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Summary

e Plants growing in biodiverse communities often increase productivity, but how plant
diversity impacts the metabolome and the underlying ecological and evolutionary processes
remains unclear. This study investigated how plant species diversity and selection for
growing in different diversity environments affects the leaf metabolome of Plantago
lanceolata.

e We compared the metabolites of plants derived from those that had been selected in the “Jena
Experiment” for 17 years in plant communities with differing plant diversity with the
metabolites of naive plants not subjected to this selection. The metabolic profiles of selected
P. lanceolata phytometers were also compared after growing in experimental environments
varying in plant species richness, soil history, and community plant history.

e Results showed volatile compound diversity in P. lanceolata decreased with plant species
richness, primarily due to phenotypic plasticity rather than selection. Soil history further
strengthened this relationship. Conversely, non-volatile compound diversity increased with
plant species richness, but only in phytometers subjected diversity-driven selection. These
effects were more pronounced when plants shared soil-plant history with their community.

e In summary, our study revealed that both plastic and adaptative responses shape the
metabolome of P. lanceolata in relation to plant diversity with these effects becoming

stronger as plant and soil communities mature.

Keywords: biodiversity, chemodiversity, eco-metabolomics, experimental grasslands, Jena

Experiment, phytometer.

Introduction
Concerns about the loss of global biodiversity in recent decades have intensified efforts to

understand the mechanisms that mediate the relationships between biodiversity and ecosystem
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functioning. Experimental studies on grassland biodiversity have shown that high biodiversity
promotes plant community productivity and stability (Cardinale et al., 2007; Allan et al., 2013; Wagg
et al, 2022). These effects strengthen over time as complementary interactions between species
become more important (Cardinale et al., 2007), leading to more pronounced relationships between
biodiversity and ecosystem functioning (Reich et al., 2012). Although several studies on species-level
responses to increased plant community diversity exist, they mostly focused on plant biomass
production or plant morphological traits (Tilman et al., 1996; Lipowsky et al.,, 2011; van Moorsel et
al, 2018). Only few have investigated other important plant traits, such as specialized plant
metabolites (e.g. Scherling et al., 2010; Mraja et al., 2011; Zuppinger-Dingley et al., 2015; Ristok et al.,
2023). This is particularly important because plant phenotypes are influenced by the synthesis and
accumulation of specialized metabolites in specific organs, at various developmental stages, and in

response to environmental cues.

Plant specialized (secondary) metabolites play essential roles in species interactions within
communities as deterrents, toxins, attractants or signals for other organisms and in resistance to
abiotic stresses (Erb & Kliebenstein, 2020). By mediating biotic interactions, they can impact plant
performance and survival (Hartmann, 2007; Kessler & Kalske, 2018; Sosenski & Parra-Tabla, 2019;
Erb & Kliebenstein, 2020). Specialized metabolites can be constitutive or induced, directly affecting
plant antagonists or indirectly by attracting their natural enemies, thus providing a versatile defense
strategy. This flexibility highlights the importance of plant chemodiversity, encompassing both the
richness and composition of these chemicals, which can vary not only due to genetic differences but
also in response to environmental pressures, such as herbivory and pathogens attacks or resource

availability (Endara et al., 2023).

Previous studies have demonstrated that varying plant community diversity can induce changes in

both primary and specialized metabolites in grassland species (Scherling et al., 2010; Mraja et al,
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2011; Ristok etal.,, 2019). The variation in chemodiversity observed among plants of the same species
may result from phenotypic plasticity or genotype selection in response to the surrounded
environment (Zuppinger-Dingley et al, 2015). Phenotypic plasticity can take place within an
organism's lifespan in response to its environment, while evolutionary adaptations occur over a time
span of a few (Rauschkolb et al.,, 2022) to many generations (Nicotra et al., 2010). Previous research
has reported both plastic and adaptative responses at the chemical level. For instance, Zuppinger-
Dingley et al. (2015) found that for several grassland species the different selection pressures in low
or high diversity communities led to adaptation in plant chemical traits over several generations. On
the other hand, Miehe-Steier et al. (2015) showed that for Plantago lanceolata L. (ribwort plantain),
the production of iridoid glycosides is a plastic response to the surrounding plant community. This
means that individuals of the same species growing in communities of varying diversity might show
differences in their chemical traits due to their different environments and associated (a)biotic

selective pressures.

Soil communities modify the biotic and abiotic environment of plants, while plants create
belowground legacies by altering the soil's biotic and abiotic properties. This mutual interaction,
known as plant-soil feedback (van der Putten et al., 2013), can influence plant defense by modulating
the plant chemodiversity (Huberty et al., 2020; Ristok et al., 2023). Moreover, plant-soil feedback is
an important selective driver in plant communities, hence influencing the micro-evolutionary

processes in plants (Dietrich et al,, 2021; De Giorgi et al., 2024).

Despite the importance of plant metabolites in the establishment, development, and survival of
plants, there is a lack of knowledge on how different environments can shape metabolic profiles that
are heritable and adapted. This scarcity of studies hinders our understanding of how chemical traits

respond to selective pressures. Long-term biodiversity studies enable the examination of whether
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97  plant diversity effects on the plant metabolome are due to adaptation of plant species to different

98  environments of origin or phenotypic plasticity to the actual growth environment.

99  Using the short-lived perennial plant Plantago lanceolata L. as a model species, we designed a
100  phytometer experiment in a long-term grassland biodiversity experiment (The Jena Experiment;
101  Roscher et al.,, 2004) to study the impact of selection and community history on metabolic responses
102  to plant diversity. We performed two experiments: (1) Selection Experiment in which we compared
103  selected phytometers (offspring of plants that underwent the selection pressures in the biodiversity
104  experiment for 17 years) planted in their environment of origin with naive phytometers (offspring of
105  plants that did not experience this biodiversity selection). (2) Community History Experiment, where
106  phytometers with selection history were transplanted back into their environment of origin as well
107 as in two other experimental environments, specifically communities with the same species
108  composition but differing in the community history, with one having only soil history and the other
109  lacking both soil and plant history. After one year, we analysed the leaf metabolomes of these
110  individuals. We hypothesize that (1) naive phytometers will experience more leaf damage than
111  selected phytometers and thus, exhibit greater antagonist-induced metabolic diversity irrespective
112 of the surrounding plant diversity. In addition, naive phytometers will have a weaker response to
113  plant diversity compared to selected phytometers. (2) Community soil-plant history will strengthen

114  the relationship between plant diversity and the plant metabolome.

115  Material & Methods

116 Field site: The study was conducted in the Jena Experiment (Jena, Germany; 50°55" N, 11°35" E; 130
117 m a. s. 1), a long-term grassland biodiversity experiment established in 2002 in Jena, Germany
118  (Roscheretal, 2004). We performed the study in the ABEF Experiment (Determinants of Long-Term
119  Biodiversity Effects on Ecosystem Functioning), established in 2016 (see Vogel et al.,, 2019 for more

120  details). We selected 12 communities (12 plots) where Plantago lanceolata L. (ribwort plantain)
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121  belonged to the sown species combinations, covering a gradient in species richness from a P.

122  lanceolata monoculture to a 60 plant species-mixture (1, 2, 4, 8, 16, and 60 plant species).

123  Selection Experiment: To explore the effects of experimental selection on P. lanceolata metabolic
124  profiles, we used P. lanceolata phytometers with two seed origins. (1) Selected seeds: Seeds collected
125  from P. lanceolata individuals growing in experimental communities that had experienced differing
126  biodiversity conditions for 17 years ranging from monoculture to 60 plant species-mixture. (2) Naive
127  seeds: phytometers obtained by growing plants from the initial seed batches (Rieger-Hofmann) used
128  to establish the Jena Experiment 2002, whose ancestors did not experience the environment of the
129  biodiversity experiment (Fig. 1). Both types of phytometers, naive and selected, were transplanted

130  into the 17 years-old plant communities when they were ten weeks-old (details below).

131  Community History Experiment: To explore the effects of community history on P. lanceolata
132  metabolomic profiles, we used P. lanceolata phytometers from seeds collected in the 17-year-old
133  communities (same selected seeds used for the Selection Experiment) and transplanted into the ABEF
134  treatments of their original community (Fig. 1). The ABEF experiment consisted of three subplots
135 (1.5 m x 3 m) inside the main experimental plots, with different degrees of community history. (1)
136  Soil and plant history (S+P+): 17-year-old plant communities, long-term control (from where the
137  seeds were collected, their environment of origin). (2) Soil history (S+P-): experimental environment
138  in which plant species were removed while keeping the soil and resowing plot-specific plant species.
139  (3) No history (S-P-): experimental environment in which soil and plant layer were removed and
140  replaced with arable field soil resown with plot-specific plant species (see Vogel et al., 2019 for more

141  details).


https://doi.org/10.1101/2024.11.29.626026
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.29.626026; this version posted December 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1. Selection Experiment 2. Community History Experiment

No history environment

Selected Selected
phytometer phytometer \
5 ;

Selected Naive Selected
phytome{er | \ phytometer phytometer

A\

N
\\,V.J /)

\
,

Plant species richness
communities

142

143 Fig. 1. Graphical illustration of the Selection Experiment and the Community History Experiment with Plantago
144 lanceolata phytometers across the plant diversity gradient of the Jena Experiment, Germany. The Selection
145 Experiment compared the metabolic profiles between selected and naive plants. Selected plants (offspring of plants that
146 underwent the selection pressures of varying biodiversity environments in the Jena Experiment) were planted in their
147 environment of origin with the naive plants (offspring of plants that did not experience biodiversity selection of the Jena
148 Experiment). The Community History Experiment compared the metabolic profiles of selected plants grown in different
149 experimental environments based on the ABEF experiment established in 2016 (Vogel et al., 2019). No history environment
150 (S-P-): soil layer and plant community removed. Soil history environment (S+P-): only plant community removed. In both
151 treatments, new plot-specific plant mixtures were sown in 2016. Soil-Plant history environment (S+P+): environment of
152 origin, same as core area established in 2002 (long-term control). Headspace analysis of volatile organic compounds and
153 metabolic profiles of leaf extracts were analyzed after one year of transplantation in communities with a plant diversity
154 gradient from P. lanceolata monoculture to a 60 plant species-mixture (1, 2, 4, 8, 16, and 60 plant species). Figure was

155 created with Biorender.

156  Preparation and establishment of phytometer plants: During summer 2018, P. lanceolata plants were
157  obtained from the germination of seeds originally used to establish the Jena Experiment, which had

158  been stored at -20°C since 2002. These seedlings were grown in a greenhouse, then transplanted to
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159  aseed bed outdoors in autumn at the Experimental Field Station Bad Lauchstadt (Germany). A year
160 later, seeds from these plants were collected and called naive seeds. Selected seeds were collected in
161 2019 from four mothers of P. lanceolata growing in the 17-year-old communities (with soil and plant
162  history), cleaned and stored at room temperature until the start of the experiment. In January 2020,
163  single seeds (selected and naive) were germinated in cells of QuickPot trays (Hermann Meyer KG,
164  Rellingen, Germany) filled with autoclaved soil from the field site mixed with sterile mineral sand (25
165  vol%) in a greenhouse (temperature of 18°C: 12°C with 14 hours of day light). After eight weeks, the
166  trays were moved into an open greenhouse with outside light and temperature conditions for two
167  weeks to harden the plants before being planted in the field. In early April 2020, when the
168  phytometers were ten weeks old, selected phytometers were transplanted into the same plot where
169  the seeds were initially collected, while the naive ones were transplanted into all of the plots (see

170  (see De Giorgi et al, 2024 for more details).

171  Sampling and measurements: One year after the transplantation (August 2021), we simultaneously
172  measured morphological and chemical traits of the phytometer plants of both experiments in the
173  field. These included the collection of headspace volatile emissions, assessment of phenotypic traits,
174  analysis of non-volatile leaf metabolites, and calculation of percentage of leaf damage. Six individuals
175  per treatment were designated for the measurements of phenotypic traits and non-volatile leaf
176  metabolites. From these, four individuals where designated to collect the headspace volatile

177  compounds and assess leaf damage.

178  Phenotypic traits and leaf damage: For phenotypic traits, we recorded the reproductive status, leaf
179  biomass, plant height, and leaf greenness according to De Giorgi et al. (2024). Leaf damage by
180  herbivores and pathogens was assessed using the method described by Unsicker and Mody (2005).

181  Thisinvolved reconstructing the original leaf area in digital photographs taken of both sides from the
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182  leaves after the harvest using Adobe Photoshop 2020 (Adobe, California, USA). Damage was

183  quantified as percentage of the total leaf area (cm?2).

184  Headspace volatile collection: Volatile organic compounds (VOC) emitted by P. lanceolata
185  phytometers were collected and measured using the protocol described in Medina-van Berkum et al.
186  (2024) with few modifications. In brief, VOC emission of individual plants was captured using a
187  closed push-pull system over a two-hour period. The plants were enclosed in PET bags (Bratschlauch,
188  Toppits, Germany), and charcoal-filtered air was continuously pumped into these bags at a flow rate
189 of 1 L/min. VOC traps, consisting of 25 mg of Porapak absorbent (ARS, Grainville, FL, USA) inserted
190  in Teflon tubes, was attached to the bags and air was pumped out through them at a flow rate of 0.6
191  L/min. All volatile collections were performed between 9:00 am and 1 pm. After collection, the traps
192  were eluted with 200 pl of dichloromethane containing nonyl acetate (Sigma-Aldrich, 10 ng/ul) as an
193  internal standard. The eluted VOCs were analyzed using an Agilent (Santa Clara, CA, USA) 6890 series
194  gas chromatograph (GC) coupled to either an Agilent 5973 series mass spectrometer (MS) for
195 identification or to a flame ionization detector (FID) for quantification (see Medina-van Berkum et
196  al, 2024 for more details). VOC identification was achieved by comparing GC-MS spectra with
197  reference spectra from the Wiley and National Institute of Standards and Technology libraries, as
198  well as by comparing retention times and mass spectra to those of standards from our collection. VOC
199  quantification was determined from GC-FID data based on the peak area in relation to the peak area
200  of the internal standard. The relative response factor was computed with authentic standards or
201  estimated with the effective carbon number concept, and normalized to leaf fresh weight and

202  duration of collection (nanogram per gram FW per hour).

203  Metabolite extraction from leaves: Leaf samples were flash frozen in liquid nitrogen after the
204  harvesting, lyophilized and ground to fine powder by agitating them together with a mix of stainless-

205  steel balls (2-4mm in diameter) in a paint shaker. Then, 10 mg of leaf powder was extracted with
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206  100% methanol (0.1 mL per mg) containing D6-salicylic acid (SA), D6-jasmonic acid (JA) and D6-
207  abscisic acid (ABA) as internal standards (Sigma-Aldrich). Aliquots of raw extracts were used for (1)
208  untargeted metabolite profiling and (2) targeted analysis of phytohormones, iridoid glycosides and

209  phenylpropanoid glycosides.

210  Metabolome profiling: Untargeted metabolic profiles of leaves were obtained by ultra-high
211  performance liquid chromatography coupled via electrospray ionization (ESI) to a qTOF mass
212 spectrometer (UHPLC-ESI-HRMS) in negative ionization mode. The mobile phase consisted of 0.1%
213  v/v formic acid in water and in acetonitrile. Raw data files from UHPLC-HRMS were transferred to
214  the Metaboscape® (Bruker) software to perform the bucketing based on MS1 spectra. Quality control
215  (QC) samples were prepared by pipetting equal volumes of all the samples in a designated LC-MS vial
216  for analysis and run every 40 samples together with the blanks. Raw data acquisition was carried out
217  as previously described by Medina-van Berkum et al. (2024). The processed LC-MS/MS data were
218  thenused for the in-silico prediction of chemical taxonomic classification using the CANOPUS package
219  (Dtihrkop et al, 2021) from the SIRIUS software (Diithrkop et al, 2019), considering only classified

220  features with a probability of at least 70% at pathway level.

221  Quantification of targeted compounds: Quantification of targeted compounds was conducted using an
222 HPLC-MS/MS system (HPLC 1260 Infinity II [Agilent Technologies, Santa Clara, USA]—QTrap®
223 6500+ [AB Sciex, Waltham, Massachusetts, USA]) in multiple reaction monitoring (MRM) mode,
224  following Medina-van Berkum et al. (2024) with few modifications. Phytohormones were quantified
225  with authentic standards (D6-JA, D6-ABA, D6-SA). For iridoid glycosides and verbascoside,
226  quantification was based on comparison to external authentic standards curves (aucubin: Carl Roth,

227  Germany; catalpol: Wako, Japan; verbascoside: Extrasynthese, France).

228  Data analysis

10
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229  We performed mixed-model analysis and linear discriminate analysis to test the effect of both
230  selection history and community history on leaf traits, leaf damage and leaf metabolome of P.
231  lanceolata. The data of the two experiments, Selection Experiment and Community History Experiment,
232  were analyzed separately. Leaf metabolome diversity for both volatile and non-volatile compounds
233  was calculated based on Hill numbers using VOC concentration and peak intensity of features as
234  abundance. To test the effect of biodiversity selection in the Selection Experiment, we fitted “species
235  richness” (SR; log2 transformed sown diversity), “selection” (S; factor with two levels: selected vs.
236  naive) and their interactions (SR x S) as fixed effects. Plot identity nested in block was fitted as
237  random effect. To test the effect of community history in the Community History Experiment, we
238  performed a similar model with environment instead of selection as fixed effect (E; factor with three
239  levels; S-P- no history, S+P- with soil history only, S+P+ soil and plant history). We started with a null
240  model with the random effects only, and successively added the fixed effects with species richness
241  first, followed by treatment (selection or environment) and interactions. To investigate the presence
242 oflegumes in shaping the selection and community history effect, we created another model by fitting
243  legumes (presence/absence) before or after species richness. Since previous analyses have shown
244  thatvegetation height varies either with sown species richness or depending on environment history
245  (De Giorgi et al.,, 2024), this could be a potentially explain the effects of both factors. Therefore, we
246  performed another model in which we included mean height of the surrounding vegetation as a co-
247  variable fitted before the experimental factors. All models were fitted with maximum likelihood (ML),
248  and Wald tests were used to decide on the significance of the fixed effects. When needed, data were
249  transformed to meet the assumptions of normality and homogeneity of variances. To identify non-
250  volatile metabolic features significantly affected by the treatments, we used generalized linear mixed
251  models (Gaussian log link) based on the previously mentioned model structures. The significance of
252  fixed effects (p < 0.05) was assessed by Wald tests, followed by false discovery rate (FDR) adjustment

253  for p-values.

11
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254  The analyses and visualization were conducted in R version 4.3.3 (R Core Team, 2024) using the
255  following packages: rBEXIS, dplyr (Wickham et al.,, 2023), tidyverse (Wickham et al, 2019), tibble
256  (Miiller & Wickham, 2023) and janitor (Firke, 2023) for data retrieve, cleaning and formatting; Ime4
257  (Batesetal, 2015), ImerTest (Kuznetsova et al, 2017), glmmTMB (Brooks et al.,, 2017), performance
258  (Liidecke et al, 2021), mixOmics (Rohart et al., 2017) and hillR (Li, 2018) for statistical and diversity
259  analysis; notame (Klavus et al, 2020) for filtering false positive signals of untargeted metabolites;
260  and ggplot2 (Wickham, 2016), ggeffects (Liidecke, 2018) and pheatmap (Kolde, 2019) for graphical

261  visualization. Graphics were enhanced with Adobe Illustrator CC 2021.

262 Results

263  Effects of selection and community history on plant performance and leaf damage

264  We found that only selected phytometers (P. lanceolata that were offspring of plants that underwent
265  the selection pressures of varying biodiversity environments in the Jena Experiment) showed an
266  increase of shoot biomass with increasing species richness of the community, while naive
267  phytometers (offspring of plants that did not experience these biodiversity selection pressures) had
268  similar shoot biomass across diversity gradient (SR x S: x2 = 4.95, p = 0.026; Fig. 2a; Table S1).
269  Moreover, this pattern was only true when selected phytometers grew in their environment of origin
270  (SRxE:x2=9.86,p=0.007; Fig. 2e; Table S2) and not when community history had been eliminated
271  byremoving surrounding soil and plants or plants alone. Leaf greenness and leaf length did not differ
272  between naive and selected phytometers (Fig. 2b, c¢). However, phytometers increased their leaf
273  greenness when they grew in communities with legumes compared to non-legumes communities (x?
274  =9.11,p =0.003; Table S1). In the Community History Experiment, we found that leaf length increased
275  with increasing species richness regardless of the environment treatment (x2 = 4.71, p = 0.03, Fig.

276  2g). Similar to the Selection Experiment results, the presence of legumes in the plot enhanced leaf

12
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277  greenness in P. lanceolata (x? = 13.68, p < 0.001; Table S2) while it decreased with increasing

278  vegetation height in their surroundings (x? = 7.56, p = 0.006; Table S2).

Selection Experiment
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280 Fig. 2. Effects of selection history and community history on leaf traits and leaf damage of Plantago lanceolata

281 across a plant diversity gradient. Selection Experiment (top section): shoot biomass, leaf greenness, leaf length and total

282 leaf damage (herbivore + pathogen damage) of naive (yellow dots; offspring of the original seed material used in
283 establishment of the Jena Experiment) and selected (blue dots; offspring of plants that experienced selection pressures in
284 the biodiversity experiment) phytometers across a plant diversity gradient. Community History Experiment (bottom

285 section): shoot biomass, leaf greenness, leaf length and total leaf damage of selected phytometers grown in three different
286 environments: their environment of origin (blue dots; soil and plant history, S+P+), in the environment with soil history
287 only (purple dots; S+P-) or no history environment (yellow dots; S-P-) across a plant diversity gradient. The different

288 environment treatments are based on the ABEF experiment established in 2016 (Vogel et al, 2019). Lines represent

289 predictions from linear mixed-effects models. Solid lines denote significant species richness relationship (p < 0.05) and
290 dashed lines show non-significant relationship. Points represent each phytometer. Asterisks indicate significant effects (ns
291 = no significant, +p < 0.1; *p <0.05; **p<0.01; ***p<0.001) on species richness (SR), selection history (S), community
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292 history (E) or their interactions (SR x S or SR x E). Selection Experiment: N = 112 and 56, for leaf traits and leaf damage

293 respectively. Community History Experiment: N = 169 and 80, for leaf traits and leaf damage respectively.

294  Naive phytometers had a tendency to experience higher leaf damage compared to the selected ones
295  (x2 = 2.77, p = 0.096; Fig. 2d). When phytometers grew in a no history environment (S-P-), leaf
296  damage increased with increasing species richness (SRx E: x2 = 6.19, p = 0.045; post hoc S-P- vs S-P+
297  and S+P+: < 0.05; Fig. 2h). These patterns were primarily driven by changes in pathogen damage
298  across species richness rather than herbivory damage (Table S2). Additionally, an increase in
299  vegetation height in the surroundings reduced pathogen leaf damage of P. lanceolata phytometers

300  (Table S1).

301 Volatile and non-volatile leaf metabolome profiles

302  Atotal of 31 volatile organic compounds (VOC) were identified from the headspace volatile collection
303  of P. lanceolata in the field (Table S3). These VOCs were categorized into green leaf volatiles (GLVs)
304 (5), aromatics (4), homoterpenes (1), monoterpenes (6), sesquiterpenes (8), and nine other
305 compounds not classified into these groups. Sesquiterpenes represented the most diverse group,

306  while monoterpenes and GLVs were the most abundant.

307  Overall, we detected 2,263 features in leaf extracts of non-volatile compounds from P. lanceolata
308 analyzed by untargeted LC-MS measurements in the negative ionization mode with 49% of the
309 features putatively annotated by CANOPUS. Based on these in-silico classification, the terpenoid and
310  shikimate-phenylpropanoid pathways were the most dominant pathways in the leaf metabolome of
311  P.lanceolata (Fig. 3a, b). Iridoid monoterpenoids constituted the most abundant class (72%) within
312  terpenoids, largely due to the high number of iridoid glycosides, such as aucubin and catalpol, which
313  are two of the most abundant examples reaching up to 30 mg per g DW based on targeted analyses
314  (Fig. 3¢, d). Phenylpropanoids comprised with 42% to the metabolic features and were thus the most

315 diverse class within the shikimates and phenylpropanoids pathway. Verbascoside and
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plantamajoside are two of the most abundant phenylpropanoids in P. lanceolata leaves reaching up

to 50 mg per g DW (Fig. 3e, f).

a) Cloud plot of features from non-targeted analyses b) Pathway annotated features
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Fig. 3. Profiles of non-volatile leaf metabolites of Plantago lanceolata phytometers after one year of transplantation
in the Jena Experiment. a) Cloud plot of metabolic features from untargeted LC-MS measurements made in the negative
ionization mode. Features are color-coded based on putative biosynthetic pathway classification; size of the circles
represent their intensity; b) Pie chart with the number of features classified by biosynthetic pathway. A total of 2,263 were
detected with 49% of the features putatively annotated. Biosynthetic pathway classification was performed with CANOPUS
on Sirius platform. c) Boxplot and violin plots of concentrations of aucubin, catalpol, verbascoside and relative abundance

of plantamajoside in the leaves of all phytometers measured by targeted LC-MS analysis.
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327  Plant metabolome responses to selection history

328  Overall, VOC profiles overlapped between naive and selected P. lanceolata phytometers (Fig. 4a).
329  Total emission was unaffected by plant species richness or selection history (Table S4). Nevertheless,
330 when considering the vegetation height of the surroundings, sesquiterpene emission decreased as
331 plant species richness in the community increased (x2 = 6.93, p = 0.008; Table S4). Accounting for
332  vegetation height also revealed that both VOC richness (Hill q0) and diversity (Hill q1) decreased
333  with increasing plant species richness in the community (richness: x2 = 4.72, p = 0.030; diversity: x?
334 =3.97,p=0.048; Fig. 4b, c). Selected phytometers had a tendency to exhibit higher numbers of VOCs

335  (hill g0) compared to naive phytometers (x? = 3.20, p = 0.074; Fig. 4b).

336 Interms of non-volatile compounds, we observed that naive and selected P. lanceolata phytometers
337  displayed distinctly different metabolic profiles (Fig. 4d). The number of metabolic features was not
338 influenced by species richness (x2 = 0.19, p = 0.662; Fig. 4e); however, considering feature intensity
339 (Hill q1 and g2), we found that metabolite diversity increased with increasing species richness in
340  selected phytometers, while the metabolite diversity of naive phytometers was not affected by plant
341  species richness (SR x S: Hill q1: x2 = 6.35, p = 0.012; Hill g2: x2 = 7.90, p = 0.005; Fig. 4f). Vegetation
342  height in their surrounding did not influence the overall metabolite richness and diversity of P.

343  lanceolata individuals (Table S5).
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Leaf volatile organic compounds (VOCs)- targeted analyses
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344

345 Fig. 4 Selection Experiment: Effects of selection history on leaf metabolite profiles of Plantago lanceolata across a
346 plant diversity gradient. Leaf VOCs (top section): Overall, a total of 31 VOCs was identified. a) Partial least square
347 discriminant analysis (PLS-DA) of the VOC profile in naive (offspring of the original seed material used for the establishment
348 of the Jena Experiment) and selected (offspring of plants that underwent the selection pressures in the biodiversity
349 experiment) phytometers. The results are presented as principal component score plots, with each point in the plot
350 representing a mean value of phytometers in a community; b) VOC richness (hill richness- q0) and c) VOC diversity (Hill
351 Shannon- q1) across a plant richness gradient. Leaf non-volatile metabolites (bottom section): There were 2263 metabolic
352 features in the non-targeted analysis in the negative ionization mode after bucketing and filtering. d) Partial least square

353 discriminant analysis (PLS-DA) of metabolic features, b) Metabolome richness (hill richness- q0), c) Metabolome diversity

354 (hill Shannon- q1) of naive and selected phytometers across a plant diversity gradient. Lines represent predictions from
355 linear mixed-effects models. Solid lines denote significant species richness relationship (p < 0.05) and dashed lines show
356 non-significant relationship. Points represent each phytometer. Asterisks indicate significant effects (ns= no significant, +p
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357  <0.1;*p<0.05; **p<0.01; ***p < 0.001) on species richness (SR), selection history (S) or their interaction (SR x S). N = 60
358  and 108, for VOC and metabolic feature profiles, respectively.

359  Overall, 689 metabolic features in P. lanceolata leaf extracts differed significantly in their intensity
360 across diversity gradient, selection history or their interaction (34% of the whole metabolome)
361 including a mixture of features from different metabolic classes, mainly terpenoids and
362  shikimates/phenylpropanoids (Fig. S1). Species richness had an impact on 224 unique features (10%
363  of whole metabolome), of which 65% decreased in intensity with increasing species richness (Fig.
364  S1). Selection history affected 18% of the metabolome, where the majority of features had higher
365 intensity in naive phytometers compared to selected phytometers. Furthermore, 9% of the features
366  were affected by the interaction between species richness and selection history, suggesting that these
367 features in selected phytometers reacted differently to species richness than they did in naive
368  phytometers. The increased vegetation height of the surrounding plant community in high diversity
369  mixtures influenced 11% of the metabolome. Additionally, the presence of legumes influenced the
370 feature intensity in response to species richness and selection, both positively and negatively (Fig.

371 S1).

372 Based on these results, we quantified some of the main defense hormones in P. lanceolata and the
373  best-known anti-herbivore defense compounds, the iridoid glycosides aucubin and catalpol and the
374  phenylpropanoid glycosides verbascoside and plantamajoside (Table 1, Table S6). Considering the
375  vegetation height of the surrounding plant community, we found that the concentration of aucubin,
376  verbascoside and plantamajoside decreased with increasing species richness regardless of the
377  selection history (aucubin: x2 = 9.34, p = 0.002, verbascoside: xZ = 4.65, p = 0.031, plantamajoside: x?
378 = 4.96, p = 0.026). The negative relationship of verbascoside foliar concentration with species
379  richness was stronger in communities with legumes compared to the ones without legumes. Aucubin
380 concentrations increased with increasing vegetation height of the surrounding plant community (x2

381 =8.12, p = 0.004, Table 1). For defensive hormones, species richness influenced salicylic acid (SA)
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382 and abscisic acid (ABA) concentrations, though they did not affect the levels of jasmonates overall
383  (Table 1, but see Table S6 for specific patterns of each jasmonates). The concentration of SA and ABA
384  decreased with increasing species richness (SA: x2= 7.60, p = 0.005; ABA: x2= 3.54, p = 0.048).
385  However, the decrease of ABA concentrations was driven by the increasing vegetation height of the
386  surrounding plant community (x?= 9.35, p = 0.002, Table 1).
able 1. delection £xperiment: ala cnl-squared analysis o1 variance resuits ior € linear mixed moaeils
387  Table 1. Selection Experiment: Wald chi-squared analysis of vari ANOVA Its for the li ixed model
388 of P. lanceolata hormones and other non-volatile defense compounds quantified by targeted analyses. The table
389 reports marginal and conditional R? (marginal before slash and conditional after), the number of samples, and x2-values for
390 each model (rows). Level of significances is based on p- values and reported with asterisks and dots: *** p < 0.001; ** p <
UL 7 p <0.0)5, [x4] p<U.1l. Arrows next to the x<-values indicate the patterns: increase or aecrease 1In relation to the
391  0.01;*p<0.05, [x2] p<0.1.A t to the x2-values indicate the patt i Dord 1) in relation to th
392 fixed factor (column).1Five samples were lost during the LC-MS quantification of the compounds.
Vegetation Species .
Variable Model R2 height richness Leg(l;l)nes Selei(srt)lon SRxL SRxS LxS SRXLxS
(VG) (SR)
Defense hormones
Jasmonates | ¥ ~SR*S 0.05/NA NA 0.94 NA 1.37 NA 0.40 NA NA
log10 V ~SRAL*S 0.13/NA NA 0.94 0.10 1.34 2.72+ 0.43 0.83 0.89
N=112 y~VG+SR*L*S | 0.14/NA 0.89 0.12 0.50 1.52 2.10 0.44 0.83 0.88
Abscisicacid | ¥~ SR*S 0.11/NA NA 3.54*] NA 0.06 NA 1.52 NA NA
log10 y ~SR¥L*S 0.15/0.25 NA 3.54*] 0.05 0.07 3.00+ 1.52 0.71 1.44
N=112 y~VG+SR*L*S | 0.3/NA 9.35*+] 0.13 2.44 0.12 1.41 1.69 0.64 1.43
Salicylicacid | ¥~ SR'S 0.03/NA NA 7.06*1 NA 1.64 NA 3.52+ NA NA
loglp y ~SR¥L*S 0.04/NA NA 7.06*} 0.82 1.53 0.46 3.54+ 0.14 0.19
N=112 y~VG+SR*L*S | 0.03/NA 3.29+ 6.05+1 2.80+ 0.01 0.97 2.10 0.04 1.56
Iridoid glycosides
Y ~SR*S 0.02/0.13 NA 0.15 NA 0.81 NA 1.04 NA NA
Aucubin? v ~SR¥L*S 0.09/0.15 NA 0.15 1.3 0.99 2.48 0.96 0.04 3.51+
N =107 y~VG+SR*L*S | 0.23/NA 8.12++1 9.34*+} 1.01 1.19 0.79 1.06 0.06 3.69+
y~SR*S 0.02/NA NA 0.29 NA 0.00 NA 0.93 NA NA
Catalpol! y ~SRAL*S 0.07/NA NA 0.29 0.04 0.00 2.85+ 0.81 0.59 0.45
N =107 y~VG+SR*L*S | 0.11/NA 2.52 0.12 2.08 0.00 2.9+ 0.73 0.41 0.29
Phenylpropanoid glycosides
Y ~SR*S 0.1/NA NA 2.61 NA 0.88 NA 0.05 NA NA
Verbascoside! | ¥~ SR'L*S 0.25/0.34 NA 2.61 0.59 0.97 44+l 007 0.06 4.03*
N =107 y~VG+SR*L*S | 0.28/NA 0.04 4.59*1 0.00 1.04 3.92¢d.  0.07 0.05 3.99*
Plantamajoside | 7~ SRS 0.12/NA NA 7.74%+) NA 0.34 NA 0.15 NA NA
sqrt v ~SR¥L*S 0.2/NA NA 7.74%+) 0.35 0.39 1.21 0.19 0.97 2.86+
N=112 y~VG+SR*L*S | 0.2/NA 2.70 517+ 0.79 0.37 0.82 0.19 1.00 2.84+
393
394  Plant metabolite profile responses to community history
395 VOC profiles of selected P. lanceolata did not vary among the different environments (Fig. 5a).
396  Nevertheless, phytometers in environments without history (S-P-) displayed greater similarity in
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397  VOC profiles across the species richness gradient compared to those in environments with soil
398  history (S+P+, S+P-). While total emission was not influenced by environment, monoterpene
399  emission decreased with increasing species richness only in environments with soil history (S+P+,
400  S+P-:SRxE:x2=8.53,p=0.014; post-hoc < 0.05; Table S7). Emission of sesquiterpene and aromatic
401 compounds decreased with species richness when considering the surrounding vegetation height
402  (sesquiterpene: x2 = 6.84, p = 0.008; aromatic: x2=4.68, p = 0.031; Table S7). Neither species richness
403  nor community history influenced directly the number of VOC (Hill q0) in P. lanceolata (Fig. 5b).
404  However, accounting for vegetation height revealed that VOC diversity (Hill q1) decreased with
405 increasing species richness only in phytometers that grew in environments with soil history (S+P+,
406  S+P-), butremained similar across the species richness gradient in environments without history (S-

407  P-;SRxE:x2=5.13, p = 0.048, Fig. 5¢).

408  The non-volatile leaf metabolic composition of selected P. lanceolata phytometers was influenced by
409  the experimental environment in which they grew (Fig. 5d). The number of non-volatile metabolic
410 features did not differ among environment treatments (x2 = 0.42, p = 0.809; Fig. 5e). However, when
411  considering the intensity of these features, we found a significant interaction between species
412  richness and community history. Specifically, metabolic diversity increased with increasing species
413  richness only in phytometers growing in environments of origin (S+P+), whereas for phytometers in
414  the other experimental environments (S+P-, S-P-) the response to species richness was weaker (Hill
415 ql:x2=10.28,p = 0.006; Hill q2: x2 =8.19, p = 0.017; post hoc < 0.01; Fig. 5f, Table S8). Additionally,
416  the surrounding vegetation height did not influence the overall metabolome richness and diversity

417  of P. lanceolata phytometers (Table S8).

418  Overall, 830 features significantly differed in intensity among the experimental environments (37%
419  of the whole metabolome). Phytometers growing in the environment of origin had lower intensity
420  for most of their features compared to phytometers growing in the other experimental environments

421  (Fig.S3). Species richness had an impact on 374 features (16% of whole metabolome), of which 52%
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422  decreased in intensity with increasing species richness (Fig S4). Regarding the impact of community
423  history (16% of the features), we discovered that the majority of features intensified when
424  phytometers were in experimental environments without history (S-P-, S+P-). Moreover, we found
425  that 12% of the features had an interaction effect between species richness and experimental
426  environment, primarily due to different strength in responses of phytometers in the environment

427  with soil and plant history (S+P+) and no history (S-P-; Fig. S4).

Leaf volatile organic compounds (VOCs)- targeted analyses
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428
429 Fig. 5. Community History Experiment: Effects of community history on volatile and non-volatile leaf metabolites of

430 Plantago lanceolata across a plant diversity gradient. Leaf VOCs (top section): Overall, a total of 32 VOCs were identified.

431 a) Partial least square discriminant analysis (PLS-DA) of VOCs from selected phytometers that grew in their environment
432 of origin (soil-plant history, S+P+), in the environment with soil history (S+P-) or no history environment (S-P-). The results
433 are presented as principal component score plots, with each point in the plot representing a mean value of phytometers in

434 a community; b) VOC richness (hill richness- q0) and c) VOC diversity (Hill Shannon- q1) across a plant richness gradient.
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435 Leaf non-volatile metabolites (bottom section): There were 2263 metabolic features in the negative ionization mode after

436 bucketing and filtering. d) Partial least square discriminant analysis (PLS-DA) of the metabolites of selected phytometers

437 that grew in their environment of origin, in the environment with soil history or no history environment. The results are
438 presented as principal component score plots, with each point in the plot representing a plot, e) Metabolome richness (hill
439 richness- q0), and f) Metabolome diversity (Hill Shannon- q1) across a plant richness gradient. Lines represent predictions
440 from linear mixed-effect models. Solid lines denote significant species richness relationship (p < 0.05) and dashed lines
441 show a non-significant relationship. Points represent each phytometer. Asterisks indicate significant effects (ns= no

442 significant, +p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001) on species richness (SR), community history (E) or their interaction
443 (SR x E). N =87 and 156, for VOC and metabolic feature profiles, respectively.

444  While foliar concentration of catalpol did not change across the species richness gradient, aucubin
445  concentration decreased as plant species richness increased when vegetation height in the
446  surrounding was taken into consideration (x? = 6.32, p = 0.012). Catalpol concentration was higher
447  in environments with soil and plant history (x2 = 6.27, p = 0.043), however this effect became a
448  tendency when we considered the vegetation height of the surrounding (x2 = 9.77, p = 0.002).
449  Considering the presence of legumes, verbascoside concentration increased with species richness in
450  the presence of legumes but decreased in communities without legumes, regardless of the
451  experimental environment (xZ2 = 9.47, p = 0.002, Table 2). On the other hand, the relative abundance
452  of plantamajoside decreased with species richness only in communities with legumes (x2 = 9.07, p =

453  0.002, Table 2, Table S9).

454  Considering the defense hormones, we observed that jasmonates concentration, in most cases,
455 remained unaffected by species richness or experimental environment (Table 2, Table S9). On the
456  other hand, SA decreased with increasing species richness (x2 = 5.59, p = 0.018, Table 2). ABA
457  decreased with increasing species richness only in P. lanceolata phytometers in environments with
458  soil and plant history when considering the surrounding vegetation height (S+P+; x2 = 6.38, p = 0.041,
459  Table 2). Considering the presence of legumes in the model, SA concentration decreased with

460 increasing species richness in non-legume communities. In plots with legumes, SA only increased
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461  with species richness in the environment with no history environment (S-P-), whereas in other
462  environments there was no effect of species richness (Table 2).
463 Table 2. Community History Experiment: Wald Chi-Squared Analysis of Variance (ANOVA) results for the linear
464 mixed models of P. lanceolata plant defense hormones and other non-volatile defense compounds quantified by
465 targeted analyses. The table reports marginal and conditional R (marginal before slash and conditional after), the number
466 of samples, and x2-values for each model (rows). Level of significances is based on p- values and reported with asterisks
467 and dots: *** p < 0.001; ** p < 0.01; * p < 0.05, + p<0.1. Arrows next to the x2-values indicate the patterns: increase (1) or
468  decrease (1) in relation to the fixed factor (column).
Vegetation  Species Legumes Environment
Compounds Model RZpm/c height richness g(L) (E) SRxL SRXxE LxE SRXLXE
(VG) (SR)
Defence hormones
Jasmonates | ¥ ~SR*E 0.05/0.28 NA 0.83 NA 1.87 NA 4.00 NA NA
log10 ¥ ~SR*L*E 0.14/0.27 NA 0.83 0.11 1.84 445+ 4.03 1.75 2.09
N =163 y~VG+SR*L*E | 0.19/NA 2.27 2.32 0.37 0.93 3.71+ 3.45 1.18 2.36
Abscisicacid | ¥ ~SR*E 0.07/NA NA 1.36 NA 1.12 NA 5.94+ NA NA
log10 V~SR*L*E 0.1/NA NA 1.36 0.03 1.12 2.20 599+ 038 0.27
N =163 y~VG+SR*L*E | 0.11/NA 0.58 0.85 0.01 1.28 2.44 6.38*ls 035 0.53
Salicylicacid | ¥ ~SR*E 0.02/NA NA 5.59*] NA 1.81 NA 0.79 NA NA
log10 y ~SR*L*E 0.02/NA NA 5.59* 0.01 1.82 8.82**| 091 1.21 10.62**
N =163 y~VG+SR*L*E | 0.02/NA 3.43+1 3.56+ 0.23 1.3 1046*) 117 146  10.89%
Iridoid glycosides
Aucub ¥ ~SR*E 0.03/0.12 NA 0.94 NA 1.94 NA 0.55 NA NA
Nu_c‘i 6‘;‘ y ~SR*L*E 0.06,/0.14 NA 0.94 1.98 1.84 0.04 0.50 0.12 3.90
y~VG+SR*L*E | 0.13/NA 3.56+1 6.32*} 0.11 2.63 0.00 0.31 0.30 3.75
ool y ~SR*E 0.07/0.12 NA 1.19 NA 6.27* NA 2.54 NA NA
(I:\Iafaf;‘; y ~SR*L*E 0.1/0.16 NA 1.19 0.43 6.26* 0.54 2.51 0.46 4.07
B y~VG+SR*L*E | 0.17/NA 9.77+*1 0.58 4.14* 4.84+ 0.60 1.82 0.77 2.76
Phenylpropanoid glycosides
Verb e |V SRE 0.06/NA NA 0.61 NA 2.77 NA 3.85 NA NA
e;\l isfg? € | y~SR*L*E 0.25/0.33 NA 0.61 0.47 2.73 8.22+| 3.72 1.03 5.24+
y~VG+SR*L*E | 0.28/NA 0.05 0.97 0.28 2.00 10.04*} 330 0.90 647+
N - ide | Y SRE 0.05/NA NA 0.67 NA 2.99 NA 3.43 NA NA
anl\t]af‘fé‘;“ €| y~SRALE 0.28/NA NA 0.67 0.00 2.99 9.07++| 3.54 1.91 11.04*x}
y~VG+SR*L*E | 0.28/NA 111 0.17 0.08 2.58 9.07*+| 3.69 1.89 10.65**{
469
470  Discussion
471  Selection pressures from interspecific interactions between plants and other organisms may select
472  for plants with traits that promote coexistence. In a recent study, De Giorgi et al. (2024)
473  demonstrated that selection history plays a crucial role in enhancing the performance of several
474  grassland species within high-diversity plant communities. To explore whether these selection
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475  effects extend to metabolic diversity, we focused on P. lanceolata phytometers and examined their
476  metabolic changes, both volatile and non-volatile compounds, across a plant diversity gradient. We
477  found that volatile diversity of P. lanceolata decreased with increasing plant species richness in the
478 surrounding community, while their non-volatile metabolic diversity increased. However, volatile
479  diversity responded to the increase of plant species richness diversity through plasticity rather than
480  selection. Moreover, soil history enhanced the decrease of VOC diversity with species richness. In
481  contrast, non-volatile diversity only increased with increasing plant species richness in individuals
482  that underwent plant diversity-driven selection. The effects were more pronounced when plants
483  shared soil-plant history with their community. In summary, our findings indicate that 17 years of
484  selection history in the biodiversity experiment induced both plastic and adaptative responses in the
485  metabolome of P. lanceolata in relation to plant species diversity with these effects strengthening

486  over time as the soil and plant community aged.

487  Plant diversity affects the composition and diversity of leaf metabolome

488  Earlier studies have shown that grassland species displayed metabolic variation in response to the
489  diversity or plantidentity of their surrounding community (Scherling et al., 2010; Kigathi et al., 2013;
490  Kigathi et al, 2019). Similar results have been observed in P. lanceolata, where species richness
491  directly and indirectly influenced the foliar concentration of major defense compounds (Mraja et al.,
492  2011). Our results align with these studies, demonstrating that both volatile and non-volatile
493  compounds in leaves responded to increasing plant diversity in their surroundings. Interestingly, the
494  response of these compounds exhibited opposing patterns: volatile diversity decreased with

495  increasing species richness in the community while non-volatile diversity increased.

496  Anincrease in community plant species richness leads to alterations in light and nutrient availability,
497  competition with neighbors, and herbivore or pathogen load (Roscher et al., 2008; Ebeling et al.,

498  2014;Rottstocketal,, 2014; Bachmann et al,, 2018; Kigathi et al.,, 2019). Light availability can strongly
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499  modulate the biosynthesis of compounds in plants, through a range of mechanisms, such as
500 photosynthesis, light wavelength, photoperiod, and carbon and nitrogen allocations (Liu et al., 2023).
501  Moreover, the presence of N»-fixing legumes in the community enhances soil nitrogen availability
502  (Hartwig, 1998; Roscher et al, 2010). In P. lanceolata, light and nutrient availability have been
503 identified as crucial players driving the variation in main defense compounds (Mraja et al., 2011;
504  Miehe-Steier et al, 2015). We observed that VOC diversity decreased with increasing plant diversity,
505  when considering the vegetation height of the surrounding community; i.e., sesquiterpene emissions
506  werereduced in tall vegetation. Additionally, communities with legumes showed an overall increase
507  in VOC emissions and richness compared to those without legumes. While the overall diversity of the
508 non-volatile metabolome was not affected by vegetation height, some specific metabolic features
509  were influenced by both vegetation height and the presence of legumes (affecting 10% and 7% of
510 features detected in negative ionization mode, respectively). These findings align with previous
511  research (Scherling et al, 2010), indicating that certain metabolic features are sensitive to light and

512  nutrient availability, thereby confirming these factors as key drivers of plant metabolome profiles.

513  Another key driver of the plants” metabolome is antagonistic pressure, which can vary depending on
514  the surrounding plant community. Low-diversity plant communities tend to accumulate and be
515 dominated by plant antagonists above- and below-ground (Thakur et al., 2021). Previous studies
516  have shown that P. lanceolata plants experienced higher leaf damage in low-diversity plant
517  communities compared to high-diversity plant communities (Lipowsky et al., 2011), although some
518 studies found no effect of plant diversity (Mraja et al,, 2011). In our study, we did not observe a
519  reduction of herbivory damage in plants growing in high-diversity plant communities; instead, with
520 increasing diversity, we observed a reduction of leaf pathogen damage, which followed a similar
521  pattern to salicylic acid (SA) concentration, though there was no significant correlation between
522  them. Plant pathogens are typically categorized into biotrophs and necrotrophs based on their

523 lifestyles. SAis usually induced upon biotrophic leaf pathogens, while jasmonic acid (JA) and ethylene
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524  depended responses are triggered by necrotrophic pathogens (Glazebrook, 2005). The lack of
525  significant correlation between SA or JA levels and leaf pathogen damage was expected. This is likely
526  because phytohormone levels reflect short-term responses, while pathogen damage accumulated
527  over the survey period. Furthermore, the fungi's life history is unknown, and leaf damage may not

528  accurately reflect the actual pathogen load in the leaves.

529  While we found a positive relationship between metabolome diversity and plant species richness, we
530 found that this relationship was primarily driven by chemical evenness rather than chemical
531 richness. More specifically, P. lanceolata individuals in low-diversity plant communities showed a
532  decreased emission of VOCs with increasing plant diversity. This led to reduced diversity in both
533  number of compounds and emission of VOCs. Conversely, in low-diversity plant communities, plants
534  exhibited increased intensity of several non-volatile metabolic features, leading to a reduction in
535 chemical evenness. Dominant defense compounds, such as aucubin and verbascoside, decreased in
536  concentration as plant diversity increased. This observation is consistent with the resource dilution
537  hypothesis (Otway et al, 2005), which suggest that plants in high-diversity plant communities
538  experience reduced herbivore damage and pathogen pressure, leading to decreased investment in
539  defense compounds. This might be also explained by associational effects, in which P. lanceolata
540  might benefit from being surrounded by plants with different chemical profiles (Hambéck et al,

541  2014).

542  Overall, in low-diversity plant communities, plants emit highly diverse VOC bouquets but display low
543  non-volatile metabolic diversity, which is driven by high concentrations of major defense
544  compounds. In contrast, in high-diversity plant communities, plants decrease VOC diversity, but
545  increase non-volatile diversity due to having a more even composition. This suggests a shift in
546  defense strategies between low-diversity and high-diversity plant communities. As community
547  diversity increases, plants interact with a broader range of organisms, both within and across species.

548  These interactions involve diverse metabolites that play active roles. The variation in defense
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549  strategies and responses to species diversity observed in our experiments align with the Interaction
550 Diversity Hypothesis (Wetzel & Whitehead, 2020) or the Common-Sense Scenario (Berenbaum &
551  Zangerl, 1996). Both perspectives propose that plant chemodiversity is influenced by intricate multi-
552  species interactions, which simultaneously drive and reflect their chemical complexity. Further
553  research is needed to determine if these differences represent a diversity-mediated transition from

554  direct to indirect defense strategies.

555  Plantago lanceolata exhibits both phenotypic plasticity and adaptations at metabolic level

556  Plant diversity can create differential selection pressures between low-diversity and high-diversity
557  plant communities (Zuppinger-Dingley et al, 2015). These pressures influence plant phenotypes
558  through both plasticity and genetic processes, affecting traits at morphological and chemical level,
559 which in the end leads to better performance (Defossez et al., 2021; Thon et al., 2024). Plantago
560 lanceolata performance, measured by total aboveground biomass, was better in selected phytometers
561 compared to the naive ones in their environment of origin. As a consequence, naive and selected
562  phytometers in low-diversity plant communities had similar biomass, but in high-diversity plant
563  communities, selected phytometers had higher biomass compared to naive ones. In other words,

564  selected phytometers benefit from species rich communities.

565  We hypothesized thatif there is a diversity-inflicted selection pressure at the plant metabolome level,
566  we would observe a relationship between species richness and metabolic diversity only in selected
567  phytometers, while naive phytometers would display a similar metabolic diversity along a plant
568  diversity gradient. Our results showed metabolic differences between naive and selected
569  phytometers growing in the same environment, but these changes were primarily evident in non-
570  volatile profiles, while volatile profiles were similar between naive and selected phytometers.
571  Specifically, volatile diversity decreased with increasing plant species richness, regardless of the

572  selection history of the phytometers. On the other hand, non-volatile diversity showed a positive
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573  relationship with plant diversity only in selected phytometers. These results suggest that plants

574  exhibits both phenotypic plasticity and adaptations in their leaf metabolome.

575  Plants emit VOCs constitutively, but most of their VOC diversity originates from induced responses
576  to biotic and abiotic stress. This phenotypic plasticity allows plants to communicate with beneficial
577  organisms (like predators and parasitoids of insect herbivores) and detrimental ones and to send
578  messages to other conspecifics and parts of the same plant. To archive this, plants must be able to
579  recognize and differentiate between different neighbors and adjust their phenotype accordingly
580 (Dicke, 2016). Therefore, it is more likely that plants exhibit a plastic response in VOC emissions
581 rather than an adaptive response, especially since they are essential for intra- and interspecific
582  communication within their surroundings. On the other hand, our study revealed that non-volatile
583  metabolic diversity showed a positive relationship with plant diversity only in selected phytometers.
584  Interestingly, when examining specific compounds, we found that the variation in iridoid glycosides
585 and verbascoside in P. lanceolata across a diversity gradient appears to be driven primarily by
586  phenotypic plasticity rather than by the selection of genotypes better fitting to specific plant diversity
587  community, pattern previously reported (Miehe-Steier et al., 2015). Although previous studies have
588  shown that the production of iridoid glycosides is heritable (Marak et al., 2000), we did not observe
589  significant differences between naive and selected phytometers. This suggests that diversity-driven
590  selection pressures may not significantly affect the production of these compounds. Instead, the

591  changes in their concentrations likely reflect a plastic response to the surrounding diversity.

592  Natural selection at the metabolome level occurs when metabolites which provide benefits become
593  more abundant, while those that impose fitness costs become less abundant (Thon et al, 2024).
594  Despite the targeted metabolome showing diversity-driven responses, our non-targeted analysis
595  showed that features influenced by either species richness, selection history or environment history,
596 did not belong to a specific class but rather a mix of several classes of compounds. This finding

597  reinforces the idea that changes in plant metabolomes are complex, resulting from interacting
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598 responses among metabolic features not confined to a single class of compounds. This underscores
599 the need to be careful in interpreting compound classes always as functional classes, when seeking
600  explanations for plant defenses responses. Additionally, it is important to consider that a plant is
601 simultaneously exposed to (a)-biotic factors, further supporting the concept of multivariate changes

602 at the metabolomic level.

603  The interplay between phenotypic plasticity and adaptive changes at the metabolome level has been
604  observed in previous studies. Research has highlighted that P. lanceolata demonstrates both plastic
605 and adaptive capabilities in response to varying environmental conditions, particularly in its
606  morphological and chemical traits (Bischoff et al, 2006; Skinner & Stewart, 2014; Medina-van
607  Berkum et al, 2024). However, the degree of these responses varies depending on the specific traits

608 studied.

609  Community history enhanced diversity-driven responses at metabolic level

610  The impact of biodiversity on plant performance increases with ecosystem “age”, as plant and soil
611 processes change over time (Guerrero-Ramirez et al., 2017; Meyer et al.,, 2017; Huang et al., 2018;
612  Vogel et al, 2019). Given our findings that plants experienced selection pressures driven by plant
613  diversity at the metabolome level, we further explored whether these effects were influenced by the
614  history of the soil or plant community, based on the ABEF experiment (Vogel et al., 2019). Here we
615  provide evidence that plant diversity-driven responses at the metabolic level are enhanced as the
616 communities mature, promoting a greater plasticity and adaptive responses to the increase of plant

617  species richness in the community.

618  Our findings indicate that emission of VOC of P. lanceolata showed stronger plasticity responses
619  when plants shared history with the soil community, either only soil history or both soil and plant
620  history. As a response to differences in plant diversity, the assembly of biotic communities and

621  changes in soil nutrient availability over time create a history (Eisenhauer et al., 2024). Previous
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622  studies have shown that soil biota can significantly influence the emission and composition of
623 volatiles in plants, involving both beneficial and detrimental ones (Fontana et al, 2009;
624  Hammerbacher et al, 2019). Therefore, it is likely that the negative relationship between VOC and
625  species richness strengthens over time, by the modulation of microbe-mediated soil history

626  relationships.

627 A previous study showed soil legacy effects in plant metabolome (Ristok et al, 2019). Although the
628  overall metabolome composition was similar among the plants growing in different environments,
629  we found that metabolic diversity in selected phytometers growing in their original environment had
630  a stronger positive response to plant diversity compared to those in environments where they did
631  not share community plant history. These results support the idea that the impact of biodiversity on
632  plant performance increases with ecosystem age (Eisenhauer et al, 2024), not only at the level of

633  morphological plant traits and plant performance but also at the chemical level.

634  Conclusion

635 In summary, our study has revealed a clear effect of plant diversity on P. lanceolata metabolome
636  profiles, revealing contrasting responses between volatile and non-volatile compound diversity. As
637  species richness in the surrounding environment increases, volatile diversity declines, whereas non-
638  volatile diversity takes the opposite trajectory, showing an increased. Moreover, our findings
639  highlight the complex interplay between plasticity and adaptation in plant responses to their
640  environment. While VOC emissions primarily show plasticity in response to species diversity in the
641  surrounding community, non-volatile compound production seems to involve both plastic and
642  adaptative responses. Additionally, we demonstrated that plant and soil histories play critical roles
643  inshaping plant metabolic responses to biodiversity over time. As soil and plant community mature,
644  these effects seem to intensify both the plastic and adaptive responses of plants to their surrounding

645  communities, emphasizing the dynamic of plant interactions at the metabolomic level. Further
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646  researchis needed to disentangle the contributions of these mechanisms and to understand how they

647  shape plant interactions within diverse ecological communities.
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