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Abstract
It is well known that plant volatiles influence herbivores in their selection of a host plant; however less is known about how the non-volatile metabolome affects herbivore host selection. Metabolic diversity between intraspecific plants can be characterised using untargeted mass spectrometry that gives us a snapshot overview of all metabolic processes occurring within a plant at a particular time. Here we show that untargeted metabolomics can be used to reveal links between intraspecific chemical diversity and ecological processes in tansy (Tanacetum vulgare). First, we show that tansy plants can be categorised into five subgroups based up on their metabolic profiles, and that these “metabotypes” influenced natural aphid colonisation in the field. Second, this grouping was not due to induced metabolomic changes within the plant due to aphid feeding, but rather resulted from constitutive differences in chemical diversity between plants. These findings highlight the importance of intraspecific chemical diversity within one plant population, and provide the first report of a non-targeted metabolomic field study in chemical ecology. 
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Introduction
Plants are superb metabolic factories, generating complex chemical compounds to the order of 200,000 separate structures (Fiehn 2001). Chemical diversity can vary substantially among individuals of the same species; for example, Jack pine (Pinus banksiana) (Taft, Najar, Godbout, Bousquet & Erbilgin 2015) and  tea tree (Melaleuca alternifolia) (Bustos-Segura, Padovan, Kainer, Foley & Külheim 2017a) display extraordinarily high levels of intraspecific chemical diversity. The differences among individuals in chemical profile can have consequences for plant performance. In mixed stands, with high intraspecific metabolite diversity, individuals have been shown to perform better compared to plants grown in monoclonal stands (Bustos-Segura, Poelman, Reichelt, Gershenzon & Gols 2017b; Crutsinger et al. 2006). This effect may be mediated by an increased complexity of the plant-associated invertebrate community, as herbivore-feeding dynamics are predominantly shaped by plant metabolites and the presence or absence of certain secondary metabolites (Schoonhoven, Loon & Dicke 2005). 
Understanding the causes and consequences of such intraspecific variation of volatile and non-volatile plant metabolomic diversity, for the purpose of gaining more knowledge of what drives interactions between species, is one of the key goals in chemical ecology. While there is an increasing number of studies analysing the volatile chemical profile of plants, the study of the metabolome – all the metabolites produced in an organism (Fiehn 2002) – is only beginning. Metabolome analysis allows us to have a complete overview of the metabolic state and biochemical diversity of an organism at the moment of sampling. This field of research, known as metabolomics, is greatly advancing our knowledge in how organisms function, and their interactions within a system. Metabolites are direct products of changes in gene, transcript, and protein expression, and thus metabolites represent a perfect measure for studying the impact of various stimuli on plant processes. Information about how an individual responds to its direct physical environment and/or biotic challenges imposed by microbes and animals can be elucidated from studying the complete set of metabolites within an organism, the metabolome, by using non-targeted metabolomics (Schauer & Fernie 2006). Metabolomics studies in plants allow us to simultaneously analyse both primary and secondary metabolites, with the latter forming the bulk of chemical diversity found in plants (Pichersky & Gang 2000).
While primary metabolites are biomolecules required for basic metabolic processes, form part of basic cellular structures, and are ubiquitous in plants from the early beginning of development, secondary metabolites vary across plant tissues, species, and families (Moore, Andrew, Külheim & Foley 2014). The main function of plant secondary metabolites is to mediate interactions between plants, their environment, and other organisms (e.g. herbivores, pathogens, pollinators). These secondary metabolites primarily act in a protective role, defending the plant against several forms of damage. Plant secondary metabolites can challenge herbivores directly by acting as toxins that have negative effects on survival and development of the natural enemy, for example non-volatile iridoids, furanocoumarins, saponins, cardenolides, and cyanogenic glycosides (Berenbaum, Nitao & Zangerl 1991; Fuchs & Bowers 2004; Gleadow & Møller 2014; Petschenka & Agrawal 2016). In addition, there are indirect methods of defence, which often involve volatile organic compounds such as mono- and sesquiterpenes, that are employed to attract herbivore enemies as a “cry for help” (Halitschke, Stenberg, Kessler, Kessler & Baldwin 2008). 
Progressive advances in the field of metabolomics provide us with more sensitive and ultra-high resolution mass spectrometers (Kaufmann 2014) and improved statistical tools to measure phenotypic/genotypic plasticity of different plant species; however, there are still several limitations yet to overcome. Non-targeted mass spectrometrical analysis of plants is restricted by the lack of straightforward compound classification, due to the high proportion of unknown molecular features, which is regularly documented to vary between 70% and 90% (Joseph, Corwin, Li, Atwell & Kliebenstein 2013; Moritz, Kaling, Schnitzler & Schmitt-Kopplin 2017; Morreel et al. 2014; Kaling et al. 2018). Given that concurrent identification and quantification of entire plant metabolomes is not possible with state-of-the-art instrumentation, new mass analytical tools are needed that incorporate this percentage of unknowns into chemotypic descriptions and interpretations. Mass difference enrichment analysis (MDEA) (Moritz et al. 2017; Kaling et al. 2018) is one of such tools that can expand our capacity to analyse mass spectrometry data. MDEA analyses mass difference networks (MDiNs) (Breitling, Pitt & Barrett 2006), which represent accurate m/z-features or molecular masses as nodes, connected by mass difference-based building blocks (MDBs) as edges. As MDBs are the mass differences between products and substrates of biochemical reactions, MDiNs are interpreted as draft-metabolic networks. The sharing of a common biochemical ancestor among connected metabolites can, in combination with MDEA, support future identification of mass features (Moritz et al. 2017). 
Tanacetum vulgare L. (Asteraceae), commonly known as tansy, is an aromatic herb native to Eurasia that has been demonstrated to exhibit considerable variation in its terpenoid content (Clancy, Zytynska, Senft, Weisser & Schnitzler 2016; Keskitalo, Pehu & Simon 2001; Kleine & Müller 2011). It is most commonly colonised by the pink tansy aphid Metopeurum fuscoviride Stroyan (Aphididae), a specialist ant-tended aphid species. Tansy has been previously characterised according to its diversity of volatile terpenoids, where distinct chemotypes were identified (Kleine & Müller 2011). A recent field study found that these chemotypes significantly affect aphid colonisation early in the season, during the main dispersal event of winged aphids, but did not have an effect later in the season when only unwinged aphids were present (Clancy et al. 2016). In this field study, pink tansy aphid populations were also strongly influenced by the presence of ants, which provided assistance in terms of protection (Senft, Weisser & Zytynska 2017). The abundance of these tending ants on tansy was shown to be influenced by the pattern of volatiles emitted; plants with higher amounts of (Z)-β-terpineol and L-camphor, and lower amounts of camphene and (Z)-sabinene hydrate, were more likely to have scouting ants (Clancy et al. 2016).
Aphids are sucking insects and feed from the phloem of plants (Harrewijn, Minks & Mollema 1994; Kehr 2006). Even though they do not cause as much physical damage as chewing herbivores do, they can have large effects on plants by extracting nutrients, and are known to induce defence responses within the plant (Fidantsef, Stout, Thaler, Duffey & Bostock 1999; Voelckel, Weisser & Baldwin 2004; Zytynska, Jourdie, Naseeb, Delneri & Preziosi 2016), including triggering the emission of sesquiterpenes (Bernasconi, Turlings, Ambrosetti, Bassetti & Dorn 1998). Differences between plant genotypes, or between plants of different nutrient status, strongly affect aphid growth (Zytynska & Weisser 2016). Analysis of the metabolic differences between plants causing differences in aphid growth rate is an important field of study, and has been approached with targeted analysis of a certain set of compounds, e.g. of lipids (Cocuron, Anderson, Boyd & Alonso 2014; Gachet, Schubert, Calarco, Boccard & Gertsch 2017) or sulphur-containing metabolites (Nakabayashi, Yang, Nishizawa, Mori & Saito 2015). Non-targeted metabolomic profiling of a population of host-plants is likely to increase our knowledge in the field of chemical ecology.
Here we aim to show that in-depth non-targeted metabolomics in combination with MDEA can be used as a versatile tool to study the link between chemical diversity and ecological processes in a natural plant population. Our metabolomics analysis highlights the very high non-volatile chemical diversity in tansy. We further investigate whether the non-volatile metabolome is related to the volatile organic compound (VOC) profile, found in our previous study. We also hypothesise that there is a measurable difference in the non-induced (constitutive) metabolome profiles between plants that are colonised and those never colonised by aphids in a field population. Lastly, we aimed to gather information on whether a natural plant population clusters into distinct metabotypes (metabolomic phenotype), and whether these metabotypes influence the chance of an aphid to successfully colonise a tansy plant across the growing season.








Methods
Study species and system
Field sampling data
We conducted a field survey in a field site of less than 1 km2, near Freising, Germany, where the patchily-distributed tansy (Tanacetum vulgare L.) host-plants (each plant consists of multiple genetically-identical shoots) were visited weekly from May to October 2014 to assess aphid presence, aphid numbers and the presence of aphid-tending ants (Senft et al. 2017). In July 2014, 122 tansy plants were sampled for metabolomics analysis. Fresh leaves of comparable size were cut and immediately frozen on dry ice. 
We used various field data collected in the field survey  (see Senft 2017 for more details (Senft et al. 2017). We defined aphid early colonisation as plants that were previously empty but colonised by aphids in any week from the start of the field survey (week 19; 6th May) up to, and including, week 25 (16th June). This corresponds to the main dispersal period when winged aphids are more abundant, which are able to move more freely among plants (Senft et al. 2017). Aphid late colonisation is therefore defined as new colonisation of previously un-colonised plants between weeks 26 (24th June) until the end of the field survey (October), this is when the majority of aphids are unwinged with limited dispersal capabilities (Mehrparvar, Zytynska & Weisser 2013). The first colonisation occurred on week 20 (15th May) and the last new colonisation of a plant on week 31 (29th July). In our analyses, we also used data on aphid population size, i.e. the maximum number of aphids reached on an individual plant at any time across the season (peak population size). In addition, we used data on the presence (yes/no) of the two common aphid-tending ant species (Lasius niger and Myrmica rubra) patrolling the plants during the period before aphid colonisation, (Clancy et al. 2016). This gives a proxy for ant preference, indicating which plants they were most often observed on when no aphids were present, since once aphids colonised a plant the ants would almost always be present. Lastly, we used information on plant size (plant area, i.e. the spatial area covered by a particular plant individual as tansy can have many shoots) and on plant location in the field, defined as the accessibility of a plant from outside the field and calculated as the proportion of a plants circumference that is not surrounded by other tansy plants (range 0° (low) to 360° (high)) (Senft et al. 2017). The results from Senft et al. 2017 showed that the total number of aphids counted on all plants in the survey was 32,093, of which 392 were winged morphs, with these appearing from the beginning of June. 
We also used plant volatile chemotype data from the same plants (Clancy et al. 2016) to compare effects via volatile chemicals and via the metabolomic profile that is the focus of the current analysis. For volatiles, the plants were classified into four distinct volatile chemotypes based on terpenes emitted from specialised storage structures on the plant surfaces (“volatiles putatively emitted form storage”)  (Clancy et al. 2016).

Leaf material extraction
Collected leaf material of 122 plants was initially extracted according to Clancy et al. 2016 for volatile analysis (Clancy et al. 2016). The remaining leaf material was then transferred to a 1.5 ml Eppendorf tube, and dried. Approximately 200 mg of dried leaf powder was extracted with 1 ml -20 °C extraction solvent A (methanol/water 7:3 [v/v]) in a shaker for 30 min. Next, the solution was centrifuged at 10,000 g for 10 min at 4 °C. The supernatant was transferred to a new Eppendorf tube and dried under vacuum. One ml extraction solvent B (acetonitrile/water 1:1, [v/v]) was added to each tube and mixed. The solution was subsequently centrifuged at 10,000 g for 10 min at 4 °C. The supernatant was removed and diluted in extraction solvent B at a ratio of 1:50 (v/v).

UPLC-qToF-MS measurements and data processing
Ultra-high-resolution mass spectra were obtained using an UltiMate 3000RS (Thermo Fisher, Bremen Germany) Ultra-High-Performance Liquid Chromatography (UHPLC) coupled to an Impact II UHR-QqTOF (Bruker Daltonic GmbH, Bremen, Germany) via an electrospray ionisation (ESI) source. The UHPLC system was fitted with a 1.7 µm Waters ACQUITY BEH 2.1 mm x 150 mm C18 column (Waters, Milford, MA, U.S.A).
The following mobile phases were used, with a flow rate of 0.4 ml min-1: solvent A (H2O + 0.1% formic acid), and solvent B (acetonitrile + 0.1% formic acid). After injection (injection volume: 5 µl), the system was run using the following gradient for 23 minutes: solvent B 5% (0-1 mins), solvent B 5% - 40% (1-15 mins), solvent B 40% - 70% (15-18 mins), solvent B 70% - 5% (18-23 mins), with a column temperature of 40 °C. The auto-sampler was set to 4 °C. From each sample two technical replicates were measured in both the positive and the negative ionisation mode. The nebulizer pressure was set to 2 bar. Nitrogen was used as dry gas at a flow rate of 10 l min-1 at 220 °C.  Capillary voltage was 3000 V and 4000 V for negative and positive mode respectively, with data being acquired in a mass range of 50 – 1300 m/z.
HyStar v3.2 (Bruker Daltonic) was used for data acquisition. Generated data was subjected to noise subtraction, retention time (RT) alignment and peak picking using Expressionist for MS 10.5 (Genedata, Basel, Switzerland). Data processing was split into four workflows. Firstly, a chemical noise reduction was applied. Secondly, RT alignment was performed. Thirdly, m/z features were identified using the summed-peak-detection feature implemented in the Expressionist for MS software. Fourthly, only peaks that were present in at least 10% of mass spectra were used for isotope (13C) clustering. Clusters with only one member (singletons) were removed from further analysis. 
Detected features were putatively annotated with possible metabolites using an in-house version of MassTRIX metabolite annotation server (Suhre & Schmitt-Kopplin 2008; Wägele, Witting, Schmitt-Kopplin & Suhre 2012; Witting, Maier, Garvis & Schmitt-Kopplin 2014). Detected m/z values were compared against a database of theoretical adducts from metabolites contained in KEGG, HMDB, LipidMaps, and MetaCyc. In positive ionisation mode only [M+H]+ and [M+Na]+ were considered, in negative mode only [M-H]- was considered. Matching was performed with an absolute error of 0.005 Da. Approximately 6.5k (-) and 23k (+) mass features were finally identified. External standards are listed in Table S1 along with their corrected retention times. Metabolite classes were generated according to super class level using HMDB.
We compared the metabolic profile of plants that were or were not colonized to aphids using statistical analyses to identify discriminant masses, (carried out in SIMCA-P (Umetrics, Sweden) and MetaboAnalyst 3.0 (Xia & Wishart 2016)) involving partial least squares discriminant analysis (PLS-DA), hierarchical cluster analysis (HCA), and t-testing (p<0.05 considered significant). In the PLS-DA model presence or absence of aphids were treated as Y-variables (Y(infested) = 1, Y(non-infested) = 0). Molecular formulas with a variable influence of projection score (VIP) > 1. When these features possessed a p value of less than 0.05 in the t-test they were considered as discriminant. 


Mass difference enrichment analysis analysis
To analyse associations between plants based on mass difference networks we performed mass difference enrichment analysis (MDEA). Recently it was shown that the network-based sum formula assignment of Tzotis and colleagues (Tziotis, Hertkorn & Schmitt-Kopplin 2011), typically used with ultra-high-resolution MS instruments (e.g. Fourier-transform ion cyclotron resonance mass spectrometry), is also usable for UHR-QqTOF systems with lower mass resolution (Forcisi et al. 2015) (Kaling et al. 2018). Discriminant mass features obtained from the analysis of both ionisation modes were subjected to MDEA. The given MDB (mass difference-based building blocks) list (Table S2) is an all-purpose list that is not tailored to plant metabolism but to a global biochemical metabolism across all taxa.
From examining individual biochemical reactions, in the reaction A+B=C, when subtracting the mass of substrate A from product C, an MDB that describes substrate B will be generated (these MDBs are termed ‘manual MDBs’). This is in contrast to Rpair MDBs, which reflect biochemical reactions listed in KEGG. The MdiN reconstruction was performed on m/z values and z-corrected masses were given 5 ppm error tolerance. MDBs (manually curated and extracted from KEGG) were retrieved from Moritz et al. 2017 and were augmented with further mass differences addressing adducts and steroids (see Table S2).
We express enrichment of MDBs as Z-scores, which convey the distance of observed MDB-frequencies in marker association as compared to their expected frequencies given the remaining network (Moritz et al. 2017). 
To visually summarise associations between plants that were never colonised by aphids and those that were, a network was prepared using the open graph visualisation platform Gephi (version 0.9.2; https://gephi.org) (Bastian, Heymann & Jacomy 2009). 

Statistical analysis of ecological data
We analysed the metabolome profile across all plants using MetaboAnalyst 3.0 (http://www.metaboanalyst.ca) (Xia & Wishart 2016) with data filtered using the relative standard deviation (commonly used in analytical chemistry), and scaled using Pareto scaling. To determine if plant metabolomics profiles varied due to aphid colonisation, plants were grouped by those that were colonised by aphids and those that were never colonised across the whole season. To test if differences between these groupings of plants was due to effects of chemical induction by the aphids, we also grouped plants by when it had been last colonised by aphids before the leaf sample was taken (1, 2, 3, 4, and more than five weeks before); tansy plants were colonised by aphids at different time points in the season (i.e. not all plants were colonised simultaneously) (Senft et al. 2017), which means that at the time of harvesting for metabolomics analysis, some plants had been colonised several weeks prior but were currently aphid-free for a period of time. Analysis of similarity (ANOSIM) in CAP4 (Community Analysis Package 4, Pisces Conservation) was used to determine the variation in metabolomic profile explained by these groupings. 

Clustering tansy plants into metabotypes
To cluster plants into distinct groups based on their metabolome profile as measured, we used the Spearman’s Ward method and the dendrogram function of MetaboAnalyst 3.0. A distance of 7.5 was used to differentiate groups into five separate groupings. A generalised linear model (binomial error distribution) was used to test for associations between volatile chemotype classes and metabotype groupings across the plants.

Analysing randomness of metabotype distribution across field site
We tested the effect of plant location on plant metabolomic profile using a Mantel test, correlating matrices of chemical similarity against geographic distance across each pairwise combination of plants in the field.

Effects of metabotype on aphid colonisation and population
Since the major metabotypes were all represented within the volatile chemotypes, we nested metabotype within volatile chemotype to determine the effect on aphid colonisation and population growth. Here, we used Generalised Linear Models (GLMs) to test the effect of ‘metabotype nested within volatile chemotype’ and ‘volatile chemotype’ on aphid early colonisation (binomial error distribution), aphid late colonisation (binomial error distribution) and the maximum aphid population size (quasi-poisson error distribution, due to over-dispersion of the data). Included in all models were the covariates ‘plant accessibility’ and ‘plant size’ using the area of the plant at the beginning of the season for early aphid colonisation models, and area in the middle of the season for late aphid colonisation, and peak aphid population size. Ant variables were also included and were the proportion of observations when L. niger and M. rubra were present on the plant before aphid colonisation. All statistical analysis was performed using R v3.3.0 (R Core Team 2016)  in R Studio v.1.0.136 (RStudio Team 2016), unless otherwise stated.

Results
Non-targeted metabolomics highlights high chemical diversity in tansy
Plants colonised by aphids differ to never infested plants in metabotype
A total of 6,477 and 23,060 mass features could be identified in the 122 plant extracts after data processing within the (-) and (+) UPLC-qToF-MS measurements, respectively (Fig. 1). After statistical reduction (Fig. 1), a total number of 1020 (both ionisation modes) discriminant mass features were identified which were used for data interpretation (Table S3).
Using analysis of similarities, we found that the metabolomic profiles of plants were clearly different between those that were colonised by aphids at some point in the growing season (91 plants) and those that were never colonised across the whole season (31 plants) (ANOSIM r=0.111, P=0.048; Fig. 2a negative, 2b positive ionisation modes). The metabolome profiles of these plants that were colonised by aphids did not differ whether they were colonised at the time of sampling or five weeks previously, indicating little effect from induced compounds (ANOSIM r=-0.006, P=0.555; Fig. 2c, Fig. S2). As there is no difference between plants that had been colonised several weeks prior to sampling, we surmise that the observed statistical difference between plants with and without aphids is unlikely to be driven by compounds induced by aphid feeding. 
To obtain further structural information on the discriminant molecular features, the list of exact masses was processed with an in-house version of MassTRIX (Suhre & Schmitt-Kopplin 2008; Wägele et al. 2012; Witting et al. 2014) to obtain putative metabolite annotations. Overall (including non-discriminant features), 851 (13%) and 2340 (10%) molecular features were tentatively annotated for the negative and positive ionisation mode, respectively (Table S4).
Among the putative annotations identified in negative ionisation mode are (-)-epigallocatechin and salicylic acid (confirmed with external standard), while curcumerin B and cinnamyl alcohol were tentatively identified in positive ionisation mode (see also Table S4). The tentative annotations could be categorised into 14 groups, based on chemical super classes: lipids, phenylpropanoids, flavonoids, organic oxygen compounds, organoheterocyclic compounds, alkaloids, benzenoids, organic acids, lignin, amino acids, carbohydrates, organosulfur compounds, hydrocarbons, and organohalogen compounds (Fig. 2d). As expected, we tentatively identified a larger number of flavonoid (117) and phenylpropanoid (178) compounds in the negative ionisation mode, while lipid compounds (including amino acids) dominated the group of annotations in the positive ionisation mode (see Table S4). Salicylic acid, isoleucic acid, and pipecolic acid, compounds classically involved in plant defence (Riedlmeier et al. 2017), were also tentatively annotated in the dataset prior to statistical reduction. While these compounds were not designated as discriminant (variable importance in the projection (VIP) <1; P>0.05) and thus were not included in the working dataset, they nevertheless, contributed towards the grouping observed between plants with aphids and plants without aphids in a PLS biplot (Fig. S1).   
Mass difference enrichment analysis demonstrates further differences between aphid colonised and non-colonised plants
6,477 features in negative ionisation yielded MDiNs of 460,876 edges (m/z) and 432,229 edges (m). 23,060 features in positive ionisation yielded MDiNs of 4,273,791 edges (m/z) and 2,397,060 edges (m) using the 490 MDBs (available from Moritz et al. 2017 plus different steroids and adducts). MDBs were tested for enrichment with 154 and 163 features associated to aphid and no aphid plants respectively, in negative ionisation mode, as well as 142 and 561 features associated to aphid and no aphid plants, respectively, in positive ionisation mode.
We regarded discriminant features as products of anabolic (target) and catabolic (source) reactions separately. Therefore, we produced markers by conjugating them with enriched MDBs in the former case (target), and by removing enriched MDBs in the latter case (source). The translation of a biochemical reaction found in tansy into network nodes and edges is exemplified in Fig. 3a. 
MDBs with a Z-score (deviation of the MDB frequency from µ in multiples of σ) of above 2 were deemed significant (as an approximation, Z-scores of z ≈ 2 and z ≈ 2.5 associate to the p-values p ≈ 0.05 and p ≈ 0.01, respectively). Figures 3b and 3c show scatter plots of enriched MDBs for plants with no aphids over enriched MDBs for plants with aphid (in both negative and positive ionisation modes respectively). In particular in the negative ionisation mode (Fig. 3b), we observed a high number (31 (no aphids) and 22 (with aphids), respectively) of significantly enriched biochemical reactions (MDBs) present in the manually curated list of biochemical reactions and enzymatic steps already functionally described in KEGG. For the positive ionisation mode this overlap between putative (manual curated list) and already confirmed reactions (KEGG) was lower (Fig. 3c). A list of all enriched MDBs with corresponding Z-scores is given in Table S2. 
We selected the most extreme events (both positively and negatively) along the columns of Table S2 to interpret MDEA results. The top 15 entries for each attribute across all methodological scenarios are collected in Table 1, and are listed along with their Z-scores. Among the most upregulated reactions in plants with aphids are those involving cysteine, threonine, and pyruvate. Other upregulated reactions in plants colonised by aphids also include reactions transferring sinapic acid and shikimic acid moieties. 
MDEA is useful in reducing dimensionality for the purpose of network analysis and visualisation.  This tool helped to focus our further analysis on pathways i.e. phenolic compounds and flavonoids, where mass differences are up- and down regulated between both groups of plants on the basis of aphid presence or absence.
Tansy field population clusters into five major metabotypes
In a separate analysis we subjected all plants, whether colonised by aphids or not, to a cluster analysis. Putting together the discriminate mass features obtained in both ionisation modes we were able to classify the plants into non-volatile metabotype classes. Using a cut-off level of 7.5 (Ward’s distance), the 122 plants clustered into five distinct groups (ANOSIM r=0.254 P<0.001) (metabotypes A-E). Plants with similar metabotypes did not cluster spatially together in the field, rather they were randomly distributed across the field site (metabolomic distance to geographic distance: Mantel test, r=0.038, P=0.019, Fig. 4a). A heatmap (Fig. 4b) visibly indicated the differences in the individual features that were up or down regulated, with clear visual differences found between metabotype C and the rest.
The association between volatile chemotypes and non-volatile metabotypes
We found no evidence for an association between the volatile and metabolomic profile of the plants (r=0.034, P=0.004), and minimal association between the volatile chemotype classes (1–4) and the metabotypes (A-E) (Binomial GLM Χ2=6.64, P=0.084). Each metabotype was identified within each volatile chemotype leading to a structured dataset where we could test the effect of metabotype within volatile chemotype. From our previous work (Clancy et al. 2016), we know that three of the volatile chemotypes are characterised by dominant compounds (i.e. making up over 40% of the mixture). Chemotype 1 is dominated by α-thujone, chemotype 2 by camphor, and chemotype 3 by eucalyptol. Chemotype 4 presents a slight dominance of (Z)-β-terpineol, however overall this chemotype is characterised by an overall mixture of compounds. Figure 6 shows the relative proportion of chemotypes found within each. Chemotypes 1 and 2 are more likely to be colonised by aphids early in the season, whereas metabotypes C and E are more likely to be colonised late in the season (Fig. 7a). This visually highlights the minimal association between chemotype and metabotype in tansy plants. 
Plant metabotype affects aphid colonisation and population size
Early aphid colonisation of plants (between weeks 19 and 25), during the main dispersal period, was influenced by both volatile chemotype and metabotype (Table 2). Previously we showed that aphids were more likely to colonise plants from volatile chemotypes 1 and 2 (see Clancy et al. 2016). We now find that within all volatile chemotype classes the aphids were more likely to successfully colonise plants belonging to the metabotypes C and E (posthoc analysis: metabotype C: z=2.83, P=0.005; metabotype E: z=2.58, P=0.010; Figures 5a, 7a). Later colonisation (from week 26 until October) of plants not colonised during the main dispersal period was, however, not influenced by the volatile chemotype directly, but only the metabotype strongly determined which tansy plants were colonised by unwinged aphids (Table 2). Almost every plant belonging to metabotypes C and E was colonised across all volatile chemotypes across the season (Fig. 5b). From a different perspective, a high proportion (33 individuals) of plants belonging to metabotypes A and B were never colonised across the season and particularly those within volatile chemotypes 3 and 4 (Fig. 5c). 
As smaller aphid populations are more likely to become locally extinct (individual plant level) (Senft et al. 2017), we also examined the role of metabotype on the maximum population size achieved by the aphids on the plants. Here, plant metabotype within the volatile chemotype explained a significant proportion of variation in aphid population sizes (Table 2). Averaged across volatile chemotypes, higher aphid peak population sizes were observed on the metabotypes C (mean±SE 140±32) and E (119±26) and lower on plants belonging to the metabotypes A (96±43), B (72±38), and D (98±26). We observed no direct effect of volatile chemotype on maximum aphid population sizes. 
Following the strong effects found of metabotypes C and E on aphid colonisation, we found a strong separation between these metabotypes and metabotypes A, B, and D (Fig. 7b). Among the tentatively annotated masses that are discriminant (VIP > 1, p-value < 0.05 in t-test; for loadings see Table S5) for this separation, the majority of compounds are phenolic compounds and flavonoids, including for example leucic acid, rubraflavone A, and cinnamyl alcohol (Fig. 7c, Fig. S2; see also Table S6 for all compounds. Compounds were putatively annotated using Metlin (Smith et al. 2005) including formic acid adducts).

Discussion
With our comprehensive metabolomics analysis we could demonstrate that the plant metabotype was associated with aphid colonisation of tansy plants late in the season. This is in contrast to the volatile chemotype, which is more associated with host selection of winged aphid morphotypes early in the season (Fig. 7). Whereas there are many studies describing how plant volatile signalling can drive herbivore preference (Dicke & Baldwin 2010; Dicke & van Loon 2000; Kloth, Thoen, Bouwmeester, Jongsma & Dicke 2012), little has been investigated about the effects of plant metabolic profiles on herbivore host selection. We found that substantial metabolic variation in the non-volatile metabolome of tansy appears to influence the colonisation of a specialist aphid species. Moreover, the data suggests (Fig. S2) that the metabolic differences between colonised plants and plants that had never been colonised were due to constitutive differences in the metabolome, rather than to compounds likely to be induced by aphid infestation. 
[bookmark: __Fieldmark__220_18985722471][bookmark: __Fieldmark__1954_879261194][bookmark: __Fieldmark__450_2477403901][bookmark: __Fieldmark__449_2477403901][bookmark: __Fieldmark__220_17309779731]Tansy is well known for its extraordinary chemical diversity. The present metabolomics data confirms this impressively.  Currently more than 30 chemotypes (chemical profile patterns), characterised by the dominant leaf and flower volatile terpenoids, have been described (Bálint et al. 2016; Clancy et al. 2016; Kleine & Müller 2011; Wolf, Berger, Gassmann & Müller 2011). The analysis of 122 plants at one field site showed that, in principle, each plant is highly specific in its metabolic composition, making it challenging to ascribe ecological functions to specific molecules/chemical traits. Despite the high variability in non-volatile metabolites, the plants could be grouped into five metabotypes, which displayed some metabolomic similarities. Among the chemical groups that discriminate between the metabotypes are flavonoids, other phenylpropanoids, alkaloids, and benzenoids. Unfortunately, only a small proportion of metabolites were putatively annotated (13.06% and 10.15% in negative and positive ionisation modes, respectively), which is a common problem when working with metabolomics data (Böttcher et al. 2008). However, the MDEA analysis supports these putative annotations, as, for example, reactions involving phenolics and amino acids are highly upregulated in both plants with aphids and plants without aphids. 
Among the upregulated mass difference building blocks (MDBs) in plants that had no aphids included glutathione (which is implicated in plant defences to pathogens (Álvarez, Bermúdez, Romero, Gotor & García 2012)), vitamin E (a free-radical scavenger), and azelaic acid (AzA). Azelaic acid in particular is a known signalling molecule involved in systemic acquired resistance (SAR) in plants. It is theorised that AzA functions as a priming molecule for salicylic acid induced SAR (Jung, Tschaplinski, Wang, Glazebrook & Greenberg 2009). As AzA is converted to unknown derivatives upon translocation, as such it is not within the scope of this study to explore potential source and target molecules in this reaction with AzA.
Tansy plants with similar metabotypes were not spatially clustered in the field, indicating that each plant was not a vegetative clone of a neighbouring plant, but was in reality an individual genotype. The volatile chemotype in propagated tansy plants remains stable among daughter clones, as has been shown in previous work (Clancy et. al. 2016), however we strongly recommend testing under controlled conditions whether a metabotype also remains stable in clones. As we have shown that there is no systematic difference in the metabolomic profiles between plants that had been infested several weeks prior to sampling, and plants that were infested at the time of sampling, we presume that it is constitutive differences between plants rather than a long-lasting induction of compounds that drive clustering of plants into the metabotypes. The relative concentrations of leucic acid and rubraflavone A remained stable in plants that were aphid free for up to five weeks prior to sampling (Fig. S2) indicating that the difference between plants that were never infested is constitutive, or the result of a long-lasting induction. However, we also cannot exclude that some compounds (for example salicylic acid, pipecolic acid, flavonoids, and other phenolic compounds, which are not discriminant between our groups of plants infested by, and never infested by aphids; Table S4) might be induced by aphid feeding as shown in earlier works (Morkunas, Mai & Gabryś 2011; Zeier 2013).
Our previous work (Clancy et al. 2016) showed that the terpenoid chemotype, comprising compounds “putatively emitted from storage” influences aphid preference of host plant early in the season, when winged morphs have free choice among plants (Fig. 5a). It is likely that the tansy’s chemotypic odour is used by winged tansy aphids as an orientation cue (Mehrparvar, Mansouri & Weisser 2014), particularly as winged aphids are more developed in their sensory systems than unwinged aphids. As unwinged aphids can only move smaller distances, colonisation later in the season is more likely on nearby plants (Senft et al. 2017), and the chemotypic scent no longer has an effect on aphid preference. In contrast to the pattern of volatile terpenoids, however, the metabolomic composition (nested within chemotype) has an effect on aphid preference both early in the season and late. 
Metopeurum fuscoviride is a myrmecophilous aphid species, meaning they require ants to tend them in order to survive. Lasius niger and Myrmica rubra are well known aphid mutualists that are beneficial to M. fuscoviride early in the season; however, late in the season M. rubra becomes antagonistic towards M. fuscoviride (Senft et al. 2017). The metabolomic composition did not affect the presence of either L. niger or M. rubra at any stage in the season.
Aphids are sucking insects that feed on the phloem of vascular plants. When an aphid comes into contact with its chosen plant it performs test-probes to determine whether the plant is acceptable to it or not (Pettersson, Tjallingii & Hardie 2007). After landing on a plant, aphids can reject it as a host for an assortment of reasons, including unacceptable nutrient concentrations/composition, and high levels of secondary metabolites (Züst & Agrawal 2016). The relationship between aphid and plant is considered to be minimally invasive, in that they do not disrupt tissues as chewing herbivores do. Nonetheless, aphid feeding induces local and systemic responses in the plant akin to those generated in response to microbial pathogen attack (Walling 2000). 
The metabotypes C and E were most frequently visited by aphids, and displayed distinct metabolic enrichments of flavonoids and other phenolic compounds. Aphid feeding typically stimulates the induction of salicylic acid (SA) production (Voelckel et al. 2004), whereas leaf damage caused by chewing herbivores is associated with the production of jasmonic acid (JA) and ethylene (Walling 2000). JA-induced defences have been shown to exert negative effects on aphid performance, while SA-induced defences have a less reliable negative effect on aphids (Agrawal 1998; Ali & Agrawal 2014). Isoleucic acid (ILA) (a trigger for the production of SA (von Saint Paul et al. 2011)), pipecolic acid (a positive regulator for SA production and defence amplification (Zeier 2013)), salicylic acid, and methyl salicylate (MeSA) were tentatively annotated in tansy and, although they did not pass initial significance tests, they are among the compounds driving the separation between metabotypes C and E and metabotypes A, B, and D. The presence of these compounds indicates that systemic acquired resistance (SAR) was most likely activated in plants that had at any stage been colonised by aphids. However, it is not clear whether these plants contained higher amounts of these indicative compounds due to long-lasting induction by aphid infestation, or if these particular plants displayed a higher level of defences constitutively. 
As all plants were part of a natural field environment, it is also possible that SAR was triggered by other biotic challenges (e.g. microbes, fungi) prior to aphid colonisation. In fact, field studies of plants often show activation of defence compounds, in contrast to plants kept under laboratory conditions (Kigathi et al. 2009). Surprisingly, plants that contained higher levels of phenolics and SAR-related compounds were more attractive to aphids. As these compounds are also found in phloem exudates (Bonnemain, Chollet & Rocher 2013; Hijaz, Manthey, Van der Merwe & Killiny 2016; Petrussa et al. 2013) (which aphids feed upon), it might be speculated that aphids do indeed induce SA to inhibit the more harmful effects of JA (Ali & Agrawal 2014). It is also possible that these compounds could deter predators or act as markers for plant fitness, or perhaps indirectly an increased defence level of the plant is better for overall aphid fitness. As SA and JA are antagonists, it has been suggested that aphids could make use of this fact by inducing SA to inhibit the more harmful JA (Thaler, Humphrey & Whiteman 2012). Further experiments under controlled greenhouse conditions will be needed to further investigate the link between metabotype and aphid colonisation. Studies investigating whether the metabolome of tansy plants changes when brought from a natural to a controlled environment will also be required. 
The improvement of instrumentation technologies and mass analytical methods in recent years has paved the way for eco-metabolomics (Leiss, Choi & Klinkhamer 2016; Sardans, Peñuelas & Rivas-Ubach 2011), a newly emerging discipline aiming to analyse metabolomes and their changes in response to environmental constraints. In the present work on metabolomic diversity within a natural field population of tansy and its implications on the dynamics of the tansy-associated aphid and ant populations, we demonstrate the power of this approach. Our results can also be translated to other trophic systems (Ghirardo, Heller, Fladung, Schnitzler & Schroeder 2012), as high plant chemical diversity can alter competition relationships and potentially change evolutionary pressures (i.e. if a population contains only one metabotype, it could lose the related aphid/herbivores that prefer other metabotypes). High intraspecific variation in chemical diversity could also influence predator/prey interactions, trophic networks and invasion biology (certain metabotypes may be more likely to become invasive). Future work should investigate the effects of tansy metabotype on ant behaviour and preference, as it is likely that the plant metabotype can mediate interactions between ants and aphids.  
Overall we demonstrated that even within a local plant population, there can be large chemical diversity that can cause structuring into subgroups and create habitat heterogeneity at the small scale for specialised herbivores. We show that understanding the chemical variation in a natural population is very important before beginning an experiment, and strongly suggest against using a very limited number of individuals in experiments without knowing how extensive chemical diversity is in this plant species in order to avoid averaging out overall variation by selecting replicates from different chemo/metabotypes. This work extends our knowledge in the field of chemical ecology by demonstrating that untargeted metabolite analysis can be applied to plants in the field and yield significant information about how ecological communities function together in a system.



References
Agrawal (1998) Induced responses to herbivory and increased plant performance. Science (New York, N.Y.) 279, 1201–1202.
Ali J.G. & Agrawal A.A. (2014) Asymmetry of plant-mediated interactions between specialist aphids and caterpillars on two milkweeds. Functional Ecology 28, 1404–1412.
Álvarez C., Bermúdez M.Á., Romero L.C., Gotor C. & García I. (2012) Cysteine homeostasis plays an essential role in plant immunity. The New phytologist 193, 165–77.
Bálint J., Zytynska S.E., Salamon R.V., Mehrparvar M., Weisser W.W., Schmitz O.J., … Balog A. (2016) Intraspecific differences in plant chemotype determine the structure of arthropod food webs. Oecologia 180, 797–807.
Bastian M., Heymann S. & Jacomy M. (2009) Gephi: An Open Source Software for Exploring and Manipulating Networks. Third International AAAI Conference on Weblogs and Social Media, 361–362.
Berenbaum M.R., Nitao J.K. & Zangerl A.R. (1991) Adaptive significance of furanocoumarin diversity in Pastinaca sativa (Apiaceae). Journal of Chemical Ecology 17, 207–215.
Bernasconi M.L., Turlings T.C.J., Ambrosetti L., Bassetti P. & Dorn S. (1998) Herbivore-induced emissions of maize volatiles repel the corn leaf aphid, Rhopalosiphum maidis. Entomologia Experimentalis et Applicata 87, 133–142.
Bonnemain J.-L., Chollet J.-F. & Rocher F. (2013) Transport of salicylic acid and related compounds. In SALICYLIC ACID: Plant Growth and Development. pp. 43–59.
Böttcher C., von Roepenack-Lahaye E., Schmidt J., Schmotz C., Neumann S., Scheel D. & Clemens S. (2008) Metabolome analysis of biosynthetic mutants reveals a diversity of metabolic changes and allows identification of a large number of new compounds in Arabidopsis. Plant Physiology 147, 2107–2120.
Breitling R., Pitt A.R. & Barrett M.P. (2006) Precision mapping of the metabolome. Trends in Biotechnology 24, 543–548.
Bustos-Segura C., Padovan A., Kainer D., Foley W.J. & Külheim C. (2017a) Transcriptome analysis of terpene chemotypes of Melaleuca alternifolia across different tissues. Plant Cell and Environment 40, 2406–2425.
Bustos-Segura C., Poelman E.H., Reichelt M., Gershenzon J. & Gols R. (2017b) Intraspecific chemical diversity among neighbouring plants correlates positively with plant size and herbivore load but negatively with herbivore damage. Ecology Letters 20, 87–97.
Clancy M. V, Zytynska S.E., Senft M., Weisser W.W. & Schnitzler J.-P. (2016) Chemotypic variation in terpenes emitted from storage pools influences early aphid colonisation on tansy. Scientific reports, 1–12.
Cocuron J.C., Anderson B., Boyd A. & Alonso A.P. (2014) Targeted metabolomics of Physaria fendleri, an industrial crop producing hydroxy fatty acids. Plant and Cell Physiology 55, 620–633.
Crutsinger G.M., Collins M.D., Fordyce J. a, Gompert Z., Nice C.C. & Sanders N.J. (2006) An ecosystem process. Cell 647, 966–968.
Dicke M. & Baldwin I.T. (2010) The evolutionary context for herbivore-induced plant volatiles: beyond the “cry for help.” Trends in Plant Science 15, 167–175.
Dicke M. & van Loon J.J.A. (2000) Multitrophic effects of herbivore-induced plant volatiles in an evolutionary context. Entomologia Experimentalis et Applicata 97, 237–249.
Fidantsef  a. L., Stout M.J., Thaler J.S., Duffey S.S. & Bostock R.M. (1999) Signal interactions in pathogen and insect attack: expression of lipoxygenase, proteinase inhibitor II, and pathogenesis-related protein P4 in the tomato,Lycopersicon esculentum. Physiological and Molecular Plant Pathology 54, 97–114.
Fiehn O. (2001) Combining genomics, metabolome analysis, and biochemical modelling to understand metabolic networks. Comparative and Functional Genomics 2, 155–168.
Fiehn O. (2002) Metabolomics - The link between genotypes and phenotypes. In Plant Molecular Biology. pp. 155–171.
Forcisi S., Moritz F., Lucio M., Lehmann R., Stefan N. & Schmitt-Kopplin P. (2015) Solutions for low and high accuracy mass spectrometric data matching: a data-driven annotation strategy in nontargeted metabolomics. Analytical Chemistry 87, 8917–8924.
Fuchs A. & Bowers M.D. (2004) Patterns of iridoid glycoside production and induction in Plantago lanceolata and the importance of plant age. Journal of Chemical Ecology 30, 1723–1741.
Gachet M.S., Schubert A., Calarco S., Boccard J. & Gertsch J. (2017) Targeted metabolomics shows plasticity in the evolution of signaling lipids and uncovers old and new endocannabinoids in the plant kingdom. Scientific Reports 7, 41177.
Ghirardo A., Heller W., Fladung M., Schnitzler J.-P. & Schroeder H. (2012) Function of defensive volatiles in pedunculate oak (Quercus robur) is tricked by the moth Tortrix viridana. Plant, Cell & Environment 35, 2192–2207.
Gleadow R.M. & Møller B.L. (2014) Cyanogenic glycosides: synthesis, physiology, and phenotypic plasticity. Annual Review of Plant Biology 65, 155–185.
Halitschke R., Stenberg J.A., Kessler D., Kessler A. & Baldwin I.T. (2008) Shared signals - “Alarm calls” from plants increase apparency to herbivores and their enemies in nature. Ecology Letters 11, 24–34.
Harrewijn P., Minks A.K. & Mollema C. (1994) Evolution of plant volatile production in insect-plant relationships. Chemoecology 5–6, 55–73.
Hijaz F., Manthey J.A., Van der Merwe D. & Killiny N. (2016) Nucleotides, micro- and macro-nutrients, limonoids, flavonoids, and hydroxycinnamates composition in the phloem sap of sweet orange. Plant Signaling and Behavior 11, e1183084.
Joseph B., Corwin J.A., Li B., Atwell S. & Kliebenstein D.J. (2013) Cytoplasmic genetic variation and extensive cytonuclear interactions influence natural variation in the metabolome. eLife 2013, 1–21.
Jung H.W., Tschaplinski T.J., Wang L., Glazebrook J. & Greenberg J.T. (2009) Priming in systemic plant immunity. Science 324, 89–91.
Kaling M., Schmidt A., Moritz F., Rosenkranz M., Witting M., Kasper K., Janz D., Schmitt-Kopplin P,. Schnitzler J.P., Polle A. (2018) Mycorrhiza-triggered transcriptomic and metabolomic networks impinge on herbivore fitness. Plant Physiology 176, 2639-2656.
Kaufmann A. (2014) Combining UHPLC and high-resolution MS: A viable approach for the analysis of complex samples? TrAC - Trends in Analytical Chemistry 63, 113–128.
Kehr J. (2006) Phloem sap proteins: their identities and potential roles in the interaction between plants and phloem-feeding insects. Journal of Experimental Botany 57, 767–774.
Keskitalo M., Pehu E. & Simon J.E. (2001) Variation in volatile compounds from tansy (Tanacetum vulgare L.) related to genetic and morphological differences of genotypes. Biochemical Systematics and Ecology 29, 267–285.
Kigathi R.N., Unsicker S.B., Reichelt M., Kesselmeier J., Gershenzon J. & Weisser W.W. (2009) Emission of volatile organic compounds after herbivory from Trifolium pratense (L.) under laboratory and field conditions. Journal of Chemical Ecology 35, 1335–1348.
Kleine S. & Müller C. (2011) Intraspecific plant chemical diversity and its relation to herbivory. Oecologia 166, 175–186.
Kloth K.J., Thoen M.P.M., Bouwmeester H.J., Jongsma M.A. & Dicke M. (2012) Association mapping of plant resistance to insects. Trends in Plant Science 17, 311–319.
Leiss K., Choi Y. & Klinkhamer P. (2016) Application of eco-metabolomics in biological science. AIP Conference Proceedings 1744.
Mehrparvar M., Mansouri S.M. & Weisser W.W. (2014) Mechanisms of species-sorting: Effect of habitat occupancy on aphids’ host plant selection. Ecological Entomology 39, 281–289.
Mehrparvar M., Zytynska S.E. & Weisser W.W. (2013) Multiple cues for winged morph production in an aphid metacommunity. PLoS ONE 8, e58323.
Moore B.D., Andrew R.L., Külheim C. & Foley W.J. (2014) Explaining intraspecific diversity in plant secondary metabolites in an ecological context. The New phytologist 201, 733–50.
Moritz F., Kaling M., Schnitzler J.-P. & Schmitt-Kopplin P. (2017) Characterization of poplar metabotypes via mass difference enrichment analysis. Plant, Cell & Environment 40, 1057–1073.
Morkunas I., Mai V.C. & Gabryś B. (2011) Phytohormonal signaling in plant responses to aphid feeding. Acta Physiologiae Plantarum 33, 2057–2073.
Morreel K., Saeys Y., Dima O., Lu F., Van de Peer Y., Vanholme R., … Boerjan W. (2014) Systematic structural characterization of metabolites in Arabidopsis via candidate substrate-product pair networks. The Plant cell 26, 929–45.
Nakabayashi R., Yang Z., Nishizawa T., Mori T. & Saito K. (2015) Top-down targeted metabolomics reveals a sulfur-containing metabolite with inhibitory activity against angiotensin-converting enzyme in Asparagus officinalis. Journal of Natural Products 78, 1179–1183.
Petrussa E., Braidot E., Zancani M., Peresson C., Bertolini A., Patui S. & Vianello A. (2013) Plant Flavonoids—Biosynthesis, Transport and Involvement in Stress Responses. International Journal of Molecular Sciences 14, 14950–14973.
Petschenka G. & Agrawal A.A. (2016) How herbivores coopt plant defenses: natural selection, specialization, and sequestration. Current Opinion in Insect Science 14, 17–24.
Pettersson J., Tjallingii W.F. & Hardie J. (2007) Aphids as crop pests.
Pichersky E. & Gang D.R. (2000) Genetics and biochemistry of secondary metabolites in plants: An evolutionary perspective. Trends in Plant Science 5, 439–445.
R Core Team (2016).
Riedlmeier M., Ghirardo A., Wenig M., Knappe C., Koch K., Georgii E., … Vlot C. (2017) Monoterpenes support systemic acquired resistance within and between plants. The Plant Cell 29, 1440–1459.
RStudio Team (2016).
von Saint Paul V., Zhang W., Kanawati B., Geist B., Faus-Keßler T., Schmitt-Kopplin P. & Schäffner A.R. (2011) The Arabidopsis glucosyltransferase UGT76B1 conjugates isoleucic acid and modulates plant defense and senescence. The Plant Cell 23, 4124–4145.
Sardans J., Peñuelas J. & Rivas-Ubach A. (2011) Ecological metabolomics: overview of current developments and future challenges. Chemoecology 21, 191–225.
Schauer N. & Fernie A.R. (2006) Plant metabolomics: towards biological function and mechanism. Trends in Plant Science 11, 508–516.
Schoonhoven L.M., Loon J.J.A. van. & Dicke M. (2005) Insect-plant biology. Oxford University Press.
Senft M., Weisser W.W. & Zytynska S.E. (2017) Habitat variation, mutualism and predation shape the spatio-temporal dynamics of tansy aphids. Ecological Entomology 42, 389–401.
Smith C.A., o'Maille G., Want E.J., Qin C., Trauger S.A., Brandon T.R., Custodio D.E., Abagyan R., Siuzdak G. (2005) METLIN: a metabolite mass spectral database. Ther Drug Monit 27 :747-51
Suhre K. & Schmitt-Kopplin P. (2008) MassTRIX: mass translator into pathways. Nucleic acids research 36, 481–484.
Taft S., Najar A., Godbout J., Bousquet J. & Erbilgin N. (2015) Variations in foliar monoterpenes across the range of jack pine reveal three widespread chemotypes: implications to host expansion of invasive mountain pine beetle. Frontiers in plant science 6, 342.
Thaler J.S., Humphrey P.T. & Whiteman N.K. (2012) Evolution of jasmonate and salicylate signal crosstalk. Trends in Plant Science 17, 260–270.
Tziotis D., Hertkorn N. & Schmitt-Kopplin P. (2011) Letter: Kendrick-analogous network visualisation of ion cyclotron resonance Fourier transform mass spectra: improved options for the assignment of elemental compositions and the classification of organic molecular complexity. European Journal of Mass Spectrometry 17, 415–421.
Voelckel C., Weisser W.W. & Baldwin I.T. (2004) An analysis of plant-aphid interactions by different microarray hybridization strategies. Molecular Ecology 13, 3187–3195.
Wägele B., Witting M., Schmitt-Kopplin P. & Suhre K. (2012) Masstrix reloaded: Combined analysis and visualization of tran-scriptome and metabolome data. PLoS ONE 7, 1–5.
Walling L.L. (2000) The myriad plant responses to herbivores. Journal Of Plant Growth Regulation 19, 195–216.
Witting M., Maier T.V., Garvis S. & Schmitt-Kopplin P. (2014) Optimizing a ultrahigh pressure liquid chromatography-time of flight-mass spectrometry approach using a novel sub-2mum core-shell particle for in depth lipidomic profiling of Caenorhabditis elegans. Journal of chromatography. A 1359, 91–99.
Wolf V.C., Berger U., Gassmann A. & Müller C. (2011) High chemical diversity of a plant species is accompanied by increased chemical defence in invasive populations. Biological Invasions 13, 2091.
Xia J. & Wishart D.S. (2016) Using metaboanalyst 3.0 for comprehensive metabolomics data analysis. In Current Protocols in Bioinformatics.
Zeier J. (2013) New insights into the regulation of plant immunity by amino acid metabolic pathways. Plant, Cell & Environment 36, 2085–2103.
Züst T. & Agrawal A.A. (2016) Mechanisms and evolution of plant resistance to aphids. Nature Plants 2, 1–9.
Zytynska S.E., Jourdie V., Naseeb S., Delneri D. & Preziosi R.F. (2016) Induced expression of defence-related genes in barley is specific to aphid genotype. Biological Journal of the Linnean Society 117, 672–685.
Zytynska S.E. & Weisser W.W. (2016) Biology and Ecology of Aphids. CRC Press.








Tables
Table 1: Top 15 enriched MDBs (up and down) for each attribute across all methodological scenarios, and their corresponding Z-scores.
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Possible position in text: In Results section, under subheading “Mass difference enrichment analysis demonstrates differences between aphid colonised and non-colonised plants”.


Table 2. Statistical data from General Linear Models (GLMs). Bold letters indicate significant differences.
	Source
	
	Early colonisation
	Late colonisation
	
	Peak population size

	
	df
	Chi2
	P
	Chi2
	P
	df
	F
	P

	Plant Accessibility
	1
	↑18.00
	<0.001
	0.63
	0.426
	1,63
	↑  9.94
	0.002

	Plant size
	1
	↑  4.01
	0.045
	0.89
	0.344
	1,63
	↑23.99
	<0.001

	L. niger (LN)
	1
	0.35
	0.550
	↑17.60
	<0.001
	1,63
	3.47
	0.067

	M. rubra (MR)
	1
	↑  6.67
	0.010
	↑  4.66
	0.031
	1,63
	↓20.12
	<0.001

	Volatile chemotype
	3
	14.13
	0.003
	3.87
	0.275
	3,63
	1.82
	0.153

	Metabotype within chemotype
	16
	30.79
	0.014
	35.34
	0.004
	16,63
	2.25
	0.011

	LN x MR
	1
	5.91
	0.015
	0.01
	0.979
	1,62
	1.02
	0.316




Possible position in text: In Results section, under subheading “Plant metabotypes affect aphid colonisation and population growth”.








Figure legends
Figure 1 Schematic presentation of the metabolomics workflow
Figure 2 PLS-DA scores plots showing separations between plants that were never infested with aphids (symbol: grey triangle) and plants that were infested at some stage over the season (symbol: black cross), using discriminant masses identified in negative (a) and positive (b) ionisation modes. (c) PLS-DA scores plot showing the metabolome profile of plants that had not been colonised by aphids across the whole season (red, 0), which differed from the metabolome profile of plants that had been colonised the week previous (green, 1), two weeks before (dark blue, 2), three weeks before (light blue, 3), four weeks before (pink, 4) and more than five weeks before (yellow, 5). (d) shows the differences in the numbers of features tentatively annotated filtered into compound class between negative and positive ionisation mode.

Figure 3 (a) example of a biochemical reaction demonstrating the translation of the reaction into nodes and edges. (b) (c) scatter plots of Z-scores of mass difference-based building blocks (MDBs) in both negative and positive ionisation mode respectively. Blue dots represent Z-cores of MDBs significant for no aphids, red dots represent Z-scores of MDBs significant for aphids. Venn diagrams describe how many significant MDBs were obtained from the manually curated list (pale colour), KEGG (dark colour), and those present in both lists (overlap). Z-scores of z ≈ 2 and z ≈ 2.5 associate to the p-values p ≈ 0.05 and p ≈ 0.01, respectively. (d) network visualisation of MDB associations between plants that were never colonised by aphids and those that were.

Figure 4 (a) map of the field site showing metabotypes. (b) heatmap visually highlighting differences/similarities between metabotypes.

Figure 5 Aphid colonisation of plants belonging to different volatile chemotypes and metabotypes within these. The proportion of plants colonised (a) in the early part of the season when winged aphids were present, (b) in the later part of the season when only unwinged aphids were present, and (c) plant that were never colonised by aphids across the whole season.

Figure 6 Relative proportion of chemotypes found in each metabotype. We previously identified four individual chemotypes in tansy, with chemotypes 1 and 2 being significantly more likely to be colonised by aphids at the beginning of the season (Clancy et al. 2016). Metabotypes C and E are more likely to be colonised by aphids late in the season. Number of plants colonised in metabotypes A: 21, B: 23, C: 26, D: 20, E: 33; number of plants colonised in chemotypes 1: 34, 2: 37, 3: 21, 4: 30.

Figure 7 (a) schematic representation of how chemotype and metabotype influence aphid host plant preference. (b) PLS scores plot showing differences between metabotypes A, B, D, and C and E. (c) compound classes from tentatively annotated masses that discriminate metabotypes C and E from A, B, and D.



Supporting Information
Supplementary Figures
Figure S1 Partial least squares biplot showing grouping observed between plants with aphids and plants without aphids, and the influence of salicylic acid, isoleucic acid, and pipecolic acid (compounds involved in plant defense) on these groupings. Cross: plants colonised by aphids, Triangle: plants not colonised by aphids, Red circle: Isoleucic acid (+), Green circle: salicylic acid (+), Blue circle: pipecolic acid (+), Green square: salicylic acid (-).
Figure S2 Bar charts showing relative concentrations of Leucic acid and Rubraflavone A according to the number of week an infested plant had been aphid free prior to sampling, and plants that were never infested. Week 1 included plants that were currently infested and plants that had been infested one week previously. Weeks 2, 3, 4, and 5 indicate the length of time a plant had been aphid free at the time of sampling.  Error bars indicate standard error. (never infested: n=31, 1: n=12, 2: n=12, 3: n=26, 4: n=14, 5: n=27)

Supplementary Tables
Table S1 Retention times of external standards in negative and positive ionisation modes. 
Table S2 All MDBs with corresponding Z scores. 

Table S3 Intensities of discriminant mass features in both negative and positive ionisation modes.
Table S4 All features that could be putatively annotated using an in-house version of MassTRIX in both positive and negative ionisation modes.
Table S5 Loadings of PLS in Figure 7b.
Table S6 Discriminant masses separating metabotypes C and E from metabotypes A, B, and D (putatively annotated using Metlin).
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