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individual and were stored in a portable cooler at 4 °C in the field. After
returning from the field, the leaves were frozen at —20 °C and freeze-
dried for metabolomics analyses. Additionally, another set of 20
leaves was haphazardly collected from each plant and visually assessed
for damage by leaf-chewing insects, which accounted for over 99% of all
recorded herbivory. Galling and mining damage on leaves was
extremely rare and not scored. Each leaf was individually scored for
damage by leaf-chewers following . Damage values
between 1% and 5% were scored in steps of 1% (i.e. 0.01, 0.02 ...), and
values larger than 5% were scored in steps of 5% (i.e. 0.05, 0.10, 0.15
...). The damage values were then averaged across the 20 leaves
sampled from the given individual. The obtained mean herbivory
damage for each plant (on a scale from 0.00 to 1.00) was used in the
subsequent statistical analyses.

5.2. Metabolomics analyses

We performed untargeted metabolomics to analyse the chemical
profiles of the studied plants. Small organic molecules were extracted
from ca. 10 mg (in 0.01 mg accuracy) of homogenized material using
1.8 ml methanol/water (90:10, v/v) solvent. The samples were extrac-
ted overnight at 4 °C and 300 rpm, centrifuged at 14,000 rpm for 30 min,
and the supernatant was removed and filtered for analysis using LC-MS
( ). We optimized UHPLC-MS parameters to detect and
fragment metabolites representing a wide range of polarity and mass
( )- Metabolomic extracts were separated using a
Thermo Fisher Scientific (Waltham, MA, United States) Vanquish Ho-
rizon Duo ultra-high performance liquid chromatography (UHPLC)
system with an Accucore C18 column with 150 mm length, 2.1 mm
internal diameter, and 2.6- pm particle size. UHPLC buffer A (0.1% v/v
formic acid in water) and buffer B (0.1% v/v formic acid in methanol)
were employed in a solvent gradient from 5 to 100% buffer B over 18
min. Separation of metabolites by UHPLC was followed by heated
electrospray ionization (HESI) in positive mode using full scan MS1 and
data-dependent acquisition of MS2 (dd-MS2) on a Thermo Fisher Sci-
entific QExactive hybrid quadrupole-orbitrap mass spectrometer. An
MS1 full scan (115-1725 m/z) was collected at a resolution of 140,000.
Automatic gain control target values were 1e6 for full scan MS1 and 1e5
for dd-MS2. Maximum ion injection times were 200 ms for full scan
MS1, 100 ms for QC MS1, and 50 ms for MS2. For dd-MS2, the isolation
window was set to 1.5 m/z and stepped collision energy at 20, 40, and
60.

The adjusted data were processed for peak detection, peak align-
ment, and peak filtering using MZmine 3 ( ). Using the
MZmine 3 output, molecular formulae were inferred with Sirius
( ), structures were predicted with CSI: finger ID
( ) and the metabolites were classified with
CANOPUS ( ). Using this information, we created
three datasets of metabolites, including i) the total set of metabolites we
detected, ii) flavonoids, and iii) salicinoids plus their derivatives. We
manually checked the classification of salicinoids based on the predicted
structures, represented as text strings, using the Simplified Molecular
Input Line Entry System (SMILES).

We calculated the following chemical traits for the three datasets of
metabolites: i) concentration in a sample, ii) richness in a sample, iii)
structural diversity in a sample, iv) structural variation between the
samples. The concentration of metabolites in a sample was calculated as
the peak area divided by the sample weight. The richness of metabolites
was calculated as the number of metabolites in the given sample. The
structural diversity of metabolites in a sample was calculated as func-
tional Hill diversity equivalent to Shannon diversity using the CHE-
MODIV R-package ( ). Briefly, the predicted SMILES
and the function ‘compDis’ were used to calculate dissimilarity among
individual metabolites, which were then used to quantify the structural
diversity of metabolites in the samples using the function ‘calcDiv’.
Structural variation between the samples was calculated using chemical
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structural-compositional similarity (CSCS) matrices ( )-
The CSCS metric considers the similarity between individual metabolites
based on the cosine of the angle between their consensus tandem mass
spectra. Structurally related metabolites thus have a non-zero contri-
bution toward the similarity between the samples. To calculate the CSCS
metric, the data were uploaded to the Global Natural Products Social
(GNPS) Molecular Networking platform ( ). They were
used to generate a molecular network using the “feature-based molec-
ular networking” method ( ), as described in

. The output was used to calculate the CSCS metric for every
pair of samples in the three datasets to quantify the structural variation
among samples. The metabolomics analyses failed for 11 samples,
possibly due to poor sample quality or issues during their extraction.
Only 149 samples were thus used in the following statistical analyses.

5.3. Statistical analysis

To provide background information for interpreting our other re-
sults, we initially tested whether the genotypes differed in the concen-
tration, richness, or structural diversity of the total set of metabolites we
detected, flavonoids, and salicinoids. To do so, we used Linear Mixed
Effect Models (LMEs) in the packagelme4’ ( )inR4.2.0
( ). The concentration, richness, and structural di-
versity of the metabolites were log-transformed and used as response
variables in the models. Genotype was used as a fixed effect and plot as a
random effect. We performed post-hoc pairwise tests using a Tukey
adjustment in the package ‘emmeans’ ( ) to compare
the differences among the genotypes. We did not run a separate model
for the concentration of the total set of metabolites we detected since we
did not consider it an ecologically or functionally meaningful variable.

To test our first hypothesis, we first used Generalized Linear Mixed
Effect Models (GLMMs) with a beta error term and logit link to test the
correlation between herbivory damage and genotype. Herbivory was
used as the response variable, genotype as the fixed effect, and plot as
the random effect. The analysis was performed in the R package
‘gImmTMB’ ( ). Next, we used GLMMs with a beta
error term and logit link to test for the correlation between herbivory
damage and the concentration, richness, or structural diversity of the
total set of metabolites we detected, flavonoids, and salicinoids. Z-scores
were used for the tested chemical variables since they appeared on very
different scales. Herbivory was used as the response variable. The ge-
notype was included as a fixed effect in the null model since we were
mainly interested in the effect of chemistry independent of the effect of
genotype. AIC was used to compare the null model with a model
including both the genotype and either concentration, richness, or
structural diversity of metabolites in the given plant individual as fixed
effects. The plot was used as a random effect.

We then correlated herbivory damage to the concentration of indi-
vidual metabolites we detected. Since multiple metabolites were
detected with the untargeted metabolomics, we used the LASSO
regression to select the metabolites with non-zero coefficients that best
correlated with the variation among the plants ( ). For
this, all metabolites appearing in less than 10% of the samples were first
removed, which resulted in a dataset comprised of 7384 metabolites. To
fit the LASSO model, a 10-fold cross-validation method was used in the
package “glmnet” ( ). We then used GLMMs with a
beta error term, logit link and forward selection to select the best model
explaining herbivory damage based on individual LASSO-selected me-
tabolites. Herbivory was used as the response variable and the concen-
tration of individual LASSO-selected metabolites as fixed effects.
Z-scores were used for the metabolites since they appeared on very
different scales. As in the previous analysis, the genotype was included
as a fixed effect in the null model. The plot was used as a random effect.

To test our second hypothesis, we first used GLMMs with a beta error
term and logit link to test the correlation between herbivory damage and
plot composition. Herbivory was used as the response variable. Either
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genotype diversity (ranging from 1 to 4) or genotype composition (the

15 possible genotype mixtures) of the plot was used as a fixed effect. Plot
was used as a random effect. Next, we used GLMMs with a beta error
term and logit link to test the correlation between the chemical variation
in the plot and herbivory damage to the plants within. To do so, Prin-
cipal Coordinate Analysis (PCoA) was first used to transform the CSCS
matrices into a set of axes describing the structural chemical variation
between the samples based on the total set of metabolites we detected,
flavonoids, or salicinoids. The chemical variation between the samples
was visualized with PCA in Canoco 5 (t ).
The coordinates of individual plants on the first two PCA axes were
extracted and the mean coordinates for all possible combinations of
genotypes and plot compositions were obtained. This procedure thus
provided mean PCA axis 1 and 2 coordinates for each combination of
genotype and type of mixture. Using these means, the standard deviation
in the coordinates between plants in each of the studied plots was then
calculated. It was used as our measure of chemical variation in the plots.
Separate GLMM analyses were performed for the total set of metabolites
we detected, flavonoids and salicinoids and axis 1 and axis 2 co-
ordinates, using the chemical variation in the plots as a fixed effect and
herbivory damage as a response variable. As before, the genotype was
included as a fixed effect in the null model, which was then compared
with a model that included both the genotype and standard deviation in
the measured chemical traits as fixed effects. Plot was used as a random
effect. We then performed separate models for each genotype to explore
the effects of chemical variation in the plot on herbivory damage in more
detail. Herbivory damage was used as a response variable. Axis 1 and
axis 2 coordinates for the total set of metabolites we detected, flavo-
noids, and salicinoids were used as fixed effects, and plot as a random
effect.

To test our third hypothesis, we used Redundancy Analysis (RDA) to
test for the effect of genotype, plot diversity, and plot composition on the
variation in the total set of metabolites we detected, flavonoids, or sal-
icinoids. We used the PCoA axes generated in our previous analysis as
response variables and plot as a covariate. The genotype, genotype di-
versity of the plot (ranging from 1 to 4), genotype composition of the
plot (the 15 possible genotype mixtures), and the interactions between
the genotype and the two remaining variables were used as explanatory
variables. The variables best explaining the variation in chemical
composition were selected with forward selection based on generating
pseudo-F distribution with 9999 Monte-Carlo permutations in Canoco 5
( ). To further explore the effect of plot
composition on the investment into specialized metabolites, the analysis
was repeated with concentration, richness, and structural diversity of
the total set of metabolites we detected, flavonoids, and salicinoids as
response variables (same as above, we did not consider the concentra-
tion of the total set of metabolites we detected). We then used RDA with
forward selection to identify the variables best explaining variation in
these chemical traits, using the same approach as in the case of the
previous analysis with PCoA axes.
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