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Average concentration of secondary non-VOCs by treaments per Salix spp.
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5. Experimental

5.1. Host plants

We focused on six willow species: Salix aurita, S. cinerea, S. fragilis,
S. purpurea, S. triandra, and S. viminalis. These species occur in sympatry
and often form mixed local  assemblages.Three mother plants were
selected per willow species from wild populations around Ceske Bude-
jovice, Czech Republic, to obtain enough individuals for the experiment.
In total, 20 cuttings (40 cm long) were sampled from each mother plant
in February 2021. We grew the cuttings in a greenhouse at ambient
temperature for three months. Further information on plant treatment
and preparation for the experiment is available in . Initially,
the mother genotype was included in the preliminary statistical ana-
lyses. The genotype information was excluded from the final analyses as
it did not significantly affect the chemistry.

5.2. Model insects

Four insect herbivore species with different feeding strategies and
host plant preferences were used: two Lepidoptera species (Lymantria
dispar and Operophtera brumata), one Coleoptera species (Chrysomela
vigintipunctata), and one Hemiptera species (Aphrophora salicina). All of
them are naturally associated with the willow species used in this study.
L. dispar (Erebidae) and O. brumata (Geometridae) caterpillars are
generalist external and tying leaf-chewers, respectively, that feed on
various broadleaf trees as larvae. The leaf-beetle C. Vigintipunctata
(Chrysomelidae) is a specialised external leaf-chewer that feeds on
willows as both larvae and adults and can sequester salicinoids.
A. salicina, is a specialist sapsucker that feeds on various willow species
as nymphs and adults. We obtained L. dispar and O. brumata from
overwintered eggs, whereas A. salicina and C. vigintipunctata were ob-
tained from wild populations before the experiment. The second to third
instars were used for the caterpillars. A combination of the last two
instar larvae and adults was used for the leaf beetle. Nymphs were used
for the sapsucker ( )-

The number of individuals introduced to the plants differed among
insect species to ensure that the insects would cause comparable plant
damage ( ). Herbivory damage (in cm 2) was accounted for in all
the statistical analyses since a variation in the herbivory damage caused
by the external feeders was observed. Although we observed feeding by
the sap-sucker species, it was impossible to directly quantify the damage
they caused to the plants, as they feed on the xylem. To account for this,
the weight of the individuals introduced to each plant was included in
the preliminary analyses. As sap-sucker weight did not affect the results,
it was excluded from the final analyses.

5.3. Host plant exposure to insect herbivores

Plants were exposed to the insects in May 2021. The insects were
introduced to the terminal part of the largest shoot on each plant. The
insects were enclosed with ca. tenleavesin 26 X 35 cm fine mesh
transparent tissue bags. Control plants received bags without herbi-
vores. Five to seven replicates were used for each herbivore and control

Table 1
Herbivore species, life stage, feeding guild and the number of individuals (N)
added to each plant.

Herbivore species Life stage Feeding guild N
Chrysomela vigintipunctata Larvae + External leaf- 4+
(Linnaeus, 1758) Adults chewer 2
Lymantria dispar (Linnaeus, 1758) Larvae External leaf- 1

chewer
Operophtera brumata (Linnaeus, Larvae Tying leaf- 2
1758) chewer
Aphropohora salicina (Goeze, 1778)  Nymphs Sap-sucker 10
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treatment per willow species, accounting for 192 plants in total. Plants
were randomly distributed in the greenhouse. The insects were allowed
to feed for 72 h and checked several times per day. Inactive or dead
insects were immediately replaced with conspecific individuals of the
same developmental stage. After 72 h, all herbivores and their frass were
removed from the plants. Two PDMS (polydimethylsiloxane) tubes (2
cm cuttings, inner diameter 1.0 mm, outer diameter 1,8 mm, Carl Roth,
Karlsruhe, Germany) were attached to each plant  immediately after
removing the herbivores. The PDMS tubes were attached to a cleaned
stainless-steel wire (0,60 mm diameter,  Stabilit, Gutenbergstr, Ger-
many) to avoid contact with the plant  surface. PDMS tubes were
enclosed in 25x 38 cm polyamide bags (Alufix Bohemia, Cerniky, Czech
Republic). VOCs were passively sampled from headspace for 24 h
following . This method is particularly suitable

for sampling monoterpenoids and sesquiterpenoids, two groups of VOCs
we were interested in due to their involvement in plant-herbivore in-
teractions ( ; )-

As a slow upregulation of non-VOCs has been documented in other
woody plants ( ), we chose to sample the leaves to
measure the non-VOCs six days after the VOCs sampling. All the leaves
enclosed in the mesh bags on the treated and control plants were
removed from the plants. The leaves were flattened and photographed,
and the images were processed in ImageJ ( ) to
measure each plant’s leaf area and amount of herbivory damage (in
cm2). After calculating the herbivory damage, the first three fully
developed leaves were also removed from each plant, freeze-dried, and
homogenised for the untargeted metabolomic analyses.

5.4. Chemical analysis

5.4.1. VOCs quantification

The PDMS tubes were analyzed by thermal desorption-gas chroma-
tography-mass spectrometry (TD-GC-MS) in a thermodesorption unit
(MARKES, TD100-xr, Llantrisant, United Kingdom) with an integrated
autosampler. TD-GC-MS used the following conditions: carrier gas he-
lium (constant flow rate of 2 ml/min), flow path temperature 160 °C;
processing method: dry purge 5 min at 20 ml/min, desorption 8 min at
200 °C with 20 ml/min, pre trap fire purge 1 min at 60 ml/min, trap
heated to 300 °C and hold for 4 min, desorption split flow was 20 ml/
min. VOCs were separated on a gas chromatograph Trace 1300 con-
nected to an ISQ quadrupole mass spectrometer (both Thermo Fisher
Scientific, San Jose, CA, USA) equipped with an LN-WAX column, 30 m
X 0.25 mmi.d., 0.25 pm film thickness (Chromservis, CZ). The tem-
perature program was set up at 60°C (hold 2 min), 30 °C/min at 150 °C,
10 °C/min at 200 °C, and 30 °C/min at 230 °C (hold 5 min). MS con-
ditions were set at 240 °C at the transfer line and 220 °C for the El ion
source (70 eV). The scan range was 33-500 m/z for a full scan (scan time
250 ms). The Xcalibur 2.0 software (Qual Browser, Quan Browser) was
used for data processing, method calibration, and validation. VOC
emissions were quantified as the area under the chromatographic peak.
We standardised them by dividing the peak areas with the herbivory
damage (cm2) caused by the herbivores and log-transformed them for
analysis.

5.4.2. Untargeted metabolomics for non-VOCs

Small organic non-VOCs were analyzed with untargeted metab-
olomics following and . Metabo-
lites were separated by UHPLC followed by  heated electrospray
ionisation (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. As
samples are freeze-dried for UHPLC/MS analysis, all compounds with a
boiling point below 100 °C (i.e., most VOCs) sublimate. Furthermore,
such compounds also show poor ionisation efficiency of  the ESI ion
source due to their structure’s absence of a heteroatom. Together, this
ensures that our UHPLC analysis does not detect VOCs emitted from the



P. Mezzomo et al.

plants at average outdoor temperatures, as measured with TD-GC/MS.
Details on sample processing and instrument  setup are available in

Raw data from the UHPLC-MS extraction were centroided and pro-
cessed for peak detection, peak alignment, and peak filtering using
Mzmine2 ( ), which groups chromatographic features
into putative compounds based on molecular mass and LC retention
time. We used the same parameters as , except for
setting the MS1 noise threshold to 15,000 ion count and the MS2 noise
threshold to 1500 ion count. The MZmine output was used to calculate
metabolite concentrations (peak area per sample dry weight) and pu-
tative identities of the metabolites detected. The molecular formulae
were inferred using Sirius ( ), predicted structures
using CSI: finger ID ( ), and the metabolites were
classified using CANOPUS and ClassyFire compound class predictor
( ; ). The canonical
SMILES and retention times were used to classify salicinoids and their
derivatives. We excluded all metabolites in the blanks and those we
could not classify. All individual metabolite concentrations were
standardised as peak area divided by the dry weight of leaf tissue (in mg)
and log-transformed for the analysis.

5.5. Statistical analysis

We analyzed three datasets: i) VOCs, ii) non-VOCs, and iii) salici-
noids). All detected metabolites were used in the case of VOCs and
salicinoids. In the case of non-VOCs, we first reduced the complexity of
the dataset only to include secondary metabolites that best described the
variation among samples without  constricting the variation to treat-
ments or willow species. First, all metabolites that occurred in less than
10% of the samples were removed. Then, the Least Absolute Shrinkage
and Selection Operator (LASSO) regression was applied to the remaining
dataset. The LASSO regression allowed us to select a reduced dataset and
investigate overall changes in non-VOC composition at the compound
level. A 100-fold cross-validation method was used with the package
“glmnet” in R ( ). From this dataset, secondary
metabolites were selected based on their previously identified classes
from CANOPUS and ClassyFire, using their predicted canonical SMILES.

To test our first hypothesis that the plants would respond to treat-
ments, an exploratory principal component analysis (PCA) was per-
formed to visualise the induced variation among the willow individuals.

A Hellinger standardisation was applied to the data, eliminating the
differences in total emissions (VOCs) and total concentration (non-VOCs
and salicinoids) and focusing on their relative importance. = Combined
heatmaps computed in R 4.1.1 (R Core Team, 2023) were used to show
the changes in VOC emissions, non-VOC and salicinoid concentrations
across the Salix species as elicited by different treatments.

To test our second and third hypotheses to determine whether the
induced responses in VOCs, non-VOCs, and salicinoids would mainly
reflect herbivore identity or willow species, three separate redundancy
analyses (RDA) were performed. The variation in each dataset was
partitioned as explained by the willow species,  herbivore species, or
amount of herbivory damage (in cm 2). The significance of individual
variables and the best overall model was tested with the Monte-Carlo
permutation test with 9999 permutations in CANOCO 5 (

)-

To explore if related willow species respond similarly to the her-
bivory, we tested for the correlation between phylogenetic distance and
similarity in either VOC, non-VOC or salicinoid responses among the
willow species. The willow phylogeny was pruned from

to include only our six focal species to obtain the phylogenetic
distance matrix. Then, the phylogenetic distances were transformed into
a patristic distance matrix. To obtain the distance matrices on VOCs,
non-VOCs, and salicinoids, we first calculated the average emissions of
individual VOCs or concentration of non-VOCs and salicinoids within
individual willow species. The averages for each herbivore treatment
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and control were calculated separately, resulting in five datasets (four
for the treatments and one for the controls). Then, these data were used
to calculate five Bray-Curtis distance matrices showing the dissimilarity
in VOCs, non-VOCs, and salicinoids among the willow species exposed
to the same treatment or used as controls. The correlation between the
phylogenetic and VOC/non-VOC/salicinoid matrices was tested with
Mantel tests with 999 permutations  in R.4.1.1. using the “vegan”
package 2.6-4 ( )-

To test our fourth hypothesis, Mantel tests were used to test the
correlation between VOCs vs. non-VOCs and VOCs vs. salicinoids. First,
we tested for the correlation between the dissimilarity in these metab-
olites among the willow species exposed to one of the treatments or used
as controls. For that, the same Bray-Curtis distance matrices on VOCs,
non-VOCs and salicinoids were used as in the case of Mantel tests testing
for the correlation between metabolites  and phylogenetic distance
described above. Second, we tested for the correlation between the
dissimilarity in these metabolites among the treatments within indi-
vidual willow species. To obtain the distance matrices, the average
emissions of individual VOCs and average concentrations of individual
non-VOCs and salicinoids were calculated in plants exposed to one of the
four treatments or used as controls. The averages for each willow species
were calculated, resulting in six datasets representing treatment aver-
ages in different willow species. These data were then used to estimate
the Bray-Curtis distance matrices showing VOC, non-VOC and salicinoid
dissimilarity among the treatments in individual willow species. The
correlation between the VOC, non-VOC and salicinoid matrices was
tested with Mantel tests with 999 permutations in R.4.1.1.  using the
“vegan” package 2.6—4 ( ).
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