated.



One of the four compounds that was identified in all the V. album samples that were harvested, was sinapyl alcohol. This phenylpropanoid is a precursor of lignin or lignans, and of many stilbenes and coumarins [39]. Wagner and colleagues described some cardioactive phenylpropanes and lignans from V. album [40]. The authors demonstrated that sinapyl alcohol was a subunit of some lignans after phenylpropane aglycon acid hydrolysis. Lignins have important roles in the growth and development of plants. They are biopolymers that enhance plant cell wall rigidity and promote mineral transport. Moreover, lignin acts as a barrier, protecting plants against various external adverse factors, such as insect pests, diseases, salt, and temperature stress [41,42]. Wei and coworkers showed that the content of lignin in Rhododendron tissues was significantly increased in the process of cold acclimatization [43]. Furthermore, it is known that, in some plants, the deposition of lignin in seeds can protect them from external adverse factors, supporting propagation seed and species [42].




3. Materials and Methods


3.1. Chemicals and Reagents


Analytical grades solvents and reagents used for extraction were purchased from Sigma Aldrich (Darmstadt, Germany). LC-MS grade solvents were from Biosolve (Valkenswaard, The Netherlands). Purified water (B. Braun Melsungen AG, Melsungen, Germany) was used for Viscum album samples extraction.




3.2. Plant Growth and Harvest


The berries, leaves and stems of female mistletoe bushes were collected in September of 2016 and 2017 in the same location in Basel area (Höfli), close to GPS latitude and longitude coordinates 47.471351, 7.692720 in Switzerland. The climate at the site is temperate classified as Cfb by the Köppen–Geiger system, with annual average rainfall of 778 mm and temperature of 10.0 °C/51.1 °F [44]. V. album samples were harvested from five different bushes of the same angiosperm host tree, as follows: M. domestica (Rosaceae), Q. robur (Fagaceae), and U. carpinifolia (Ulmaceae), characterizing 5 biological replicates of each host tree. Since the plant metabolism is highly age-dependent and many metabolite levels are altered during the gradual plant ageing, the harvest standardization was conducted in order to collect plant material of the same level of development, regarding general morphological characteristics. For this work, two 1-year-old leaves and one 2-year-old leaf, one stem of each age (1- and 2-year-old), and three berries, were harvested on each mistletoe plant, as previously described by Holandino and coworkers [21]. The age of the V. album bush was estimated by counting the number of nodes on the longest branch of mistletoe. All collections were conducted in the morning (between 8:00 and 11:30 am), and the thirty samples were immediately frozen in liquid nitrogen.




3.3. Plant Extraction


The frozen plant material, containing a pool of leaves, berries, and stems, was manually ground to a fine powder in a pre-cooled mortar and pestle, under liquid nitrogen, following methodology previously established [12]. Approximately 150 mg of powder (145–170 mg) was transferred to a 1.5 mL microcentrifuge tube under frozen conditions. One mL of methanol–formic acid–water (80:20:0.5, v/v) as well as 5–10 glass beads (1.0–1.5 mm diameter) were added and the mixture was homogenized for 3 min, at 30 Hz using a bead mill (Retsch MM 400, Haan, Germany). Technical duplicates were centrifuged (5 min, 14,000× g) and the supernatants were filtered through 13 mm PTFE syringe filters (0.22 µm pore size, BGB, Alexandria, VA, USA), immediately before the analysis. In addition, quality control samples (QC) were prepared by pooling 20 µL of all samples. Samples were kept at 4 °C until analysis.




3.4. UHPLC-TOF-MS Conditions


Metabolomics analyses were performed on an Acquity UPLC system coupled to a Synapt G2 Q-TOF mass spectrometer (Waters, Milford, MA, USA) using conditions adapted from Gaillard and coworkers [45]. The column used for separation was an Acquity UPLC BEH C18 (Waters) and the mobile phases were (A) H2O + formic acid 0.05% and (B) acetonitrile + formic acid 0.05%. The following gradient program was used at a flow rate of 0.6 mL/min and a temperature of 40 °C: 2–100% B in 6.0 min, hold at 100% for 1.5 min, and at 2% B for 1.5 min. The injection volume was 1 μL. The high-resolution mass spectrometer was operated in positive electrospray ionization using the so-called MSE mode over a mass range of 85–1200 Da. MSE is a data-independent acquisition mode, which records data without preselection of parent ions by alternatively switching from low to high collision energies. The following source conditions were used: capillary voltage +2800 V, cone voltage +25 V, source temperature 120 °C, desolvation temperature 400 °C, desolvation gas flow 900 L/h, and cone gas flow 20 L/h. Data were acquired in centroid mode at a resolution of ca. 20,000 (at m/z 556). Scan time was set to 0.15 s, allowing more than 10 data points across chromatographic peaks. Internal calibration was performed through the Lockspray interface (Waters) by infusing a 500 ng/mL solution of leucine-enkephalin in the mass spectrometer at a flowrate of 15 μL/min. The system was controlled by Masslynx 4.1 (Waters).




3.5. UHPLC-TOF-MS Data Processing and PLS-DA Analysis


Peak picking was carried out in Markerlynx XS (Waters) using the following parameters: retention time window, 0.0–5.75 min; mass range, 85–1200 Da; mass window, 0.02 Da; retention time window, 0.06 min; intensity threshold, 500 counts; automatic peak width and peak-to-peak baseline noise calculation, deisotoping applied. The obtained peak lists made of observations (i.e., samples) in columns and variables (i.e., markers of given retention time and m/z) in lines, were exported to SIMCA software (v. 13) for principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA). Data were Pareto-scaled prior to multivariate analysis. Since PLS-DA can be prone to overfitting, all PLS-DAs models were validated using leave-one-subject-out cross-validation with R2 and Q2 metrics and permutations tests (n = 200).




3.6. Metabolite Annotation


Raw data files were converted to ABF format using the ABF converter software (https://www.reifycs.com/AbfConverter/ accessed on 21 April 2019). Then, ABF files were submitted to peak picking, alignment, deconvolution, and identification processes using the freely available MS-DIAL software (v 3.40) [46]. The parameters used in MS-DIAL were as follows: MS1 and MS2 tolerances 0.01 and 0.05, respectively; minimum peak height of 1000; mass slice width of 0.05 Da; linear-weighted moving average as the smoothing method using 3 scans and peak width of 5 scans; sigma window value for deconvolution of 0.4; 0.1 min and 0.01 Da tolerance for peak alignment. Compound annotation was performed by comparing the aligned m/z ions and their deconvoluted MS/MS spectra to those uploaded to the MassBank of North America (http://mona.fiehnlab.ucdavis.edu/ accessed on 17 June 2019) and the NIST 2014 MS/MS library.





4. Conclusions


The present results provide new insights into the chemical composition of V. album ssp. album from different deciduous host trees. Untargeted UHPLC-QTOF-MS, combined with PLS-DA, clustered samples into three groups according to the three distinct host trees and putatively identified V. album small molecules that are responsible for this differentiation, consisting of amino acids, lipids, organic acids, and coumarin. Arginine, pipecolic acid, or lysine proved to be important biomarkers of V. album ssp. album from U. carpinifolia, and dimethoxycoumarin and sinapyl alcohol appeared as chemical markers of V. album ssp. album from M. domestica. These four identified VIPs were the same in both years of harvest and presented similar abundances in the three host species that were investigated, showing extraction reproducibility, as well as a stability of the metabolites extracted, highlighting the importance of the harvest standardization procedure to biomarkers identification. These aspects have been reflected in the reproducibility of the present results, and also emphasize the importance of the metabolome study for the traceability and quality control of the V. album preparations.
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Figure 1. Five independent biological replicates from V. album ssp. album (1–5 in red) from the following different host trees: (A) Malus domestica, (B) Quercus robur and (C) Ulmus carpinifolia. (D) Harvest pattern of the V. album samples. Base peak chromatograms of the UHPLC-Q-TOF analysis conducted in 2016 (E) and 2017 (F). The codes represent the different host trees analyzed as follows: M (M. domestica); Q (Q. robur); U (U. carpinifolia). 
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Figure 2. PLS-DA score plot for first and second latent variables showing the discrimination between V. album ssp. album from different host trees. Samples harvested in 2016 (A) and in 2017 (B). LV is latent variable. 
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Figure 3. Intensity of the 2016 (A) and 2017 (B) VIP scores of Viscum album ssp. album from different host trees. M: V. album from Malus domestica, Q: V. album from Quercus robur, U: V. album from Ulmus carpinifolia. 
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Table 1. Discriminant compounds of the V. album ssp. album groups obtained by PLS-DA model.
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	VIP Score 2016
	VIP Score 2017
	tR

(min)
	m/z Theoretical [M + H]+
	Error (ppm)
	Neutral

Formula
	Compounds
	Deconvoluted MS/MS Ions





	15.68
	15.68
	0.24
	175.11895
	3.71
	C6H14N4O2
	Arginine
	175.12; 158.09; 116.07



	12.8
	12.8
	0.33
	130.08626
	1.84
	C6H11NO2
	Pipecolic acid or lysine
	130.09; 84.05; 56.05



	9.03
	9.03
	1.31
	207.06519
	1.50
	C11H10O4
	Dimethoxycoumarin
	207.07; 175.04; 147.04; 119.05



	7.97
	- *
	0.47
	132.10191
	2.95
	C6H13NO2
	Leucine or Isoleucine
	132.1; 86.1; 69.07



	6.68
	- *
	4.01
	353.26864
	0.17
	C21H36O4
	Glyceryl linolenate
	353.27; 335.26; 317.25; 279.23; 261.22; 243.21



	6.22
	- *
	3.98
	520.33977
	−1.48
	C26H50NO7P
	LysoPC (18:2) a
	520.34; 502.32; 184.07; 86.09



	5.94
	5.94
	1.03
	193.08592
	4.56
	C11H14O4
	Sinapyl alcohol
	193.08; 161.06;133.06;105.07



	- *
	5.93
	0.26
	148.06043
	5.88
	C5H9NO4
	Glutamic acid
	148.06; 130.05; 102.05



	- *
	5.90
	0.25
	195.08631
	4.56
	C7H14O6
	Pinitol
	127.04; 109.03; 85.03; 81.03; 71.05



	- *
	5.88
	3.96
	478.29282
	−1.09
	C23H44NO7P
	LysoPE (18:2) b
	337.27; 109.1; 95.08; 64.04







*—not detectable as a VIP > 5 in this year; a lysophosphatidylcholine (18:2); b lysophosphatidyl-ethanolamine (18:2).
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Table 2. Other V. album ssp. album compounds putatively identified.
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	tR

(min)
	m/z
	m/z Theoretical [M + H]+
	Error (ppm)
	Neutral Formula
	Compounds
	Deconvoluted MS/MS Ions





	0.30
	127.0395
	127.03897
	4.17
	C6H6O3
	Phloroglucinol
	127.0394; 109.0117; 81.0085; 68.995; 53.0412



	0.35
	308.0915
	308.09108
	1.36
	C10H17N3O6S
	Glutathione (reduced)
	308.0904; 179.0486; 162.0231; 84.0456; 76.022



	0.40
	182.0814
	182.08117
	1.26
	C9H11NO3
	Tyrosine
	182.0816; 165.056; 136.0571; 123.0463; 119.0497; 91.0548



	0.85
	355.1035
	355.10236
	3.21
	C16H18O9
	Chlorogenic acid
	355.1042; 163.0818; 145.0045; 135.0049; 117.0762; 107.0501



	0.89
	235.1452
	235.1441
	4.68
	C13H18N2O2
	Coumaroyl putrescin
	234.1451; 147.0448; 119.0503



	1.04
	390.176
	390.17586
	0.36
	C17H24O9
	Syringin
	193.087; 161.06505, 166.0655; 105.0706



	1.50
	465.1032
	465.10275
	0.97
	C21H20O12
	Quercetin-O-glucoside
	465.1021; 303.0875



	1.69
	435.128
	435.12857
	−1.31
	C21H22O10
	Naringenin-O-glucoside
	435.1292; 273.0391



	1.80
	301.1084
	301.10705
	4.48
	C17H16O5
	Flavanone a
	301.1098; 181.0619



	4.43
	522.3555
	522.35542
	0.15
	C26H52NO7P
	LysoPC (18:1) b
	522.3539; 184.0736; 104.1069



	5.67
	758.5683
	758.56943
	1.49
	C42H80NO8P
	PC (16:0/18:2) c
	758.5747; 184.0746







a Dimethoxy hydroxyflavanone; b lysophosphatidylcholine (18:1); c phosphatidylcholine (16:0/18:2).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
LV 2 (10.7%)

60 T 60 ; :
404 -
l‘ 40 A -
L) 5]
204 & ——a -
. ;\;\ 20_ .4 ]
0 T S
A & e
S 0 Ja
-20_ ] N &
2 Aya
‘ Py . o - A‘ [ ] ”
-40- e - -20- .3. . ® Malus domestica
. m  Quercus robur
-60 . -40 : T Y
-100 -50 0 50 -100 -50 0 50 100 A Ulmus carpinifolia

LV1 (23.3%) LV1 (26.8%)





nav.xhtml


  plants-10-01726


  
    		
      plants-10-01726
    


  




  





media/file0.png





media/file2.png
Malus domestica

L2E6

11E6

1.0EG

9.0E5

®
=
v

Base peak intensity

5.0E5

4.0E5

3.0E5

Base peak intensity

2.0E5

1.065

0.0E0
0.50 1.00 1

Quercus robur

Ulmus carpinifolia

3.00 3.50 4.00 4,50 5.00 5.50 6.00 6.50 7.00 7.50
Retention time

16 wm—— Q16 == U16

.50

l"m TR NI

0 3.50 4.00 4.50 5.00 550 6.00 6.50 7.00 7.50
Retention time

—— M17 Q17 w—— U17





media/file5.jpg





media/file6.png
>

Peak intensity

Arginine Pipecolic acid or lysine Dimethoxycoumarin Leucine or Isoleucine
300+ —— 1.5- 80 - ok dok
400- I e e [ Iﬁ— [ 11 I
2 o £ g 2 -
1 2 2004 1.0- @
c g z z
s § 100+ § 0.5- @
o 100- o [ o 20
ol % ¥ N N ool I [ i L= , .
= o N < o N < o NY LS o N
Glyceryl linolenate Lysophosphatidylcholine (18:2) Sinapy! alcohol
*
100- ol 80+ Aok e 80-
| I i I 0 1 l—u
80
i 2 604 | %* 60
) 60+ g £
E E 401 = 404 [
i “ 3 ¥ = —
@ L @
& 20 o 204 F — a 204
@ o S N o R N o S
Arginine Pipecolic acid or lysine Dimethoxycoumarin Sinapyl alcohol
*Rkk*x
dodkekk
300+ '—I 150 - ok 150 - | Jokk K
400 - ok I — - I
| ! 2 2 ' 2
300+ @ 200 - a 1004 [ 100 4 *k
ko s 2 2
200{ : E £ £ | |
T 1004 3 504 $ 50 —
100 4 o o o é
0- 0 T T 0 T T T 0 T T T
* ° . o N N N S N o >
Glutamic acid Pinitol Lysophosphatidylethanolamine (18:2)
150 I% 50 - i *okkk 5.
| Fa—
2 . F > 4-
@ 100- = z
o S 304 s 3-
£ — £ £
‘ b -
oo i ® ;
o o a
Q@ o N N o S X\ o N





media/file3.jpg
. B

- 2 " .

- LOE &)

» L] £ o

- H )

- - K






media/file1.jpg
Malus domestica Quercus robur Ulmus carpinifolia

D

b, b akh,






