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Abstract

Plant and soil biodiversity can have significant effects on herbivore resistance mediated by plant metabolites. Here, we dis-
entangled the independent effects of plant diversity and soil legacy on constitutive and herbivore-induced plant metabolomes
of three plant species in two complementary microcosm experiments. First, we grew plants in sterile soil with three differ-
ent plant diversity levels. Second, single plant species were grown on soil with different plant diversity-induced soil legacies.
We infested a subset of all plants with Spodoptera exigua larvae, a generalist leaf-chewing herbivore, and assessed foliar and
root metabolomes. Neither plant diversity nor soil legacy had significant effects on overall foliar, root, or herbivore-induced
metabolome composition. Herbivore-induced metabolomes, however, differed from those of control plants. We also detected
139 significantly regulated metabolites by comparing plants grown in monocultures with conspecifics growing in plant or soil
legacy mixtures. Moreover, plant-plant and plant-soil interactions regulated 141 metabolites in herbivore-induced plants. Taken
together, plant diversity and soil legacy independently alter the concentration and induction of plant metabolites, thus affect-
ing the plant’s defensive capability. This is a first step towards disentangling plant and soil biodiversity effects on herbivore
resistance, thereby improving our understanding of the mechanisms that govern ecosystem functioning.
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Plant and soil biodiversity can have significant effects on herbivore resistance mediated by plant metabolites.
Here, we disentangled the independent effects of plant diversity and soil legacy on constitutive and herbivore-
induced plant metabolomes of three plant species in two complementary microcosm experiments.

First, we grew plants in sterile soil with three different plant diversity levels. Second, single plant species
were grown on soil with different plant diversity-induced soil legacies. We infested a subset of all plants with
Spodoptera exigua larvae, a generalist leaf-chewing herbivore, and assessed foliar and root metabolomes.

Neither plant diversity nor soil legacy had significant effects on overall foliar, root, or herbivore-induced me-
tabolome composition. Herbivore-induced metabolomes, however, differed from those of control plants. We
also detected 139 significantly regulated metabolites by comparing plants grown in monocultures with con-
specifics growing in plant or soil legacy mixtures. Moreover, plant-plant and plant-soil interactions regulated
141 metabolites in herbivore-induced plants.

Taken together, plant diversity and soil legacy independently alter the concentration and induction of plant
metabolites, thus affecting the plant’s defensive capability. This is a first step towards disentangling plant
and soil biodiversity effects on herbivore resistance, thereby improving our understanding of the mechanisms
that govern ecosystem functioning.

Keywords: Aboveground-belowground interactions, Biodiversity-ecosystem function, Chemical diversity,
Eco-metabolomics, Herbivory, Metabolite profile

Introduction

Plant and soil communities are linked via the plant and influence each other

In terrestrial ecosystems, aboveground and soil communities are inseparably linked via plants (Wardle et
al., 2004). Such aboveground-belowground linkages determine plant diversity effects on ecosystem functio-
ning (Eisenhauer, 2012). Plant species often harbor unique rhizosphere communities and even influence
the surrounding community composition of root-associated organisms through species-specific and context-
dependent organic matter inputs (Bezemer et al., 2010; van der Putten et al., 2013). Similarly, each plant
species has a specific herbivore community which can affect soil communities via herbivory, either directly via
frass or indirectly via induced responses (Bardgett & Wardle, 2010). Aboveground herbivory can, for instan-
ce, positively affect soil microbial activity by inducing the release of carbon into the rhizosphere, and change
arbuscular mycorrhizal colonization by reducing the carbon allocation to roots (Gehring & Whitham, 1994;
Hamilton & Frank, 2001). In turn, soil biota, especially root parasites, pathogens, and herbivores as well
as mutualistic symbionts can influence plant community structure and functioning via soil feedback effects
(Van Der Heijden et al., 2008; van der Putten et al., 2013; Wardle et al., 2004). Root parasites, pathogens,
and herbivores generally induce a negative plant-soil feedback by directly removing or damaging root tissues
and thus reducing root uptake capabilities. Mutualistic organisms, on the other hand, induce a positive soil
feedback effect on plant growth by improving soil nutrient uptake (Bardgett & van der Putten, 2014; Wardle
et al., 2004), and protection against antagonists (Latz et al., 2012). The magnitude and direction of those
plant-soil feedback effects, however, is not equal for all plant species and community contexts (Cortois et al.,
2016).

Plant diversity and soil legacy can affect the plant metabolome

Recently, research on the response of plants to plant-plant interactions and soil feedbacks has been expanded
beyond the common morphological and physiological traits. The consideration of the plant metabolome,i.e.,
the entirety of metabolites synthesized by a plant (Oliver et al., 1998) gave rise to a new discipline, eco-
metabolomics, which uses metabolome analyses, or metabolomics, to illuminate the chemical mechanisms
underpinning ecological and environmental processes (Peñuelas & Sardans, 2009; Peters et al., 2018). Eco-
metabolomics has been employed to investigate if plants respond on a molecular level to plant community
composition and soil biota diversity (Huberty et al., 2020; Ristok et al., 2019; Scherling et al., 2010).

Plant-plant interactions, for instance, can induce shifts in foliar metabolic profiles of multiple grassland
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plant species, with more than 100 metabolites changing in their concentration (Scherling et al., 2010).
In addition, differential selection due to growing in monocultures or plant species mixtures can select for
plants with distinct metabolomes (Zuppinger-Dingley et al., 2015). Similarly, in the presence of soil biota,
plants produce species-specific shoot and root metabolomes that differ from those of plants grown in sterile
conditions (Ristok et al., 2019). Furthermore, these plant-soil interactions often affect the diversity of a
plant’s metabolome and can exert stronger metabolomic shifts than foliar herbivory (Huberty et al., 2020).
Root parasites, pathogens, and herbivores as well as mutualistic symbionts can change the concentration
of primary and secondary metabolites in leaves and roots in multiple ways, e.g. , up- or down-regulation
of specific metabolites (van Dam & Heil, 2011; van der Putten et al., 2013). These responses are generally
species-specific, context-dependent, and can affect subsequent biotic interactions (Bezemer & van Dam, 2005;
Ristok et al., 2019).

Herbivory-induced defenses can be altered by biotic interactions

One important interaction type is that between plants and herbivores. Plants have evolved a plethora of
indirect and direct chemical defenses to deal with attackers (Karban & Baldwin, 1997). Of special interest
are induced defenses, i.e. , changes in the concentration of metabolites following an attack by parasites,
pathogens or herbivores, or after interactions with beneficial microbes (Ferlian et al., 2018). Such induced
responses can affect the plant metabolome locally or systemically (Bezemer & van Dam, 2005). Both plant-
plant interactions and plant-soil interactions can modulate the induction of defensive metabolites. Plant-plant
interactions can affect induced defenses through plant competition, which forces the plant to either invest
resources into growth or defense (Broz et al., 2010; Fernandez et al., 2016; i.e., growth-defense trade off; van
Dam & Baldwin, 2001). In addition, volatile organic compounds can induce defensive responses immediately
or prime for future attacks (Baldwin et al., 2006). Plant-soil interactions with microbes, nematodes, and
mycorrhizal fungi cannot just induce defenses locally in roots, but also systemically in foliar tissues (van
Dam & Heil, 2011). Either of these groups of soil biota can up- or down-regulate specific primary metabolites,
such as amino acids and sugars, or secondary metabolites, such as glucosinolates and iridoid glycosides, in
aboveground plant tissues (Hol et al., 2010; Rivero et al., 2015; Wurst et al., 2010).

Taken together, both plant-plant interactions and plant-soil interactions play significant roles in modulating
the plant’s metabolome, thereby affecting resistance to aboveground herbivores (Ristok et al., 2019; van
Dam & Heil, 2011). Thus far, however, not much is known about the individual impact of plant-plant
interactions or plant-soil interactions within plant communities. This is likely due to the fact that plant-
plant and plant-soil interactions are tightly linked in natural communities. In addition, most microcosm
studies only focus on plant-soil interaction effects (Huberty et al., 2020; see e.g. Ristok et al., 2019). Here,
we explicitly investigate to which extent plant-plant-interactions (PPI) or plant-soil interactions (PSI) affect
the metabolomes of three forb species in a similar microcosm set-up. Both the PPI and PSI experiment
covered the same range of diversity levels and plant community compositions; either as assembled plant
communities grown in sterile soil (PPI) or via the inoculation of sterile substrate with conditioned field soil
of communities with similar plant diversity levels (PSI). In addition, a subset of all plants was infested with
larvae of the generalist herbivoreSpodoptera exigua to induce defense responses. We analyzed all samples
using an untargeted metabolomics approach focusing on profiling plant secondary metabolites in leaves and
roots. We hypothesized that (1) both plant diversity and soil legacy can alter the overall plant metabolome,
as well as affect the regulation of specific metabolites. In addition, we hypothesized that (2) the induced
defense to herbivory is differently affected by plant diversity and soil legacy.

Materials and methods

2.1 Experimental design

In summer 2017, we set up a plant-plant interaction (PPI) experiment and a plant-soil interaction (PSI) ex-
periment with three common central European grassland forb species (Geranium pratense L.,Leucanthemum
vulgare (Vaill.) Lam., and Ranunculus acrisL.). We chose these species based on their representation in the
Trait-Based Experiment of the Jena Experiment (Ebeling et al., 2014),i.e. , monocultures of each species,
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. all two-species mixtures, and the three-species mixture were established (see below). Prior to each experi-
ment, we germinated seedlings of each species from non-sterilized seeds (Rieger-Hofmann GmbH, Blaufelden-
Raboldshausen, Germany). To assure that we would use similarly developed seedlings and to account for
species-specific differences in germination, we treated the seeds as follows: all seeds of Geranium pratense
were gently scarified with sandpaper, placed in a petri dish, and treated with 3 mL 1 g/L gibberellic acid for
24 h at 7°C. The same procedure was followed forRanunculus acris seeds, but they were treated with 0.66
g/L gibberellic acid. No treatment was necessary for Leucanthemum vulgare seeds. Following the treatment,
all seeds were transferred to plastic boxes half-filled with glass beads (50 seeds per box, only one species per
box). Each box was covered with a transparent lid, and seeds were watered daily with tap water. All boxes
were transferred to growth chambers (CLF Plant Climatics, Percival E-36L, Wertingen, Germany) with a
photoperiod of 16 h light at 20°C and 8 h darkness at 12°C, and 50% relative humidity. Seeds of Geranium
pratense andLeucanthemum vulgare were left in the growth chamber for 14 days, and those of Ranunculus
acris for 28 days, until the seedlings reached similar sizes.

2.1.1 Plant-plant interaction experiment

We conducted the plant-plant interaction experiment in a greenhouse located at the Botanical Garden
Leipzig, Germany, in May 2017. We recorded an average temperature of 22.6°C and an average relative
humidity of 51.6% for the time of the experiment in the greenhouse. We used 2 L microcosms (rose pot 2.0 L,
Hermann Meyer KG, Rellingen, Germany) filled with autoclaved (twice at 134°C for 20 min) 50:50 sand-peat
(Floradur B Pot Clay Medium, Floragard, Oldenburg, Germany) mixture. We flushed each filled microcosms
with water twice to remove pulsed nutrients and toxins prior to transplanting seedlings (Alphei & Scheu,
1993; Trevors, 1996). To allow for similar soil conditions between the plant-plant interaction experiment
and the plant-soil interaction experiment (see below), we chose to use a commercial sand-peat mixture as it
was not possible to retrieve enough soil from the field site in Jena, Germany. We established the following
plant diversity levels and communities: (1) monocultures of each species, (2) the three possible two-species
mixtures, and (3) the three-species mixture (Appendix Table A1 ). We transplanted twelve similarly
developed seedlings in each microcosm, and each plant community was replicated ten times (total number of
microcosms: 70). The relative proportion among species was equal, i.e., six seedlings per species in the two-
species mixture and four seedlings per species in the three-species mixture. In the two-species mixture, we
transplanted the species in an alternating pattern, while we randomized the position of each seedling in the
three-species mixture. All microcosms were randomly placed on tables in the greenhouse and covered with
net cages to prevent unwanted herbivory. We watered all microcosms three times per week and randomized
the position on the tables every 7 days. We fertilized all microcosms with 250 mL Hoagland solution after 5
weeks to counteract any loss of nutrients and ensure optimal growth.

After 7 weeks of growth, we harvested five microcosms per plant diversity level (see below). The next day,
we infested two randomly selected plants per species and microcosm of the remaining microcosms with three
2nd instar Spodoptera exigua larvae each. We covered and closed each plant just above the soil with an
organza net to ensure that the larvae could not escape. To ensure similar development of the larvae (eggs
purchased from Entocare Biologische Gewasbescherming, Wageningen, the Netherlands), we maintained a
laboratory colony on artificial diet in a growth chamber (25°C, 12 h light, 45% relative humidity). After 7
days of herbivory, we harvested the remaining microcosms (see below).

2.1.2 Plant-soil interaction experiment

We conducted the plant-soil interaction experiment in a greenhouse located at the Botanical Garden Leipzig,
Germany, in July 2017. We recorded an average temperature of 23.5°C and an average relative humidity of
58.6% for the time of the experiment in the greenhouse. We used PVC tube microcosms (height 20 cm,
diameter 10 cm, bottom closed with 250 μm mesh) filled with 1.6 L inoculated substrate and watered each
microcosm twice. We prepared the inoculated substrate by mixing autoclaved (twice at 134°C for 20 min)
50:50 sand-peat (Floradur B Pot Clay Medium, Floragard, Oldenburg, Germany) background substrate with
liquid field soil inoculum 3 weeks prior to the establishment of the experiment. In June 2017 (i.e., ˜ 7 years
after the establishment of the experiment), we collected field soil from plant communities established in

4



P
os

te
d

on
A

u
th

or
ea

12
O

ct
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

55
63

45
.5

32
71

20
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. 2010 as part of the Trait-Based Experiment (Ebeling et al., 2014). We collected and pooled six soil cores
(2 cm x 10 cm) from each plant community accounting for within-plot heterogeneity. We sieved each field
soil through a 4 mm mesh and subsequently dissolved 100 g field soil in 1 L demineralized water. We then
added the liquid soil inoculum to our autoclaved background substrate (10 mL liquid inoculum per 1 kg
background substrate) and stored each mixture in closed-lid plastic boxes at room temperature for 3 weeks.
Each substrate-inoculum mixture was thoroughly mixed three times per week and stored with an open lid
for 1 h once per week. We cleaned all used instruments, i.e., sieves, boxes, beakers, mixer, before and after
each step with distilled water and 70% ethanol to minimize cross contamination.

We established the following inoculated substrates (hereafter, soil legacy levels): (1) monocultures of each
plant species, (2) the three possible two-species mixtures, and (3) the three-species mixture (Appendix
Table A2 ). Each soil legacy level represents the plot from the Trait-Based Experiment, we sampled the
soil from. We transplanted four similarly developed seedlings per microcosm. Seedlings of plant species
were only planted into soil legacy levels that also contained the respective species in the field experiment.
This set-up resulted in twelve unique soil legacy level-planted species combinations. Each soil legacy level-
planted species combination was replicated ten times (total number of microcosms: 120). All microcosms
were randomly placed on tables in the greenhouse and covered with net cages to prevent unwanted herbivory.
We watered all microcosms three times per week and randomized the position on the tables every 7 days. We
fertilized all microcosms with 250 mL Hoagland solution after 5 weeks to counteract any loss of nutrients and
ensure optimal growth. After 7 weeks of growth, we harvested five microcosms per soil legacy level-planted
species combination (see below). The next day, we infested two randomly selected plants per microcosms of
the remaining microcosms with three 2nd instar Spodoptera exigua larvae each (see above). We covered and
closed each plant just above the soil with an organza net to ensure that the larvae could not escape. After 7
days of herbivory, we harvested the remaining microcosms (see below).

2.2 Sampling and sample processing

After 7 weeks of growth, we harvested five microcosms per plant diversity level in the PPI experiment and
five microcosms per soil legacy level-planted species combination in the PSI experiment (Appendix Table
A1 & A2 ). We separated the shoot and root biomass of one randomly selected plant individual per species
and microcosm by cutting the plants with scissors. We washed the roots twice under tap water to remove soil
particles, and then dried the samples with paper towels. This process took roughly 30 s. All shoot and root
samples were then immediately stored in paper bags on dry ice to stop further metabolism. This resulted in
a total of 20 shoot and 20 root samples per species and experiment.

After one additional week of herbivory (see above), we harvested the remaining five microcosms per diversity
level in the PPI experiment and five microcosms per soil legacy level-planted species combination in the PSI
experiment (Appendix Table A1 & A2 ). We sampled the foliar tissue of one randomly selected control
and one randomly selected induced plant individual per species and microcosm by cutting the plants ca. 1
cm above the ground. All samples were then immediately stored in paper bags on dry ice. This resulted in
a total of 20 control and 20 induced samples per species and experiment.

In the lab, all samples were stored in a -80°C freezer, and subsequently, freeze-dried (LABCONCO FreeZone
Plus 12 Liter, Kansas City, USA) for 72 h. Dried samples were stored in zip-lock bags filled with silica gel at
room temperature until we had ground each sample to a fine homogenous powder using a ball mill (Retsch
mixer mill MM 400, Haan, Germany).

2.3 Metabolome extraction and analysis

We extracted and analyzed all samples according to Ristok et al.(2019) with slight changes. We extracted
20 mg dried and ground plant tissue of each sample in 1 mL of extraction buffer (methanol / 50 mM acetate
buffer, pH 4.8; 50 / 50 [v/v]). All samples were homogenized for 5 min at 30 Hz using a Retsch mixer mill
MM 400, and subsequently centrifuged for 10 min at 20,000 g and 4°C. We collected the supernatant in
a 2 mL Eppendorf tube, repeated the extraction procedure with the remaining pellet, and combined both
supernatants. Lastly, we centrifuged (20,000 g, 5 min, 4°C) all extracts, transferred 200 μL to an HPLC vial,
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. and added 800 μL extraction buffer, resulting in a 1:5 dilution.

We performed chromatographic separation of all diluted extracts by injecting 2 μL on a Thermo Scientific
Dionex UltiMate 3000 (Thermo Scientific Dionex, Sunnyvale, USA) UPLC unit, equipped with a C18 column
(Acclaim RSLC 120 C18, 2.2 μm, 120 , 2.1 x 150 mm, Thermo Fisher Scientific). We applied the following
binary elution gradient at a flow rate of 0.4 mL min-1 and a column temperature of 40°C: 0 – 2 min, 95% A
(water and 0.05% formic acid), 5% B (acetonitrile and 0.05% formic acid); 2 – 12 min, 5 to 50% B; 12 – 13
min, 50 to 95% B; 13 – 15 min, 95% B; 15 – 16 min, 95 to 5% B; 16 – 20 min, 5% B.

Metabolites were analyzed on a liquid chromatography quadrupole time-of-flight mass spectrometer (LC-
qToF-MS; Bruker maXis impact HD; Bruker Daltonik, Bremen, Germany) with an electrospray ionization
source operated in negative mode. Instrument settings were as follows: capillary voltage, 2500 V; nebulizer,
2.5 bar; dry gas temperature, 220°C; dry gas flow, 11 L min-1; scan range, 50 – 1400 m/z; acquisition rate,
3 Hz. We used sodium formate clusters (10 mM solution of NaOH in 50 / 50% [v/v] isopropanol / water
containing 0.2% formic acid) to perform mass calibration.

2.4 LC-MS data processing

We followed the LC-MS data processing protocol described in Ristoket al. (2019) with minor changes.
We converted the LC-qToF-MS raw data to the mzXML format by using the CompassXport utility of the
DataAnalysis vendor software. We then trimmed each data file by excluding the same non-informative regions
at the beginning and end of each run using the msconvert function of ProteoWizard v3.0.10095 (Chambers
et al., 2012). We performed peak picking, feature alignment, and feature group collapse in R v3.3.3 (R
Core Team, 2020) using the Bioconductor (Huber et al., 2015) packages ‘xcms’ (Benton et al., 2010; Smith
et al., 2006; Tautenhahn et al., 2008) and ‘CAMERA’ (Kuhl et al., 2012). We used the following ‘xcms’
parameters: peak picking method “centWave” (snthr = 10; ppm = 5; peakwidth = 4, 10); peak grouping
method “density” (minfrac = 0.75; bw = 6, 3; mzwid = 0.01); retention time correction method “symmetric”.
We used ‘CAMERA’ to annotate adducts, fragments, and isotope peaks with the following parameters:
extended rule set (https://gitlab.com/R packages/chemhelper/-/tree/master/inst/extdata); perfwhm = 0.6;
calcIso = TRUE; calcCaS = TRUE, graphMethod = lpc. Finally, we collapsed each annotated feature group,
hereafter referred to as ‘metabolite’ which is described by mass-to-charge ratio (m/z) and retention time (rt),
using a maximum heuristic approach (Ristok et al., 2019). The intensity of each metabolite was subsequently
normalized to the amount of dried ground plant tissue extracted. We processed all data separately for each
experiment, species, and tissue.

2.5 Statistical analysis

We analyzed and plotted our data in the statistical software R v4.0.3 (R Core Team, 2020) (http://www.r-
project.org) using the packages ‘DESeq2’ (Love et al., 2014), ‘vegan’ (Oksanen et al., 2020), ‘mixOmics’
(Rohart et al., 2017), and ‘ggplot2’ (Wickham, 2016).

We tested for the overall differences in foliar, root, and induced metabolome composition among the plant
diversity or soil legacy levels by calculating permutational multivariate analyses of variance using distance
matrices. We log + 1 transformed the metabolite intensity data to achieve multivariate normality, and used
Bray-Curtis dissimilarity to calculate the distance matrices. All analyses were permuted 9999 times. We
used the same approach to test for the differences in the foliar metabolome composition between control and
induced plants. We calculated each analysis separately for each species and experiment.

To test for the regulation of metabolites, we calculated differential expression analyses between the mono-
culture treatment level and each plant diversity or soil legacy mixture level. We used the ‘DESeq’ function
provided by the ‘DESeq2’ package with default argument structure and values. We defined a metabolite to
be significantly up-regulated when the log2 fold change was above 0.6 (1.5 x higher than in control) and the
p-value below 0.05. Conversely, we defined a metabolite to be significantly down-regulated when the log2
fold change was below -0.6 (less than 0.66 x control) and the p-value below 0.05. We used the same approach
to test for the regulation of metabolites between control and induced plants. We calculated each analysis
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. separately for each species and experiment.

Subsequently, we assigned the putative molecular formula (https://www.chemcalc.org/mf-finder) and com-
pound name (https://pubchem.ncbi.nlm.nih.gov) based on the high-resolution mass-to-charge values gene-
rated by liquid chromatography quadrupole time-of-flight mass spectrometry for 95 out of 362 up-or down
regulated metabolites. In cases where our search query returned multiple candidate compounds, we limited
the selection to compounds with a mass difference of less than 2 ppm and a verified description in at least
one plant species.

Results

3.1 Plant diversity or soil legacy effects on plant metabolomes

Neither plant diversity nor soil legacy had a significant effect on overall foliar or root metabolome composition
(Table 1 ). However, when we compared metabolomes of plants grown in monocultures with conspecifics
growing in mixtures, we discovered a total of 139 significantly up- or down-regulated metabolites in both
leaves and roots (Fig. 1 ). Across both experiments, we found that more foliar than root metabolites were
regulated in response to heterospecific plant-plant and plant-soil interactions inLeucanthemum vulgare (25 vs.
12) and Ranunculus acris (36 vs. 2; Fig. 1 ). Only in Geranium pratense were the metabolites in leaves (31
regulated metabolites) and roots (33 regulated metabolites) similarly responsive to heterospecific plant-plant
or plant-soil interactions. Overall, metabolites in the leaves of R. acris were most responsive, followed by
roots and leaves of G. pratense , and leaves of L. vulgare . Plant-plant interactions generally up- and down-
regulated metabolites across all species, while plant-soil interactions mostly down-regulated metabolites in
leaves and roots of G. pratense , but up-regulated metabolites in leaves of R. acris (Fig. 1 ).

We found that most regulated metabolites were uniquely synthesized by a plant in response to either plant-
plant or plant-soil interactions (Fig. 2 ). This pattern was true across leaves and roots, and across plant
species. The only exceptions to this pattern occurred in leaves of G. pratense and R. acris . Here, we
detected metabolites that were regulated in response to both plant-plant and plant-soil interactions (Fig. 2
). Moreover, we observed that plants grown either in plant-plant or plant-soil interaction, synthesized and
regulated unique metabolites in leaves and roots (Appendix Fig. A1 ). The regulated metabolites that we
could tentatively assign a molecular formula and compound class or name to, mostly belonged to phenolics,
in particular flavonoids, their precursors, and derivatives (Table 2 ).

3.2 Plant diversity or soil legacy effects on herbivore-induced responses

Both in the PPI (Fig 3a-c ) and the PSI (Fig 3d-f ) experiment, we discovered significant differences
in the foliar metabolome composition across all plant diversity levels and soil legacies between control and
herbivore-induced plants in all plant species. When we tested for the regulation of metabolites between
control and induced plants, we found that the total number of up-regulated metabolites was higher than
the total number of down-regulated metabolites across all species (Appendix Fig A2 ). Furthermore, we
observed that the absolute number of regulated metabolites was highest when plants had grown in different
soil legacies in the PSI experiment. This effect was strongest for L. vulgare , while R. acris showed the overall
strongest response in numbers of regulated metabolites in both the PPI and PSI experiment (Appendix
Fig A2 ).

In contrast, we found no significant effect of plant diversity in the PPI experiment and of soil legacy in the
PSI experiment on the induced metabolome in either species (Table 1 ). However, when we compared foliar
metabolomes of herbivore-induced plants grown in monocultures with conspecifics growing in mixtures, we
discovered a total of 141 significantly up- or down-regulated metabolites (Fig. 4 ). Both heterospecific plant-
plant and plant-soil interactions affected the induction of metabolites compared to conspecific plant-plant
or plant-soil interactions. Overall, heterospecific plant-plant interactions regulated more induced metaboli-
tes than plant-soil interactions in leaves ofL. vulgare (26 vs. 14) and R. acris (40 vs.24). In comparison,
heterospecific plant-soil interactions had a stronger effect on the regulation of herbivore-induced metabolites
in leaves of G. pratense than heterospecific plant-plant interactions (21 vs. 16; Fig. 4 ). In R. acris , we
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. discovered that heterospecific plant-plant and plant-soil interactions had contrasting effects on the regula-
tion of induced metabolites. Heterospecific plant-plant interactions strongly down-regulated the induction
of metabolites, while plant-soil interactions strongly up-regulated the induction of metabolites (Fig. 4 ).
In contrast, these modulating effects of heterospecific plant-plant or plant-soil interactions on the inducti-
on of metabolites were mostly similar or less pronounced in herbivore-induced plants of G. pratense or L.
vulgare (Fig. 4 ). Across all species and both experiments, we found no de-novo regulated metabolites in
herbivore-induced plants (Appendix Fig. A3 ); all up- and down-regulated metabolites were present in
control plants as well. Similar to the analysis of regulated metabolites in leaves and roots, the tentatively
assigned metabolites in herbivore-induced plants mostly belonged to the family of phenolics, in particular
flavonoids, their precursors, and derivatives. Besides, we tentatively assigned two metabolites in L. vulgare
as an iridoid and an alkaloid glycoside (Table 2 ).

Discussion

Our study highlights that both plant-plant interactions and plant-soil interactions can affect foliar and root
metabolomic profiles viathe regulation of specific metabolites. We showed that metabolites that were regu-
lated in leaves differ from those in roots, and that for two of our three plant species the number of regulated
metabolites in leaves was higher than in roots. These results partially confirm our first hypothesis that both
plant diversity and soil legacy can alter the overall plant metabolome, as well as affect the regulation of
specific metabolites. Moreover, we revealed that the herbivore-induced metabolomic response is modulated
by plant-plant and plant-soil interactions. This strongly suggests that the type and diversity of biotic in-
teractions in the environment can alter induced responses to herbivores in plants. This confirms our second
hypothesis that the induced defense to herbivory is differently affected by plant diversity and soil legacy.
Compared to previous studies that focused on plant diversity effects in a field experiment (e.g., Scherling et
al., 2010) or plant-soil feedback effects (Huberty et al., 2020; e.g., Ristok et al., 2019), our study provides new
insights towards disentangling plant and soil diversity effects on plant metabolomes, and thus plant-herbivore
interactions.

4.1 Plant diversity and soil legacy effects on plant metabolomes

While we did not find any overall changes in the foliar or root metabolome composition in response to plant
diversity and soil legacy, we observed the unique regulation of 139 metabolites. This is in line with previous
work showing that plant diversity or soil legacy can affect the regulation of foliar metabolites (Huberty
et al., 2020; Scherling et al., 2010). Our study not only adds to this body of literature but also expands
our knowledge by revealing that plant-plant and plant-soil interactions also affect the regulation of root
metabolites.

Plant-plant and plant-soil interactions can range from positive, over neutral, to negative (Barry et al., 2019;
Cortois et al., 2016). In particular negative plant-plant interactions, such as competition, can affect the
regulation of metabolites. In our study, we detected 45 metabolites that were significantly up-regulated and
36 metabolites that were significantly down-regulated as a response to plant-plant interactions. This shift
in regulation is potentially a consequence of competition for resources, such as light, nutrients, and water,
that can force the plant to either invest resources into growth or defense, as well as affect the production
of allelopathic metabolites (Fernandez et al., 2016; Treutter, 2006). Positive plant-soil interactions with
mutualists, such as arbuscular mycorrhizal fungi and plant growth-promoting bacteria, that can improve
nutrient uptake and protect against antagonists (Bardgett & van der Putten, 2014; Latz et al., 2012; Wardle
et al., 2004), can also affect the regulation of metabolites. In our study, we detected 24 metabolites that
were significantly up-regulated and 34 metabolites that were significantly down-regulated as a response to
plant-soil interactions. This shift in regulation may be a response to mycorrhization that, for instance, can
affect phenyl alcohol and vitamin associated pathways (Rivero et al., 2015), and/or a response to negative
plant-soil interactions with root parasites, pathogens, and herbivores that can reduce root uptake capabilities
of resources (Bardgett & van der Putten, 2014; van der Putten et al., 2013). The infection with nematodes,
for instance, can affect the regulation of iridoid glycosides (Wurst et al., 2010), while the interaction among
different types of soil organisms can further influence the plant metabolome and defense (Lohmann et al.,
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. 2009). In addition to these interaction-specific effects on foliar and root metabolomes, leaves and roots have
different functions and are in different abiotic and biotic environments (van Dam, 2009). These differences are
the likely reason that certain metabolite classes in our study, such as alkaloids and phenolics, show different
levels of concentration among leaves and roots (Kaplan et al., 2008). Our study confirms that plant-plant
and plant-soil interactions affect the regulation of metabolites in leaves and roots. Among the regulated
metabolites, we tentatively identified some as flavonoids, iridoids, and alkaloid glycosides. Flavonoids are
known as physiologically active compounds, playing important roles as signals in plant-soil biota interactions,
as allelochemicals in plant-plant interactions, or as deterrents in plant-herbivore interactions (Treutter, 2006).
Iridoids and alkaloid glycosides are known for their significant roles in plant-herbivore interactions (Bowers
& Puttick, 1988; Mithöfer & Boland, 2008). Moreover, we also show for the first time that the nature of the
regulated metabolites is unique to the tissue and type of biotic interaction. This strongly suggests that plants
can adjust their constitutive metabolome and specifically react to their biological environment. In light of
the recent support of the interaction diversity hypothesis (Whitehead et al., 2021) for the maintenance of
chemical diversity, our study presents two potentially additional avenues of biotic interactions (plant-plant
and plant soil interaction) aside from plant-herbivore interactions that may explain the maintenance of
chemical diversity in the plant kingdom.

4.2 Plant diversity and soil legacy effects on herbivore-induced responses

We also observed alterations in the herbivore-induced metabolomic response due to plant diversity and soil
legacy. Together, plant-plant and plant-soil interactions regulated 82 metabolites in control plants and 141
metabolites in herbivore-induced plants.

As shown above, plant-plant interactions can modulate growth-defense trade-offs that likely vary in strength
with changes in plant diversity. In mixed communities, a combination of niche complementarity but increased
competition for light, as well as a reduction of herbivory by specialized herbivores via dilution effects, may
lead to a higher investment of resources into growth than defense compared to monocultures (Castagneyrol
et al., 2014; Eisenhauer et al., 2019; Finch & Collier, 2000; van Moorsel et al., 2018). In fact, earlier work
revealed that plants growing in mixed communities invested more resources into growth than defense-related
metabolites compared to plants growing in monoculture (Broz et al., 2010), potentially reducing herbivore re-
sistance. While we did not find differences in the overall metabolome composition of herbivore-induced plants
in response to increasing plant diversity, we observed induced metabolite regulation in mixed communities.
Our results suggest that the identity of the neighboring plant species determines the extent and directi-
on of the plant-plant interaction. This has potential consequences for our understanding of plant-herbivore
interactions in mixed communities, but further research is needed to confirm this hypothesis.

Plant-soil interactions, on the other hand, can prepare a plant for future attack, also called priming (Conrath
et al., 2006). Systemic priming in plants can occur following interactions with soil microbes, nematodes,
and mycorrhizal fungi, allowing the plant to better respond to subsequent herbivory (Kaplan et al., 2008;
Martinez-Medina et al., 2016). While we have not explicitly tested for priming, it may explain why the
absolute number of up-regulated metabolites in herbivore-induced plants (in comparison to control plants)
was highest when plants had grown in different soil legacies. However, other possible mechanisms, such as
systemic acquired resistance to microbial pathogens, exist that could also explain the patterns of metabolite
regulation in our study (Ryals et al., 1996).

Finally, we observed differences in the regulation of herbivore-induced metabolites among our plant species.
In R. acris plants, plant-plant interactions resulted in a strong down-regulation of induced metabolites, while
plant-soil interactions resulted in a strong up-regulation of induced metabolites. The response to either type
of biotic interaction was much more attenuated in G. pratense andL. vulgare , suggesting differences in the
plant species-specific adaptability which requires future research before general assumptions can be made on
the effects of plant diversity versus soil legacy on herbivore resistance.

While the present experiment provides novel insights into how metabolomic profiles, and thereby herbivore
resistance, respond to changes in plant and soil biodiversity, it also calls for future studies. To allow for
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. the comparison of plant-plant and plant-soil interactions in our study, we inoculated sterile substrate with
liquid field soil inoculum from the Trait-Based Experiment (Ebeling et al., 2014) in the PSI experiment.
This, however, meant that the soil biota communities were adapted and “linked” to the plot-specific plant
communities and that the sand-peat mixture that was used may have created a different environment than
the one the microbes were accustomed to. To fully disentangle plant from soil biodiversity effects on the
plant metabolome, one would need to expose plants to artificially constructed soil communities (see e.g.
de Souza et al., 2020), also including larger soil organisms (see e.g. Lohmann et al., 2009). While this was
not feasible in the scope of this study, it would also be important to explore the specific effects of pre-
selected functional soil biota groups, such as nematodes (e.g. Bezemer et al., 2005). Moreover, future studies
should explore potential shifts in growth-defense trade-offs in more detail by exploring the performance of
plants and herbivores. To our knowledge, this kind of comparable experimental design to disentangle plant-
plant and plant-soil interaction effects has rarely been employed (but see Kos et al., 2015) and results and
conclusions can vary between studies. Hence, we advocate for additional experiments of that kind to generate
the necessary data for more reliable conclusions.

Conclusion

Taken together, the present study shows that plant and soil biodiversity trigger unique responses in the plant’s
metabolomic profile that modulate the induced response to herbivory. By disentangling plant diversity from
soil biodiversity effects, we advance our understanding of the mechanisms that shape plant metabolomes and
thus, herbivore resistance.
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Ristok, C., Poeschl, Y., Dudenhöffer, J.-H., Ebeling, A., Eisenhauer, N., Vergara, F., Wagg, C., Dam, N. M.
van, & Weinhold, A. (2019). Plant species richness elicits changes in the metabolome of grassland species
via soil biotic legacy. Journal of Ecology , 107 (5), 2240–2254. https://doi.org/10.1111/1365-2745.13185

Rivero, J., Gamir, J., Aroca, R., Pozo, M. J., & Flors, V. (2015). Metabolic transition in mycorrhizal tomato
roots. Frontiers in Microbiology , 6 , 598. https://doi.org/10.3389/fmicb.2015.00598

Rohart, F., Gautier, S. D. with key contributors B., Singh, A., & Le Cao, K.-A. (2017). mixOmics: An R
package for ’omics feature selection and multiple data integration. PLoS Computational Biology ,13 (11),
e1005752.

Ryals, J., Neuenschwander, U., Willits, M., Molina, A., Steiner, H., & Hunt, M. (1996). Systemic Acquired
Resistance. The Plant Cell ,8 (10), 1809–1819.

13



P
os

te
d

on
A

u
th

or
ea

12
O

ct
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

55
63

45
.5

32
71

20
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. Scherling, C., Roscher, C., Giavalisco, P., Schulze, E.-D., & Weckwerth, W. (2010). Metabolomics Unravel
Contrasting Effects of Biodiversity on the Performance of Individual Plant Species. PLoS ONE , 5 (9), 1–13.
https://doi.org/10.1371/journal.pone.0012569

Smith, C. A., Want, E. J., O’Maille, G., Abagyan, R., & Siuzdak, G. (2006). XCMS: Processing Mass
Spectrometry Data for Metabolite Profiling Using Nonlinear Peak Alignment, Matching, and Identificati-
on.Analytical Chemistry , 78 (3), 779–787. https://doi.org/10.1021/ac051437y
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. Tables

Table 1. Differences in the species-specific foliar, root, and induced metabolome composition among the
diversity/soil legacy levels. Statistical parameters resulting from a permutational multivariate analysis of
variance using distance matrices. We used Bray-Curtis dissimilarity matrices and 9999 permutations. Ab-
breviations: F = pseudo-F-value; p = p-value.

Species Plant-plant interaction experiment Plant-plant interaction experiment Plant-plant interaction experiment Plant-plant interaction experiment Plant-plant interaction experiment Plant-plant interaction experiment Plant-plant interaction experiment Plant-plant interaction experiment Plant-plant interaction experiment Plant-soil interaction experiment Plant-soil interaction experiment Plant-soil interaction experiment Plant-soil interaction experiment Plant-soil interaction experiment Plant-soil interaction experiment Plant-soil interaction experiment Plant-soil interaction experiment Plant-soil interaction experiment
Foliar metabolome composition Foliar metabolome composition Foliar metabolome composition Root metabolome composition Root metabolome composition Root metabolome composition Induced metabolome composition Induced metabolome composition Induced metabolome composition Foliar metabolome composition Foliar metabolome composition Foliar metabolome composition Root metabolome composition Root metabolome composition Root metabolome composition Induced metabolome composition Induced metabolome composition Induced metabolome composition
F p R² F p R² F p R² F p R² F p R² F p R²

Geranium pratense 0.858 0.803 0.092 0.920 0.603 0.098 0.625 0.991 0.068 1.176 0.155 0.122 1.265 0.167 0.130 1.121 0.234 0.117
Leucanthemum vulgare 1.051 0.359 0.110 0.706 0.933 0.077 0.922 0.700 0.098 1.007 0.434 0.106 0.770 0.895 0.088 1.121 0.220 0.116
Ranunculus acris 0.995 0.486 0.105 0.901 0.634 0.096 1.167 0.216 0.121 0.916 0.662 0.097 0.710 0.766 0.077 0.903 0.703 0.096

Table 2. Up- and down-regulated metabolites tentatively assigned in leaves and roots of Geranium pratense
,Leucanthemum vulgare , and Ranunculus acris . We assigned the molecular formula and the putative
compound name based on the high-resolution mass-to-charge values generated by liquid chromatography
quadrupole time-of-flight mass spectrometry. Abbreviations: Rt = Retention time in liquid chromatography
in seconds; eV = Fragmentation energy in electron volt; MS = mass spectrometry; PPI = plant-plant
interaction; PSI = plant-soil interaction.

Source Rt [s] Mass-to-charge [m/z] Putative compound Molecular formula eV MS fragment Regulated by Regulated by Tissue Tissue Modulated by herbivory
PPI PSI Leaves Roots

Geranium pratense 64 173.045 Shikimic acid C7H9O5 35 93, 111, 137, 155 X X
Geranium pratense 120 169.014 Gallic acid C7H5O5 35 123, 141 X X
Geranium pratense 124 483.078 Di-Gallic acid glycoside C20H19O14 35 X X
Geranium pratense 191 483.078 Di-Gallic acid glycoside C20H19O14 35 X X
Geranium pratense 220 305.066 Flavonoid C15H13O7 35 X X
Geranium pratense 291 635.089 Flavonoid diglycoside C27H23O18 35 X X X
Geranium pratense 297 609.145 Flavonoid diglycoside C27H29O16 35 X X
Geranium pratense 298 577.135 Flavonoid diglycoside C30H25O12 35 X X
Geranium pratense 308 299.077 Salicylate glycoside C13H15O8 35 X X
Geranium pratense 310 483.078 Di-Gallic acid glycoside C20H19O14 35 X X
Geranium pratense 315 577.134 Flavonoid diglycoside C30H25O12 35 343 X X
Geranium pratense 324 627.156 Flavonoid diglycoside C27H31O17 35 440 X X X
Geranium pratense 328 289.072 Phenolic acid derivative C15H13O6 35 179, 245 X X X X
Geranium pratense 389 625.141 Flavonoid diglycoside C27H29O17 35 X X
Geranium pratense 393 477.104 Flavonoid glycoside C22H21O12 35 387 X X X
Geranium pratense 400 507.114 Flavonoid glycoside C23H23O13 35 X X X
Geranium pratense 404 479.083 Flavonoid glycoside C21H19O13 35 X X
Geranium pratense 409 667.151 Flavonoid diglycoside C29H31O18 35 X X
Geranium pratense 475 447.093 Flavonoid glycoside C21H19O11 35 183, 335 X X
Geranium pratense 492 417.082 Flavonoid glycoside C20H17O10 35 X X X
Geranium pratense 520 431.097 Flavonoid glycoside C21H19O10 35 X X X
Geranium pratense 532 459.092 Flavone glycoside C22H19O11 35 X X
Leucanthemum vulgare 185 315.072 Dihydroxybenzoic acid glucoside C13H15O9 35 X X
Leucanthemum vulgare 270 353.087 Caffeoylquinic acid C16H17O9 35 177, 191 X X
Leucanthemum vulgare 277 375.129 Iridoid C16H23O10 35 X X X X
Leucanthemum vulgare 281 163.040 Phenolic acid derivative C9H7O3 35 X X
Leucanthemum vulgare 284 315.071 Dihydroxybenzoic acid glucoside C13H15O9 35 X X
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. Leucanthemum vulgare 307 137.024 Salicylate C7H5O3 35 X X
Leucanthemum vulgare 321 341.088 Caffeic acid glycoside C15H17O9 35 X X
Leucanthemum vulgare 333 163.040 Phenolic acid derivative C9H7O3 35 X X
Leucanthemum vulgare 336 353.087 Caffeoylquinic acid C16H17O9 35 173, 191, 319, 351 X X X
Leucanthemum vulgare 383 551.104 Flavonoid glycoside C24H23O15 35 507 X X X
Leucanthemum vulgare 413 325.092 Phenolic acid glycoside C15H17O8 35 X X
Leucanthemum vulgare 420 535.109 Flavonoid glycoside C24H23O14 35 491 X X
Leucanthemum vulgare 461 223.061 Phenolic acid derivative C11H11O5 35 X X X
Leucanthemum vulgare 462 336.108 Alkaloid glycoside C16H18NO7 35 230 X X X
Leucanthemum vulgare 463 505.098 Anthocyanin glycoside C23H21O13 35 X X
Leucanthemum vulgare 465 591.172 Flavonoid diglycoside C28H31O14 35 X X
Leucanthemum vulgare 477 625.141 Flavonoid diglycoside C27H29O17 35 359, 415, 581 X X
Leucanthemum vulgare 484 515.119 Dicaffeoylquinate C25H23O12 35 353 X X
Leucanthemum vulgare 510 461.109 Flavonoid glycoside C22H21O11 35 X X X
Leucanthemum vulgare 536 193.050 Phenolic acid derivative C10H9O4 35 X X X
Leucanthemum vulgare 540 693.167 Flavonoid diglycoside C31H33O18 35 X X X
Leucanthemum vulgare 573 163.076 Phenolic acid derivative C10H11O2 35 X X
Leucanthemum vulgare 577 655.188 Flavonoid diglycoside C29H35O17 35 X X X
Ranunculus acris 197 197.045 Phenolic acid derivative C9H9O5 35 135, 151, 179 X X X
Ranunculus acris 260 181.050 Phenolic acid derivative C9H9O4 35 122 X X X
Ranunculus acris 289 341.088 Caffeic acid glycoside C15H17O9 35 161, 179, 203 X X
Ranunculus acris 311 137.024 Salicylate C7H5O3 35 X X X X
Ranunculus acris 319 465.103 Flavonoid glycoside C21H21O12 35 277 X X
Ranunculus acris 325 725.193 Flavonoid diglycoside C32H37O19 35 X X
Ranunculus acris 325 353.087 Caffeoylquinic acid C16H17O9 35 X X
Ranunculus acris 333 163.040 Phenolic acid derivative C9H7O3 35 X X
Ranunculus acris 335 325.093 Phenolic acid glycoside C15H17O8 35 145 X X X
Ranunculus acris 341 623.160 Flavonoid diglycoside C28H31O16 35 X X X
Ranunculus acris 351 325.093 Phenolic acid glycoside C15H17O8 35 145 X X X X
Ranunculus acris 355 179.035 Acetylsalicylate C9H7O4 35 135 X X X
Ranunculus acris 361 695.183 Flavonoid diglycoside C31H35O18 35 X X
Ranunculus acris 385 317.066 Flavonoid C16H13O7 35 255 X X X
Ranunculus acris 392 325.092 Phenolic acid glycoside C15H17O8 35 X X X
Ranunculus acris 398 447.093 Flavonoid glycoside C21H19O11 35 X X X
Ranunculus acris 407 699.178 Flavonoid diglycoside C30H35O19 35 X X
Ranunculus acris 419 577.155 Flavonoid diglycoside C27H29O14 35 X X X
Ranunculus acris 435 669.166 Flavonoid diglycoside C29H33O18 35 X X X
Ranunculus acris 438 579.135 Flavonoid diglycoside C26H27O15 35 X X X
Ranunculus acris 443 595.166 Flavonoid diglycoside C27H31O15 35 529 X X X
Ranunculus acris 446 667.151 Flavonoid diglycoside C29H31O18 35 593 X X X
Ranunculus acris 446 449.108 Flavonoid glycoside C21H21O11 35 287 X X X
Ranunculus acris 448 193.050 Phenolic acid derivative C10H9O4 35 X X X
Ranunculus acris 449 447.092 Flavonoid glycoside C21H19O11 35 X X X
Ranunculus acris 449 289.072 Phenolic acid derivative C15H13O6 35 X X
Ranunculus acris 457 303.051 Flavonoid C15H11O7 35 125, 177, 259, 275, 285 X X
Ranunculus acris 465 451.124 Flavonoid glycoside C21H23O11 35 355 X X X
Ranunculus acris 477 577.156 Flavonoid diglycoside C27H29O14 35 X X
Ranunculus acris 497 331.082 Flavonoid C17H15O7 35 X X X
Ranunculus acris 507 165.055 Phenolic acid derivative C9H9O3 35 147 X X
Ranunculus acris 581 285.040 Flavonoid C15H9O6 35 X X X
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. Figures

Figure 1. The total number of up- and down-regulated metabolites in leaves and roots of
(a) Geranium pratense, (b)Leucanthemum vulgare, and (c) Ranunculus acris plants grown in
microcosms with different neighbors (PPI) or different soil legacies (PSI). The number depicted
is in comparison to the monoculture diversity/soil legacy level. Data collected as part of the plant-plant
interaction (PPI) experiment are displayed in light red (up) and dark red (down). Data collected as part of
the plant-soil interaction (PSI) experiment are displayed in grey (up) and black (down).

Figure 2. The total number of metabolites in (a – c) leaves or (d – f) roots that were uniquely
up- and down-regulated in plants grown in microcosms with different neighbors (PPI) or dif-
ferent soil legacies (PSI). Metabolites uniquely regulated in the plant-plant interaction (PPI) experiment
are depicted in orange. Metabolites uniquely regulated in plant-soil interaction (PSI) experiment are de-
picted in violet. Overlapping areas indicate the number of up- and down-regulated metabolites in both
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. experiments. The number depicted is in comparison to the monoculture diversity/soil legacy level.

Hosted file

image5.emf available at https://authorea.com/users/514190/articles/590089-plant-diversity-

and-soil-legacy-independently-affect-the-plant-metabolome-and-induced-responses-

following-herbivory

Figure 3. Per species Partial Least Squares – Discriminant Analysis plots of the metabolites
found in the foliar metabolomes of Geranium pratense, Leucanthemum vulgare, and Ranun-
culus acris control or herbivore-induced plants as part of the (a – c) plant-plant interaction
experiment and (d – f) plant-soil interaction experiment. Control plants are displayed in orange
squares. Induced plants are displayed in violet circles. Ellipses represent the 95% confidence interval. The
metabolite intensity matrix was log+1 transformed for the purpose of data normalization. Statistical param-
eters resulting from a permutational multivariate analysis of variance using distance matrices. Abbreviations:
F = pseudo-F-value; p = p-value; expl. var = explained variance.

Figure 4. The total number of up- and down-regulated metabolites in leaves of (a) Geranium
pratense, (b)Leucanthemum vulgare, and (c) Ranunculus acris control and herbivore-induced
plants grown in microcosms with different neighbors (PPI) or different soil legacies (PSI). The
number depicted is in comparison to the monoculture diversity/soil legacy level. Data collected in control
plants are displayed in light red (up) and dark red (down). Data collected in induced plants are displayed in
grey (up) and black (down). Induced plants were infested with Spodoptera exigualarvae for 7 days prior to
sampling. Abbreviations: PPI – plant-plant interaction experiment; PSI – plant-soil interaction experiment.

Appendix: tables

Table A1: Overview of the experimental design of the plant-plant-interaction experiment.

Experimental design plant-plant interaction experiment

Species pool Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R)
Diversity levels G L R G + L G + R L + R G + L + R
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. Nr. of plants / microcosm 12 12 12 6 + 6 6 + 6 6 + 6 4 + 4 + 4
Nr. of microcosms 5 5 5 5 5 5 5
Herbivory treatment x2 x2 x2 x2 x2 x2 x2
Total Nr. of microcosms 10 10 10 10 10 10 10
1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth
Nr. of microcosms 5 5 5 5 5 5 5
Nr. of plants sampled/microcosm 1 1 1 1 + 1 1 + 1 1 + 1 1 + 1 + 1
Total Nr. of samples (shoot / root) 5 / 5 5 / 5 5 / 5 G: 5 / 5 L: 5 / 5 G: 5 / 5 R: 5 / 5 L: 5 / 5 R: 5 / 5 G: 5 / 5 L: 5 / 5 R: 5 / 5
2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory
Nr. of microcosms 5 5 5 5 5 5 5
Nr. of plants / microcosm (control / induced) 10/2 10/2 10/2 G: 4 / 2 L: 4 / 2 G: 4 / 2 R: 4 / 2 L: 4 / 2 R: 4 / 2 G: 2 / 2 L: 2 / 2 R: 2 / 2
Nr. of plants sampled/microcosm (control / induced) 1 / 1 1 / 1 1 / 1 G: 1 / 1 L: 1 / 1 G: 1 / 1 R: 1 / 1 L: 1 / 1 R: 1 / 1 G: 1 / 1 L: 1 / 1 R: 1 / 1
Total Nr. of samples (control / induced) 5 / 5 5 / 5 5 / 5 G: 5 / 5 L: 5 / 5 G: 5 / 5 R: 5 / 5 L: 5 / 5 R: 5 / 5 G: 5 / 5 L: 5 / 5 R: 5 / 5

Table A2: Overview of the experimental design of the plant-soil-interaction experiment.

Experimental design plant-soil interaction experiment

Species pool Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R) Geranium pratense (G) – Leucanthemum vulgare (L) – Ranunculus acris (R)
Soil legacy levels G L R G + L G + R L + R G + L + R
Planted species & nr. of plants / microcosm G:4 L:4 R:4 G: 4 L: 4 G: 4 R: 4 L: 4 R: 4 G: 4 L: 4 R: 4
Nr. of microcosms 5 5 5 G: 5 L: 5 G: 5 R: 5 L: 5 R: 5 G: 5 L: 5 R: 5
Herbivory treatment x2 x2 x2 x2 x2 x2 x2
Total Nr. of microcosms 10 10 10 G: 10 L: 10 G: 10 R: 10 L: 10 R: 10 G: 10 L: 10 R: 10
1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth 1st Harvest after 7 weeks of growth
Nr. of microcosms 5 5 5 G: 5 L: 5 G: 5 R: 5 L: 5 R: 5 G: 5 L: 5 R: 5
Nr. of plants sampled / microcosm 1 1 1 G: 1 L: 1 G: 1 R: 1 L: 1 R: 1 G: 1 L: 1 R: 1
Total Nr. of samples (shoot / root) 5 / 5 5 / 5 5 / 5 G: 5 / 5 L: 5 / 5 G: 5 / 5 R: 5 / 5 L: 5 / 5 R: 5 / 5 G: 5 / 5 L: 5 / 5 R: 5 / 5
2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory 2nd Harvest after 1 additional week of herbivory
Nr. of microcosms 5 5 5 G: 5 L: 5 G: 5 R: 5 L: 5 R: 5 G: 5 L: 5 R: 5
Nr. of plants / microcosm (control / induced) 2 / 2 2 / 2 2 / 2 G: 2 / 2 L: 2 / 2 G: 2 / 2 R: 2 / 2 L: 2 / 2 R: 2 / 2 G: 2 / 2 L: 2 / 2 R: 2 / 2
Nr. of plants sampled/microcosm (control / induced) 1 / 1 1 / 1 1 / 1 G: 1 / 1 L: 1 / 1 G: 1 / 1 R: 1 / 1 L: 1 / 1 R: 1 / 1 G: 1 / 1 L: 1 / 1 R: 1 / 1
Total Nr. of samples (control / induced) 5 / 5 5 / 5 5 / 5 G: 5 / 5 L: 5 / 5 G: 5 / 5 R: 5 / 5 L: 5 / 5 R: 5 / 5 G: 5 / 5 L: 5 / 5 R: 5 / 5

Appendix: figures
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Figure A1. The total number of up- and down-regulated metabolites in plants grown in
microcosms with (a – c) different neighbors (PPI) or (d – f) different soil legacies (PSI).
Metabolites uniquely regulated in leaves are depicted in orange. Metabolites uniquely regulated in roots are
depicted in violet. Overlapping areas indicate the number of up- and down-regulated metabolites in both
tissues. The number depicted is in comparison to the monoculture diversity/soil legacy level. Abbreviations:
PPI – plant-plant interaction experiment; PSI – plant-soil interaction experiment.
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Figure A2. The total number of up- and down-regulated metabolites in leaves of herbivore-
induced plants. The plants were subjected to 7 days of frass by three 2nd instarSpodoptera exigua larvae
each. The number depicted is in comparison to control plants grown in similar soil or plant diversity levels,
but without herbivore damage. Data collected as part of the plant-plant interaction (PPI) experiment are
displayed in light red (up) and dark red (down). Data collected as part of the plant-soil interaction (PSI)
experiment are displayed in grey (up) and black (down). Abbreviations: Geranium = Geranium pratense
;Leucanthemum = Leucanthemum vulgare ; Ranunculus =Ranunculus acris .

Figure A3. The total number of up- and down-regulated metabolites in leaves of control
and herbivore-induced plants grown in microcosms with (a – c) different neighbors (PPI) or
(d – f) different soil legacies (PSI). Metabolites uniquely regulated in control plants are depicted in
orange. Metabolites uniquely regulated in herbivore-induced plants are depicted in violet. Overlapping areas
indicate the number of up- and down-regulated metabolites in both control and herbivore-induced plants.
The number depicted is in comparison to the monoculture diversity/soil legacy level. Abbreviations: PPI –
plant-plant interaction experiment; PSI – plant-soil interaction experiment.
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