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Abstract

Volatiles play an important role in biotic plant-environment interactions. While major research has been conducted on
the emission of herbivore-induced plant volatiles in annual herbaceous species, little comparable information is avail-
able about long-lived plant species. This study shows that herbivory by gypsy moth (Lymantria dispar) caterpillars or
poplar leaf beetles (Chrysomela populi) on purple willow (Salix purpurea) leaves led to the induced emission of complex
volatile bouquets, including a wide range of mono- and sesquiterpenes. Further comprehensive sequence and phylo-
genetic analyses enabled the identification of a mid-sized terpene synthase (TPS) family within the S. purpurea gen-
ome. The heterologous overexpression of identified S. purpurea TPS candidate genes in E. coli revealed their
respective activities in the formation of the monoterpene alcohol linalool, as well as the sesquiterpenes (E,E)-a-farne-
sene and germacrene D, among others. Moreover, the majority of the herbivore-induced terpenoid volatile bouquet of
S. purpurea leaves could be reconstituted in the volatile blend of the heterologous host Nicotiana benthamiana by
overexpression of the respective TPS candidate genes.

Keywords: Chrysomela populi, herbivory, Lymantria dispar, Salicaceae, Salix purpurea, terpene synthases, terpenes, volatile
organic compounds.

Introduction

Plants produce a diverse repertoire of specialized metabolites to
withstand a broad spectrum of biotic stressors (Marone et al.,
2022; Wu et al., 2023). These specialized metabolites play,
for instance, vital roles in defense against herbivorous insects,
aphids, and microbial pathogens (Wu et al, 2023;
Kliebenstein, 2024). Some of these metabolites are released as
volatile organic compounds (VOCs) (Kessler and Baldwin,
2002; Dudareva et al., 2006; Turlings and Erb, 2018). VOCs

emitted from flowers and fruits are well known for mediating
interactions with pollinators and seed dispersers; however,
vegetative tissues such as leaves and roots also emit VOCs
(Rasmann et al., 2005; Danner et al., 2011; Lackus et al.,
2018; Lo et al., 2024). Herbivory, for example, can substantially
alter the VOC profiles of these tissues, leading to the release of
herbivore-induced plant volatiles (HIPVs)—a class of VOCs
emitted in response to insect feeding (Danner ef al., 2011;
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Clavijo McCormick et al., 2014; Lackus ef al., 2018; Turlings
and Erb, 2018). HIPVs fulfill diverse defensive roles, ranging
from directly deterring herbivores to indirectly attracting pred-
ators, inhibiting pathogens, enabling plant—plant signaling, or
priming nearby plants (Turlings and Erb, 2018; Anjali ef al.,
2023; Kutty and Mishra, 2023; Thompson ef al., 2024). They
typically are made up of complex bouquets of compounds
from various chemical classes, including green leaf volatiles, ar-
omatics, nitrogen-containing compounds, and terpenes
(Dudareva et al., 2006, 2013; Mumm and Dicke, 2010). In add-
ition to these volatile defenses, many specialized metabolites
accumulate within plant tissues, contributing to the modula-
tion of plant—environment interactions (Marone et al., 2022;
Kessler et al., 2023; Wu et al., 2023).

While HIPV-mediated defenses have been studied exten-
sively in herbaceous species, the genetic and biochemical
mechanisms underlying these responses in long-lived woody
plants remain less well characterized. Throughout their life-
times, trees are confronted with a wide range of herbivores
(Turcotte et al., 2014; Celedon and Bohlmann, 2019). This se-
lective pressure requires them to develop robust, sustained de-
fense strategies, making these plants ideal systems for studying
the ecological and evolutionary aspects of plant defense
(Oates et al., 2015; Hsieh et al., 2021). Despite considerable
progress in herbaceous model species, comprehensive knowl-
edge of defense strategies among different tree species—
especially within the same plant family—remains limited. The
Salicaceae family, which includes poplar (Populus) and willow
(Salix) species, represents an excellent system for investigating
tree defense mechanisms due to its ecological significance and im-
portance in the renewable energy sector (Njakou Djomo ef al.,
2015; Stolarski et al., 2024). Chewing herbivory by generalist
gypsy moth (Lymantria dispar) caterpillars or specialist poplar
leat” beetles (Chrysomela populi) has been shown to induce
major alterations in the volatile bouquet of poplar trees such
as black cottonwood (Populus trichocarpa) and black poplar
(Populus nigra) (Danner et al., 2011; Irmisch et al., 2013;
Clavijo McCormick et al., 2014; Lackus et al., 2021b). The
herbivore-induced volatile bouquets of poplar trees typically
comprise nitrogen-containing compounds, aromatics, and a
wide diversity of mono- and sesquiterpenoids (Danner et al.,
2011; Irmisch et al.,, 2013; Clavijo McCormick et al., 2014;
Lackus et al., 2021b). In addition to VOCs, members of the
Salicaceae also produce non-volatile specialized metabolites,
notably salicinoids, highly abundant, constitutively accumulat-
ing phenolic glycosides based on a salicin core (Boeckler ef al.,
2011; Lackus et al., 2020; Gordon et al., 2022; Kaufman et al.,
2025). More complex salicinoid derivatives such as salicortin
and tremulacin are widespread within the family and have pro-
ven effective activity against herbivorous insects like the forest
tent caterpillar (Malacosoma disstria), as well as against mamma-
lian herbivores such as field voles (Microtus agrestis) and moun-
tain hares (Lepus timidus) (Tahvanainen et al., 1985; Hwang and
Lindroth, 1997; Heiska et al., 2007; Kaufman et al., 2025).

Together, volatile terpenes and non-volatile salicinoids form
complementary defense systems that enhance the resistance
of poplars and willows to herbivory. Despite their importance,
species-specific defense responses within the Salicaceae family,
such as those in purple willow (Salix purpurea), remain poorly
understood.

Among the numerous classes of specialized metabolites, ter-
penes play a particularly central role in the plant—environment
interaction. Terpenes constitute the largest and structurally
most diverse group of plant specialized metabolites, with
more than 30000 known compounds (McCaskill and
Croteau, 1998; Firstenberg-Higg et al., 2013; Bergman and
Dudareva, 2024). Terpenes are ubiquitous throughout the
plant kingdom, occurring both within plant tissues and as com-
ponents of volatile blends. Mono- and sesquiterpenes, in par-
ticular, are characteristic constituents of these volatile
emissions (Karunanithi and Zerbe, 2019; Kessler et al., 2023).
Terpene structures are defined by their synthesis from the Cs
building blocks isopentenyl diphosphate and its allylic isomer
dimethylallyl diphosphate (McGarvey and Croteau, 1995;
Chen et al, 2011; Bergman and Dudareva, 2024).
These precursors are produced via two distinct pathways:
the cytosolic mevalonate pathway and the plastidic 2-C-
methylerythritol-4-phosphate pathway (Lichtenthaler, 1999;
Sapir-Mir et al., 2008; Bergman and Dudareva, 2024).
Sequential head-to-tail condensations of the respective Cs
units, catalysed by isopentenyl diphosphate synthases, gener-
ate longer-chain intermediates such as geranyl diphosphate
(GPP, Cyy), farnesyl diphosphate (FPP, C;5), and geranylger-
anyl diphosphate (GGPP, C,), which serve as precursors for
mono-, sesqui-, and diterpenes, respectively (Chen ef al.,
2011; Bergman and Dudareva, 2024). The resulting com-
pounds are then converted into structurally diverse terpenes
by terpene synthases (TPSs) (Chen et al., 2011; Dudareva
etal.,2013; Bergman and Dudareva, 2024). TPS gene families
are typically mid-sized in plants, with Populus trichocarpa and
Arabidopsis possessing, for instance, 38 and 32 TPS genes, re-
spectively (Aubourg et al., 2002; Irmisch et al., 2014), but
genome-wide surveys have revealed considerable variation
across lineages, ranging from only a few members in the bryo-
phyte Physcomitrella patens to 113 annotated TPS genes in
Eucalyptus grandis (Hayashi et al., 2006; Kilheim et al.,
2015). Plant TPSs are grouped into seven gene subfamilies:
the angiosperm-specific TPS-a, TPS-b, and TPS-g, which
predominantly form sesquiterpenes (TPS-a) and monoter-
penes (TPS-b and TPS-g); the TPS-c subfamily, containing
copalyl diphosphate synthases; the TPS-e/f subfamily,
containing kaurene synthases; the gymnosperm-specific
TPS-d; and the lycopod-specific TPS-h (Chen et al., 2011;
Bergman and Dudareva, 2024). Based on their reaction
mechanisms, TPS enzymes are classified as class I or class II
(Chen et al,, 2011; Bergman and Dudareva, 2024). The
formation of volatile mono- and sesquiterpenes is typically
catalysed by class I TPSs, which use divalent metal ions to
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ionize GPP and FPP, generating reactive carbocation inter-
mediates that subsequently undergo further rearrangements
(Chen et al., 2011; Bergman and Dudareva, 2024). In con-
trast, class II TPSs initiate cyclization through protonation,
producing bicyclic prenyl diphosphates that subsequently
serve as substrates for class I enzymes (Chen et al., 2011;
Bergman and Dudareva, 2024). Class I TPS enzyme activity
depends on several conserved motifs, including a DDxxD
motif for metal ion binding, an NSE/DTE motif for addition-
al metal-ion coordination, and a RxR motif for stabilizing the
released pyrophosphate (Chen et al,, 2011; Bergman and
Dudareva, 2024). An additional RRxgW motif near the
N-terminus is often involved in cyclization reactions, although
it is frequently absent in TPS-g members (Bohlmann ef al.,
1998; Chen et al., 2024). Other notable aspects of TPS enzymes
causing a huge structural diversity include the ability to produce
multiple products from single substrates and the fact that minor
sequence variations can cause substantial shifts in product
profiles (Degenhardt ef al., 2009; Bergman and Dudareva,
2024; Li and Tao, 2024).

Despite characterization of TPS gene families in herbaceous
model species, knowledge about their diversity and functional
roles in willows remains scarce. To address this gap, we inves-
tigated the defense response of a long-lived woody plant to
herbivory, focusing on purple willow (Salix purpurea). Thus,
we analysed the volatilome and the accumulation of polar
aromatic defense compounds (salicinoids) in S. purpurea leaves
upon herbivory by chewing insects, namely L. dispar cater-
pillars and C. populi beetles. In addition, we performed phyto-
hormone and gene expression analyses to gain insights into
the regulation of herbivore-induced defense responses.
Furthermore, in-depth in silico analyses were conducted to
identify the molecular mechanisms underlying the formation
of herbivore-induced volatile bouquets in S. purpurea leaves.
These analyses led to the identification of a mid-sized TPS
gene family in the S. purpurea genome. Finally, we functionally
characterized eight TPS candidates in vitro and in planta through
heterologous expression in Escherichia coli and Nicotiana ben-
thamiana, respectively.

Materials and methods

Plant and insect material

Purple willow (Salix purpurea, kindly provided by the Max Planck
Institute for Chemical Ecology) trees were propagated from monoclonal
stem cuttings and grown under summer conditions in the greenhouse
(day, 23-25°C; night, 1923 °C; 50-60% rel. humidity; 16 h/8 h
light/dark cycle) in a 1:1 mixture of sand and clay granules
(Klasmann-Deilmann, Geeste, Germany), until they reached about
100 cm in height. Gypsy moth (Lymantria dispar) caterpillars were hatched
from eggs obtained from Hanna Nadel (US Department of Agriculture,
Buzzards Bay, MA, USA) and were reared on an artificial diet (Gypsy
moth diet, MP Biomedicals LLC, Illkirch, France). Poplar leaf beetles
(Chrysomela populi) originated from egg clutches from old-growth black
poplar (Populus nigra) trees collected in the field (Fabisch et al., 2019)

and were further propagated and cultivated on P. nigra trees in the
laboratory.

Herbivore treatment

Before the start of the experiment, L. dispar caterpillars were fed on poplar
leaves for 1 week, and shortly before the start of the experiment, L. dispar
caterpillars and C. populi beetles were starved for 13 h. For the herbivore
treatment, four L. dispar caterpillars (fourth instar) or five C. populi beetles
were released on a defined part of the S. purpurea trees (region between
5 cm and 30 cm below the apex), enclosed in PET bags, and allowed
to feed for 24 h (08.00 h to 08.00 h), with each plant receiving a single
herbivore species. On the second day, caterpillars, beetles, and PET
bags were removed from the plants to avoid volatile contamination and
leaves were enclosed in new PET bags (Bratschlauch, Toppits, Minden,
Germany). Volatile collection was then performed from 10.00 h to
16.00 h as described in the section ‘Volatile collection and analysis’.
After volatile collection, leaves were cut from the plant, arranged on a
flat surface with a size reference for scale, and photographed. The photo-
graphs were used to determine herbivore-feeding intensity. All leaves
were weighed to determine fresh weight, and chewed and intact leaves
were harvested separately. Leaf material was flash-frozen in liquid nitro-
gen, ground using a chilled mortar and pestle, and divided for further pro-
cessing: one portion was stored at —80 °C, while the other was
lyophilized and stored at room temperature. For the herbivore treatment,
only the chewed leaf material was used for phytochemical (salicinoid),
phytohormone, and Rt-qPCR analyses.

Volatile collection and analysis

Volatiles were collected using a dynamic push-pull system (Tholl ef al.,
2006). Air flow was maintained in the system through Teflon tubes.
Charcoal-filtered air was pumped into the bags at a flow of 0.8 liters
min~". A portion of the aspirated air (flow: 0.4 liters min™") was with-
drawn with a second pump and passed through a filter packed with
30 mg Poropak Q (ARS, Inc., Gainesville, FL, USA) to adsorb the vola-
tile compounds. Herbivory was allowed for 24 h, after which volatiles
were collected for 6 h during the middle of the light period (see section
‘Herbivore treatment’). Seven biological replicates were measured per
treatment. After volatile collection, the volatile compounds were des-
orbed by eluting the filter with 200 pl dichloromethane containing nonyl
acetate as an internal standard (10 ng pl™"). Samples were stored at —20 °C
until gas chromatography analysis.

Qualitative and quantitative analyses of leat volatiles were conducted
using an Agilent 6890 Series gas chromatograph coupled to an Agilent
5973 quadrupole mass selective detector (Agilent Technologies, Santa
Clara, CA, USA; interface temperature, 250 °C; quadrupole tempera-
ture, 150 °C; source temperature, 230 °C; electron energy, 70 eV, elec-
tron impact ionization) or a flame ionization detector operated at 300 °C,
respectively. The constituents of the volatile bouquet were separated us-
ing a ZB5 column (Phenomenex, Aschaffenburg, Germany; 30 mx0.25
mmX0.25 um) and He (MS) or H, (flame ionization detector) as carrier
gas. The sample was injected without split at an initial oven temperature
of 45 °C. The temperature was held for 2 min and then increased to
180 °C with a gradient of 6 °C min~', and then further increased to
300°C with a gradient of 60°C min~' and a hold of 2min.
Compounds were identified by comparison of retention times and mass
spectra to those of authentic standards, by determination of Kovats reten-
tion indices or by comparison with reference spectra in the Wiley and
National Institute of Standards and Technology (NIST) libraries.

RNA extraction and reverse transcription

Total RNA was isolated from ground fresh plant material using the
InviTrap Spin Plant RNA Mini kit (Invitek, Berlin, Germany) according
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to manufacturer’s instructions. RINA concentration and purity were de-
termined using a spectrophotometer (NanoDrop One, Thermo Fisher
Scientific, Waltham, MA, USA). Single stranded cDNA was prepared
from 2 pg of RNA using the HiScript IIT 1st Strand ¢cDNA synthesis
kit with implemented DNAse-treatment (NeoBiotech, Nanterre
France) according to the manufacturer’s instructions.

Identification of putative willow terpene synthase genes

To identify putative purple willow TPS genes, a BLAST search
against the Salix purpurea genome database (https://phytozome-next.jgi.
doe.gov/info/Spurpurea_v5_1; Zhou et al,, 2020) was performed
using PtTPS1, 2, 3, 4 (Danner ef al., 2011) and PtTPS5-15 (Irmisch
et al., 2014; Lackus ef al., 2021a) as inquiry sequences. A total of 42
SpTPS genes were identified, including full length genes and tentative
pseudogenes.

Phylogenetic analysis and amino acid alignment

An alignment of all putative S. purpurea TPS candidate genes and charac-
terized TPS genes from Populus trichocarpa (Danner et al., 2011; Irmisch
et al., 2014, 2015; Lackus et al., 2018, 2021a) was constructed using the
MUSCLE (codon) algorithm (gap open, —2.9; gap extend, 0; hydrophobi-
city multiplier, 1.2; clustering method, UPGMB algorithm) implemented in
the program MEGA11 (Tamura ef al., 2021). Tree reconstruction was done
with MEGA11 using a Maximum Likelihood algorithm (model/method,
Tamura-Nei model; substitutions type, amino acid; rates among sites,
uniform rates; gaps/missing data treatment, use all sites; Tamura and
Nei, 1993). A bootstrap resampling analysis with 750 replicates was
performed to evaluate the tree topology. Amino acid alignments of
Sapur.016G273600, Sapur.011G018900, and Sapur.011G019500
(https://phytozome-next.jgi.doe.gov/) with the corresponding amplified
and cloned candidates SpTPS1-varl/SpTPS1-var2, SpTPS2-varl/SpTPS2-
var2, and SpTPS3-varl/SpTPS3-var2, respectively, were performed with
MEGA11 (Tamura ef al., 2021) and visualized with BioEdit (Hall, 1999).

Cloning of identified candidate genes

Open reading frames of the SpTPS candidate genes, Sapur.016G273600
(SpTPS1), Sapur.011G018900 (SpTPS2), Sapur.011G019500 (SpTPS3),
Sapur.007G105100  (SpTPS6),  Sapur.019G015400  (SpTPS13),
Sapur.004G018300 (SpTPS15), Sapur.019G014500 (SpTPS22), and
Sapur.019G047500 (SpTPS23) were amplified from herbivore induced
purple willow leaf ¢cDNA, inserted into the E. coli expression vector
pOPINF, and into the pCAMBIA 2300U vector for heterologous overex-
pression in N. benthamiana. In brief, pPOPINF and pCAMBiA2300U vectors
were digested with HindlII-HF/Kpnl-HF or Pacd/Nt.BbvCI (New
England Biolabs, Ipswich, MA, USA), respectively. PCR products were
amplified using Phusion™ High-Fidelity DNA Polymerase (for pPOPINF)
and Phusion U Hot Start DNA Polymerase (for pCAMBIA 2300U)
(Thermo Fisher Scientific), and inserted into the digested vectors using
In-Fusion HD Cloning (Takara Bio Inc., Kusatsu, Shiga, Japan, for
pOPINF) or USER cloning (USER enzyme, New England Biolabs, for
pCAMBIA 2300U). Based on in silico subcellular localization analysis, trun-
cated versions of candidate SpTPS3 (A30), SpTPS6 (A57), and SpTPS13
(A51) were cloned into pOPINF vector for heterologous expression in E.
coli (Supplementary Table S1). For candidate gene SpTPS22, a full-length
version (1722 bp) and a shorter version (1677 bp) were both cloned in the
pOPINF and pCAMBIA 2300U vector designated as SpTPS22-fl and
SpTPS22-tr, respectively. Oligonucleotide sequence information is given
in Supplementary Table S2. The cloned genes were fully sequenced. For
the candidate genes SpTPS1, SpTPS2, and SpTPS3, two different sequence
variants, presumably alleles, were obtained by PCR amplification and clon-
ing, which are further designated as variants 1 and 2 (var1/var2), respectively
(Supplementary Figs S1-S3).

Heterologous expression in E. coli and SpTPS enzyme assays

The E. coli strain BL21 Star™ (DE3) (New England Biolabs) was used for
expression of SpTPS candidates cloned in the expression vector pPOPINF.
Cultures were grown at 37 °C, induced at ODgp=0.6 with 1 mM iso-
propyl B-p-1-thiogalactopyranoside, subsequently placed at 18 °C and
grown for another 16h. Cells were collected by centrifugation
(10 min, 5000 g, 4 °C) and disrupted by sonication (4X30 s; Labsonic®,
Sartorius Stedim Biotech SA, France) in chilled extraction buffer
[10 mM Tris—HCI (pH 7.5), 1 mM dithiothreitol, 10% (v/v) glycerol].
Cell fragments were removed by centrifugation (30 min, 15286 g,
4 °C) and supernatant was desalted by passage through Illustra NAP-5
columns (Cytiva, Marlborough, MA, USA).

Enzymatic activity was determined by enzyme assays containing 50 ul
of the bacterial raw extract, 44 pl assay buffer, 10 mM MgCl,, and 1 pg
substrate (GPP, (E,E)-FPP or (E,E,E)-GGPP, Merck KGaA,
Darmstadt, Germany) in a 1.5 ml Teflon-sealed, screw capped glass
vial. For enzyme assays with GPP or (E,E)-FPP, the reaction mixture
was incubated at 30 °C, and a 100 pm polydimethylsiloxane solid-phase
microextraction (SPME) fiber (Supelco, Belafonte, PA, USA) was placed
into the vial headspace for 1 h to adsorb volatiles. The fiber was then dir-
ectly inserted into the gas chromatography (GC)—mass spectrometry (MS)
injector for analysis (see ‘Analysis of in vitro enzyme products’). Assays
with (E,E,E)-GGPP were overlaid with 100 pl n-hexane and incubated
for 1 h at 30 °C, and the n-hexane phase was taken and analysed using
a GC-MS system (see ‘Analysis of in vitro enzyme products’). As negative
controls, raw protein extracts from E. coli expressing the empty vector
pOPINF were tested with the substrates as described above. Additional
negative controls were performed as described above, but without
protein.

Analysis of in vitro enzyme products

In vitro TPS enzyme activity was analysed using an Agilent 6890N series
gas chromatograph coupled to an Agilent 5975 quadrupole mass selective
detector (interface temperature, 250 °C; quadrupole temperature,
150 °C; source temperature, 230 °C; electron energy, 70 eV, electron
impact ionization). Compounds were separated using a DB5 column
(OPTIMA 5 MS, Macherey-Nagel, Diiren, Germany; 30 mX0.25
mmX0.25 pm) and He as carrier gas. For monoterpene analysis, the chro-
matographic separation was achieved by the following gradient: the
temperature was held at 45 °C for 2 min, increased with a gradient of
7 °C min~" to 130 °C, and then further increased to 300 °C with a gradient
of 100 °C min~" and a hold of 1 min. For the analysis of sesquiterpene
formation, chromatographic separation was achieved using a gradient starting
at 80 °C with a hold time of 2 min, followed by an increase to 180 °C at a rate
of 7 °C min~!, continued by an increase of 100 °C min~" to 300 °C, and a
final hold time of 1 min. To determine diterpene formation, the temperature
gradient started at an initial oven temperature of 80 °C for 2 min, followed by
an increase to 280 °C at a rate of 5 °C min~, and then further increased to
320 °C at a rate of 100 °C min~" and a hold time of 2 min.

Transient overexpression of SpTPS genes in N. benthamiana

For gene expression in N. benthamiana, obtained SpTPS pCAMBIA
2300U constructs (see ‘Cloning of identified candidate genes’), eGFP
and p19::;pBIN constructs (both kindly provided by Dr Tobias
G. Kollner; Max-Planck-Institute for Chemical Ecology) were separately
transformed into Agrobacterium tumefaciens strain GV3101. Liquid cultures
of transtormed A. tumefaciens were grown at 28 °C for 2 d at 200 rpm,
after incubation pelleted by centrifugation (4000 g, 14 °C, 20 min), re-
spective pellets resuspended in infection medium (10 mM MES, pH
5.7, 10 mM MgCl,, 100 pM acetosyringone) to an ODg of 0.4-0.6,
and further incubated at room temperature for additional 1-3 h at
200 rpm. For infiltration, equal volumes of the constructs-of-interest
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and the p19::pBIN vector A. tumefaciens cultures were mixed and infil-
trated with a 1 ml syringe into the lower side of all leaves of 3- to 4-week-
old N. benthamiana plants. Transiently transformed plants were kept for
one night in the dark and were then transferred to the greenhouse.
Volatile sampling and analysis of the N. benthamiana plants is described
in the sections ‘Analysis of in vitro enzyme products’ and ‘Analysis of in
planta enzyme products’.

Volatile collection of transiently transformed N. benthamiana plants

Volatiles from transiently transformed N. benthamiana plants were
sampled using a dynamic push—pull system with the settings described
above in the section ‘Volatile collection and analysis’, with the following
exceptions: volatiles were collected for 24 h from the fourth to the fifth
day after transformation from whole N. benthamiana plants packed in
PET bags (Bratschlauch, Toppits, Minden, Germany). The soil pots of
the N. benthamiana plants were previously wrapped in aluminum foil to
avoid volatile contamination. After sampling, volatiles were desorbed
by eluting the filter with 200 pl of dichloromethane containing nonyl
acetate as internal standard (10 ng pl™h. Samples were stored at —20 °C
until gas chromatographic analysis. The respective transformed leaf ma-
terial was harvested and weighted for quantification of emitted volatiles.
For each construct combination, three biological replicates were investi-
gated, and each transformation repeated twice.

Analysis of in planta enzyme products

The volatile sample was injected without splitting using the GC-MS sys-
tem, setup and column as described above in the section ‘Analysis of in
vitro enzyme products’ and chromatographic parameters used for separ-
ation as described in the section ‘Volatile collection and analysis’. In add-
ition, to quantify the emitted volatiles from the N. benthamiana plants, the
samples were measured and analysed using a GC—flame ionization detec-
tion (FID) (Agilent 6850 Series II System, Agilent Technologies) system
operating at 250 °C with H, as carrier gas. Chromatographic separation
was performed using a DB5 column (OPTIMA 5 MS, Macherey-
Nagel; 30 mx0.25 mmx0.25 um) and oven parameters as described in
‘Volatile collection and analysis’.

Quantitative real-time PCR analysis of SpTPS expression

For quantitative real-time PCR (RT-qPCR) analysis, cDNA was pre-
pared as described above and diluted 1:2 with water. Oligonucleotides
for amplification of respective SpTPS candidates were designed to have
a T, of approximately 60 °C, a GC content between 40% and 60%, a
length of 19-25 nt, and a fragment length between 110 and 250 bp
(Supplementary Table S2). Specificity of the oligonucleotides was con-
firmed by agarose gel electrophoresis, melting curve analysis, standard
curve analysis, and sequence verification of cloned PCR amplicons.
Due to the high sequence similarity, only one oligonucleotide pair was
used for the amplification of SpTPS22 and SpTPS23. Ubiquitin (UBQ),
actin, elongation factorl oo (EF1a), histone supetfamily protein H3 (HIS), and
tubulin were tested as reference genes (Ramirez-Carvajal et al., 2008;
Xu et al., 2011; Wang et al., 2014; Zhang et al., 2017). Comparison of
AC, values and the corresponding SD revealed EF1a as the most suitable
reference gene for expression analysis (Supplementary Table S3). The fol-
lowing PCR conditions were used: initial incubation at 95 °C for 15 min
followed by 45 cycles of amplification (95 °C for 15, 55 °C for 20,
72 °C for 20 s). For all measurements, plate reads were taken at the end
of the extension step of each cycle and data for the melting curves were
recorded at the end of cycling from 60 °C to 95 °C (0.2 °C increment).
All samples were run on the Bio-Rad CFX Duet Real-Time PCR system
(Bio-Rad Laboratories, Hercules, CA, USA) in an optical 96-well plate.
Three biological replicates were run in duplicates using the Absolute

QPCR SYBR Capillary Mix (Thermo Fisher Scientific) for each of
the three treatments.

Quantification of jasmonic acid, jasmonic acid isoleucine
conjugates, 12-oxophytodienoic acid, abscisic acid, and salicylic
acid

For the quantification of jasmonic acid (JA), JA isoleucine conjugates
(JA-Ile), 12-oxophytodienoic acid (OPDA), abscisic acid (ABA), and sali-
cylic acid (SA), 100 mg of lyophilized S. purpurea leaf material was used
and extracted with 950 pl of ethyl acetate: formic acid (99:1; v/v) containing
additional 50 pl of internal standard [dihydro-JA, ["*0,]-OPDA, JA—norva-
line conjugate, [D4]-SA, and [D¢]-ABA; 0.1 ng/pl each in acetonitrile
(Supelco)]. Samples were homogenized in a ball mill (3 min, 20 Hz), centri-
fuged (20 min, 20 817 g), and the supernatant taken. The supernatant was
dried (45 °C; 252 g) and the remaining pellet dissolved in 40 pl 1:1 aceto-
nitrile:water (v/v) (Supelco). Upon further centrifugation (10 min, 20
817 g) the supernatant was taken and analysed by ultra performance liquid
chromatography (UPLC)—electrospray ionization—tandem mass spec-
trometry (MS/MS) using a Waters (Milford, MA, USA) Acquity
[-Class ultra-high-performance liquid chromatography system coupled
to an AB Sciex 6500+ QTRAP® tandem mass spectrometer (AB Sciex,
Framingham, MA, USA). Separation was achieved on an Acquity UPLC
BEH RP C18 column (2.1x50 mm, 1.7 um particle size, Waters). Formic
acid (0.1%) (Biosolve B.V., Valkenswaard, The Netherlands) in water
(v/v) and acetonitrile (Supelco) were employed as mobile phases A and B,
respectively. The elution profile was: 0—7 min, 3-100% B; 7-9 min 100%
B; 9-12 min 3% B. The mobile phase flow rate was 0.25 ml mjn_1, and
the column temperature maintained at 40 °C. The ion spray voltage was
maintained at 4.0 kV in a negative ionization mode, curtain gas was kept
at 30 psi and nebulizer gas (GS1) and drying gas (GS2) were adjusted to
50 and 80 psi, respectively, at a temperature of 600 °C. Selected reaction
monitoring was used to monitor analyte parent ion—product ion formation
as follows: m/z 137—93 [collision energy (CE) —22 V, declustering potential
(DP) =25 V] for salicylic acid; m/z 141-97 (CE =22V, DP —10 V) for
Dy-salicylic acid; m/z 263—153 (CE —14 V, DP —40V) for ABA; m/z
269—159 (CE —14 V, DP —25 V) for D¢-abscisic acid; m/z 209—59 (CE
—14V, DP -35V) for JA; m/z 322—130 (CE =38V, DP —=55V) for
JA-lle; m/z 211-59 (CE —16V, DP —35V) for dihydro-JA; m/z
308—116 (CE =26V, DP —60V) for JA—norvaline conjugate; m/z
291-165 (CE =26V, DP —85V) for 12-OPDA; m/z 295—165 (CE
—26 V, DP =55 V) for [1,1-*0,] 12-oxo-phytodienoic acid.

Methanol-extraction and salicinoid analysis

Metabolites were extracted from 10 mg of freeze-dried plant material us-
ing 1ml of 100% methanol (Supelco) containing 0.8 mg ml™’
phenyl-B-pD-glucopyranoside (Sigma-Aldrich, St Louis, MO, USA) as
an internal standard. Samples were shaken for 30 min at 1200 rpm on a
ThermoMixer® C (Eppendorf, Hamburg, Germany) and centrifuged.
The supernatant was diluted 1:1 (v/v) with water and analysed by high-
performance liquid chromatography coupled with UV detection
(HPLC-UV; 200 nm; Agilent Technologies). Chromatographic separ-
ation was performed on a NUCLEODUR Sphinx RP column (5 pm,
4.6X250 mm; Macherey-Nagel) at 25 °C. Water (eluent A) and aceto-
nitrile (eluent B, Supelco) served as mobile phases at a flow rate of
1 ml min~'. The gradient started at 14% B, increased linearly to 58% B
over 22 min, then to 100% B for 3 min, followed by re-equilibration
to starting conditions for 5 min. Compound quantification was per-
formed by determining response factors for salicin (Alfa Aesar GmbH &
Co. KG, Karlsruhe, Germany), salicortin (PhytoLab GmbH & Co. KG,
Vestenbergreuth, Germany), and tremulacin (PhytoLab) relative to the
internal standard phenyl-B-D-glucopyranoside.
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Chemicals

Chemicals used in this study were purchased from Carl Roth GmbH
+Co. KG (Karlsruhe, Germany) or Merck KGaA (Darmstadt,
Germany), unless otherwise indicated. Details of suppliers for analytical
standards are provided in Supplementary Table S4.

Statistical analysis

Throughout the article, data are presented as means *standard errors (SE).
Statistical analysis was done with RStudio (version 2023.12.1-402, R
Development Core Team, http://R-project.org). One-way ANOVA
was conducted to determine statistically significant differences between
control, L. dispar-, and C. populi-treated S. purpurea leaves. Whenever ne-
cessary, the data were log-transformed to meet statistical assumptions such
as normality and homogeneity of variances. In cases where the statistical
assumptions could not be fulfilled, nonparametric one-way ANOVA on
ranks (Kruskal-Wallis test) analyses were conducted. Post-hoc multiple
comparisons were performed using Tukey’s HSD test for parametric ana-
lyses or Dunn’s test with Bonferroni correction for nonparametric ana-
lyses. The statistical analyses performed are reported for each dataset in
the corresponding figure and table legends or within the tables them-
selves, including global test statistics (F or %%, degrees of freedom, and
P-values.

Accession numbers

Sequence data for SpTPS1-varl (PX656970), SpTPS1-var2 (PX656971),
SpTPS2-varl (PX656972), SpTPS2-var2 (PX656973), SpTPS3-varl-tr
(PX656974), SpTPS3-var2-tr (PX656975), SpTPS3-var2-fl (PX656976),
SpTPS6-fl (PX656977), SpTPS6-tr (PX656978), SpTPS13-fl (PX656979),
SpTPS13-tr (PX656980), SpTPS15 (PX656981), SpTPS22-fl (PX656982),
SpTPS22-tr (PX656983), and SpTPS23 (PX656984) can be found in the
NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) under the cor-
responding identifiers.

Results

Herbivory by L. dispar caterpillars or C. populi beetles on
S. purpurea leaves induces the emission of a complex
volatile bouquet, but has only a minimal effect on salicinoid
accumulation

To investigate how herbivory shapes induced defenses within
the Salicaceae, we analysed the chemical profile of purple wil-
low (Salix purpurea) leaves following feeding by the generalist
L. dispar caterpillars and the specialist C. populi beetles.
Volatile compounds were collected and analysed using
GC-MS and FID to characterize the herbivore-induced vola-
tile profiles. The analysis identified a total of 28 compounds in
the herbivore-induced volatile blends, including terpenes
(both mono- and sesquiterpenes), N-containing compounds,
and aromatic compounds (Fig. 1; Supplementary Table S5).
Among the most abundant herbivore-induced volatiles were
the monoterpene (E)-f-ocimene and the sesquiterpenes ger-
macrene D and (E,E)-o-farnesene for both investigated
herbivore-treatments (Fig. 1; Supplementary Table S5). In
contrast, most compounds induced by herbivory were absent
from the volatile blend of the corresponding control leaves
(Fig. 1; Supplementary Table S5). Structurally the group of
the N-containing compounds encompasses a diverse range of

compounds including aldoximes, nitriles, and amines such as
2-methylbutyraldoxime, benzyl cyanide, and indole, respect-
ively (Fig. 1; Supplementary Table S5). The group of aromatic
compounds consisted mainly of phenylpropanoid-related
compounds such as 2-phenylethanol (Fig. 1; Supplementary
Table S5). Interestingly, the composition of the herbivore-
induced volatile blends differed mainly in quantity rather
than quality between the two herbivore treatments (Fig. 1;
Supplementary Table S5). This quantitative variation may be
attributed to the lower feeding intensity of C. populi beetles
compared with L. dispar caterpillars on S. purpurea leaves
(Supplementary Fig. S4).

In addition to analysing herbivore-induced volatile defense
responses, the accumulation of the non-volatile salicinoids
was assessed using HPLC-UV. The analysis revealed a signifi-
cantly increased accumulation of the structurally simplest sali-
cinoid, salicin, in response to herbivory by both L. dispar
caterpillars and C. populi beetles (Supplementary Fig. S5). In
contrast, the accumulation levels of the complex salicinoids sal-
icortin and tremulacin remained unaffected by herbivory, re-

gardless of the feeding herbivore (Supplementary Fig. S5).

Accumulation of jasmonates and salicylic acid is induced
upon herbivory in S. purpurea leaves

Accumulation of jasmonates, together with ABA and SA, was
quantified in S. purpurea leaves by LC-MS/MS to assess
herbivory-induced changes. Herbivory of L. dispar caterpillars
resulted in a significantly increased accumulation of all meas-
ured analytes, including jasmonates, ABA, and SA, in compari-
son with the respective control leaves (Fig. 2). The strongest
induction was observed for the jasmonates upon L. dispar her-
bivory, with OPDA, JA, and JA-Ile exhibiting 40-, 56-, and
130-fold increases, respectively, relative to control leaves
(Fig. 2). In contrast, herbivory by C. populi beetles induced a
less pronounced response. Among the measured metabolites,
only OPDA and SA showed statistically significant increases,
whereas the levels of JA, JA-Ile, and ABA were elevated
upon herbivory but did not reach statistical significance

(Fig. 2).

In silico analyses revealed the presence of a mid-sized
terpene synthase gene family in S. purpurea

To elucidate the molecular mechanisms underlying volatile
terpene formation in Salix purpurea leaves, we aimed to identify
and characterize members of the TPS gene family. Thus,
BLAST analyses were performed against the S. purpurea gen-
ome (https://phytozome-next.jgi.doe.gov/info/Spurpurea_
v5_1) using previously characterized TPS sequences from
black cottonwood (Populus trichocarpa) as queries (Danner
et al., 2011; Irmisch et al., 2014). This analysis resulted in the
identification of 42 putative TPS genes within the S. purpurea
genome. Among these, 34 genes were classified as full-length
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Fig. 1. Volatiles emitted by undamaged (ctr), gypsy moth caterpillar (Lymantria dispar)-damaged (Ld) or poplar leaf beetle (Chrysomela populi)-damaged
(Cp) purple willow (Salix purpurea) leaves. (A) Volatile profiles of control and herbivore-damaged S. purpurea leaves. (B) quantification of selected terpenes.
Volatile compounds were collected using a push-pull system and subsequently analysed and quantified by gas chromatography-mass spectrometry and
gas chromatography—flame ionization detection, respectively. Box plots show median, interquartile range, and outliers (n=7 biological replicates). 1,
(E)-2-hexanal; 2, 2- and 3-methylbutyraldoxime isomers 1; 3, 2-methylbutyraldoxime isomer 2; 4, 3-methylbutyraldoxime isomer 2; 5, sabinene; 6, B-pinene;
7, (E)-B-ocimene*; 8, linalool*; 9, nonanal; 10, 2-phenylethanol*; 11, (E)-4,8-dimethyl-1,3,7-nonatriene; 12, benzyl cyanide; 13, epoxy-ocimene; 14, nonanol;
15, octyl acetate; 16, unidentified compound 1; 17, phenylacetaldoxime isomer 1; 18, ethylacetophenone isomer 1; 19, phenylacetaldoxime isomer 2; 20,
ethylacetophenone isomer 2; 21, indole; 22, 2-phenylnitroethane; 23, unidentified compound 2; 24, (E)-B-caryophyllene; 25, (E)-p-farnesene; 26, germa-
crene D; 27, (E,E)-a-farnesene. Compounds marked with *’ were identified by comparison of retention time and mass spectrum to those of authentic
standards. Other compounds were identified by database comparisons. Differences between treatments were analysed by a one-way ANOVA and a post-
hoc test (Tukey test) or Kruskal-Wallis and a post-hoc test (Dunn’s test). Different letters indicate significant differences (P<0.05). Details on statistical analysis

are given in Supplementary Table S5. fw, fresh weight; IS, internal standard; TIC, total ion count.

() TPS genes, each encoding a putative functional enzyme
with a minimum sequence length of 520 amino acids. To
gain further insights into the evolutionary relationships of the
S. purpurea TPS family, a phylogenetic analysis was conducted
including all identified SpTPS candidates and the described
TPS family members from P. trichocarpa (Fig. 3; Danner et al.,
2011; Irmisch et al., 2014, 2015; Lackus et al., 2018). The ma-
jority of SpTPS sequences clustered within the TPS-a subfam-
ily, comprising putative sesquiterpene synthases (STS) with 18
members, and the TPS-b subfamily, comprising putative
monoterpene synthases (MTS) with 14 members. Only a few
candidates were assigned to the TPS-c, -e, and -f subfamilies,
which typically include copalyl diphosphate synthases, kaurene
synthases, and other diterpene synthases (DTS) (Fig. 3).
Additionally, five SpTPS candidates clustered within the TPS-g

subfamily (Fig. 3). Regarding their genomic localization, a notable
enrichment of SpTPS genes was observed on chromosome 19,
which contains 15 candidates, and chromosome 16, which con-
tains six candidates (Supplementary Fig. S6). The remaining
Sp'TPS genes were more evenly distributed across several chro-
mosomes, including chromosomes 2, 4, 5, 7, 8, 13, 15, and 17,
whereas one tentative SpTPS gene could not yet be assigned to
a specific chromosomal location.

Isolation and structural in silico characterization of
S. purpurea terpene synthase

To explore the molecular basis of herbivore-induced terpene for-
mation in S. purpurea leaves, we isolated candidate genes likely in-
volved in terpene biosynthesis. Analysis was restricted to
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Fig. 2. Phytohormone content in undamaged (ctr), gypsy moth caterpillar (Lymantria dispar)-damaged (Ld), and poplar leaf beetle (Chrysomela populi)-
damaged (Cp) purple willow (Salix purpurea) leaves. Compounds were extracted with ethyl acetate: formic acid (v:v; 99:1) from lyophilized plant material and
analysed using liquid chromatography—tandem mass spectrometry. Box plots show median, interquartile range, and outliers (n=7 biological replicates).
Differences between treatments were analysed by a Kruskal-Wallis and a post-hoc test (Dunn’s test). Different letters indicate significant differences (P<0.05).
JA (x?=16.794, df=2, P=0.00023), OPDA (4°=15.384, df=2, P=0.00046), JA-lle ({*=17.121, df=2, P=0.00019), ABA (x°=10.338, df=2, P=0.00569), SA
(*=14.924, df=2, P=0.00057). ABA, abscisic acid; df, degrees of freedom; dw, dry weight; JA, jasmonic acid; JA-lle, jasmonic acid isoleucine conjugates;

OPDA, 12-oxo-phytodienoic acid; SA, salicylic acid.

full-length MTS and STS from the TPS-a, TPS-b, and TPS-g
subfamilies, while DTS was excluded. For gene isolation,
cDNA was synthesized from S. purpurea leaves treated with
L. dispar and C. populi, and the open reading frames of eight
candidate TPS genes were successfully amplified and cloned.
Based on their phylogenetic relationship with previously
characterized P. trichocarpa TPS enzymes, the poplar TPS
nomenclature was adopted, and the S. purpurea candidates
were designated as their respective orthologues. For S. purpurea
TPS candidates lacking identifiable orthologues, nomenclature
was extended by continuing the P. trichocarpa numbering scheme
beyond PtTPS21 (Lackus et al., 2018). Accordingly, three genes
of the TPS-b subfamily were identified as SpTPS2
(Sapur.011G018900), SpTPS6 (Sapur.007G105100), and
SpTPS13 (Sapur.019G015400); two genes of the TPS-g
subfamily as SpTPS3 (Sapur.011G019500) and SpTPS15
(Sapur.004G018300); and three genes of the TPS-a subfamily
as SpTPS1 (Sapur.016G273600), SpTPS22 (Sapur.019G014500),
and SpTPS23 (Sapur.019G047500). Amplification and cloning
of SpTPS1, SpTPS2, and SpTPS3 each yielded two sequence
variants, which were considered allelic versions of the respective
genes. These variants were designated as SpTPS1-varl/-var2,
SpTPS2-varl/-var2, and SpTPS3-varl/-var2, and both alleles
were included in further in vitro characterizations. Amino acid
sequence alignments revealed sequence identities of 98.6%,

99.7%, and 99.3% between the corresponding variants of
SpTPS1, SpTPS2, and SpTPS3, respectively (Supplementary
Figs S1-S3).

To gain further insight into the putative functionality of the
identified TPS candidates, additional in silico analyses were con-
ducted to assess the presence of conserved catalytic motifs and
to predict subcellular localization. Signal peptide predictions
were performed using the TargetP 2.0 server (https://
services.healthtech.dtu.dk/services/TargetP-2.0/;  Almagro
Armenteros et al., 2019). Typically, MTS and DTS enzymes
harbor N-terminal signal peptides directing them to the plas-
tids, whereas STS enzymes, generally localized in the cytosol,
lack such sequences (Bohlmann ef al., 1998; Chen et al.,
2011; Dudareva et al., 2013). Consistent with this, plastidial tar-
geting peptides were predicted for SpTPS3, SpTPS6, and
SpTPS13, supporting their proposed function as MTSs
(Supplementary Table S1). In contrast, no signal peptides
were predicted for SpTPS1, SpTPS2, SpTPS15, and
SpTPS23, suggesting cytosolic localization and a likely role as
STSs (Supplementary Table S1). For SpTPS22, signal peptide
prediction was slightly ambiguous, with a cytosolic localization
likelihood of only 0.85 (Supplementary Table S1). Moreover,
further in silico analysis confirmed the presence of several con-
served motifs essential for TPS enzymatic activity in the respective
candidates. All candidates contained the aspartate-rich DDxxD
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Fig. 3. Phylogenetic analysis of putative purple willow (Salix purpurea, Sp) terpene synthases (TPS), and TPS from black cottonwood (Populus trichocarpa,
Pt). The tree was inferred by using the maximum likelihood method based on the Tamura—Nei model (Tamura and Nei, 1993) implemented in MEGA11

(Tamura et al., 2021). Bootstrap values (n=750) are shown next to each node. The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. Codon positions included were first+second+third+noncoding. SpTPS candidate genes further considered in this study are highlighted

in red. PtTPS in bold have previously been described in (Danner et al., 2011;

Irmisch et al., 2014, 2015; Lackus et al., 2018, 20214, b). CDS, copaly! di-

phosphate synthase; DTS, diterpene synthase; IPS, isoprene synthase; KS, kaurene synthase; MTS, monoterpene synthase; STS, sesquiterpene synthase.

TPS-a to h represent TPS subfamilies (Chen et al., 2011).

motif and the NSE/DTE motif, both critical for metal cofactor
binding (Chen et al., 2011; Bergman and Dudareva, 2024).
For SpTPS22 and SpTPS23, however, the conserved ser-
ine/threonine residue of the NSE/DTE motif was replaced
by glycine (Supplementary Table S1). Moreover, all SpTPS
candidates possess the RxR motif, which facilitates pyrophos-
phate complexation, though in SpTPS3 and SpTPS15 the se-
cond arginine was substituted by glutamine (Supplementary

Table S1). In addition, all SpTPS candidates possess the con-
served RRxgW motif, except for SpTPS3 and SpTPS15
(Supplementary Table S1).

Herbivory induces expression of SpTPS genes in
S. purpurea leaves

To further elucidate the contribution of the isolated SpTPS
candidates to the herbivore-induced volatile bouquet, gene
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Fig. 4. Gene expression of purple willow (Salix purpurea, Sp) candidate terpene synthases (SpTPS) in undamaged (ctr), gypsy moth caterpillar (Lymantria
dispar)-damaged (Ld), and poplar leaf beetle (Chrysomela populi)-damaged (Cp) purple willow (Salix purpurea) leaves. Gene expression was determined by
RT-gPCR with elongation factor 1-a (Xu et al., 2011) as housekeeping gene. Box plots show median, interquartile range, and outliers (n=3 biological rep-
licates). Differences between treatments were analysed by a one-way ANOVA and a post-hoc test (Tukey test) or a Kruskal-Wallis and a post-hoc test
(Dunn’s test). Different letters indicate significant differences (P<0.05). SpTPS1 (F=5.664, df=2, P=0.04150), SpTPS2 (x?=7.200, df=2, P=0.02732), SpTPS3
(’=7.200, df=2, P=0.02732), SpTPS6 (°=6.489, df=2, P=0.03899), SpTPS13 (F=21.250, df=2, P=0.00189), SpTPS15 (F=6.030, df=2, P=0.03670),

SpTPS22/23 (F=0.006, df=2, P=0.99400). df, degrees of freedom.

expression analyses were performed using RT-qPCR, com-
paring relative transcript levels in S. purpurea leaves upon L. dis-
par or C. populi herbivory with those in untreated control
leaves. For the isolated candidates SpTPS2, SpTPS3,
SpTPS6, SpTPS13, and SpTPS15, feeding by L. dispar cater-
pillars resulted in a significant up-regulation of gene expression
compared with the respective controls (Fig. 4B-F). Among
these, SpTPS3 exhibited the strongest induction, with tran-
script levels increasing approximately 650-fold, followed by
SpTPS6, which showed a 17-fold increase upon L. dispar her-
bivory (Fig. 4C, D). In contrast, feeding by C. populi beetles led
to a less pronounced up-regulation of the same SpTPS genes
(Fig. 4C, D). This expression pattern mirrored the quantitative
differences in herbivore-induced volatile emissions and the ex-
tent of feeding damage observed between the two herbivore
species (Fig. 4; Supplementary Fig. S4). Further RT-qPCR

analysis of SpTPS1 revealed a strong trend toward increased
expression in response to both L. dispar and C. populi herbi-
vory; however, the induction did not reach statistical signifi-
cance (Fig. 4A). Due to the high sequence similarity between
SpTPS22 and SpTPS23, gene-specific primers could not be
designed, and a shared primer pair targeting both genes was
used. RT-qPCR analysis showed no herbivore-induced
change in the combined expression pattern of these two TPS

candidates (Fig. 4G).

In vitro functional characterization reveals terpene
synthase activity of SpTPS candidates

For functional characterization of the SpTPS candidates, the
isolated genes were heterologously expressed in E. coli. Based
on the in silio predicted N-terminal signal peptides
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Fig. 5. In vitro enzymatic characterization of purple willow (Salix purpurea) candidate terpene synthases (SpTPS). The enzymes were heterologously ex-
pressed in Escherichia coli, extracted, partially purified, and incubated with the substrates geranyl diphosphate (GPP) and (E,E)-faresyl diphosphate
((E,E)-FPP) and the cofactor Mgz*. Products were collected with a solid-phase microextraction (SPME) fiber and analysed by gas chromatography-mass
spectrometry. (A) Monoterpene products with substrate GPP. (B) Sesquiterpene products with substrate (E,£)-FPP. 1, linalool*; 2, unidentified monoterpene
1; 8, B-elemene; 4, calarene; 5, epi-bicyclosesquiphellandrene; 6, unidentified sesquiterpene 1; 7, germacrene D*; 8, bicyclogermacrene; 9, 8-cadinene; 10,
unidentified sesquiterpene alcohol 1; 11, a-bergamotene; 12, (E,E)-a-farnesene*; 13, nerolidol; 14, unidentified sesquiterpene 2; cont., contamination.
Compounds marked with ** were identified by comparison of retention time and mass spectrum to those of authentic standards. Other compounds were

identified by database comparisons. TIC, total ion count.

(Supplementary Table S1), truncated constructs were gener-
ated for SpTPS3 (A30 nt), SpTPS6 (A57 nt), and SpTPS13
(A51 nt), whereas the remaining candidates were expressed as
full-length constructs. For SpTPS22, both a full-length
(SpTPS22-fl) and a truncated version (SpTPS22-tr; A45 nt)
were expressed. The heterologously expressed proteins were
partially purified, and their enzymatic activities were tested us-
ing GPP, (E,E)-FPP, and (E,E,E)-GGPP as substrates for
MTS, STS, and DTS activities, respectively, with Mg*" as
cofactor.

SpTPS1-varl, predicted to function as an STS, catalysed the
formation of multiple sesquiterpenes from (E,E)-FPP in vitro,

with germacrene D as the main product (Fig. 5B).
Interestingly, it also converted GPP into six monoterpenes,
with myrcene, limonene, and a-terpinolene being the most
abundant (Supplementary Fig. S7A). The SpTPS1-var2 variant
displayed a similar product profile with both substrates, con-
firming that both alleles encode enzymes with comparable
functional activity (Fig. 5B; Supplementary Fig. S8A). No ac-
tivity was detected with (E,E,E)-GGPP as substrate for either
SpTPS1-varl or SpTPS1-var2 (Supplementary Figs S8A, S9).
Similarly, SpTPS2-varl and SpTPS2-var2 both acted as STS
enzymes, producing (E,E)-a-farnesene as the major product
and o-bergamotene as a minor product with (E,E)-FPP as
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substrate (Fig. 5B). Both variants showed only low MTS ac-
tivity with GPP, forming small amounts of (E)-B-ocimene,
and possessed no detectable activity with (E,E,E)-GGPP
(Supplementary Figs S7A, S8B, S9). SpTPS3-varl/var2,
SpTPS13, and SpTPS15 exhibited comparable activity
with GPP and (E,E)-FPP, producing the monoterpene alcohol
linalool and the sesquiterpene alcohol nerolidol as the predomin-
ant products, respectively (Fig. 5A, B; Supplementary Figs S7A,
B, S8C). A slight difference was observed for SpTPS13, which
additionally produced minor amounts of (E)-B-farnesene from
(E,E)-FPP (Supplementary Fig. S7B). None of these candidates
showed detectable activity with (E,E,E)-GGPP (Supplementary
Fig. S9). Moreover, no enzymatic activity was detected for
SpTPS6, SpTPS22-fl, SpTPS22-tr, or SpTPS23 with any of
the tested substrates (Fig. 5A, B; Supplementary Figs S7A, B,
S9). Subsequent SDS-PAGE analysis revealed that these candi-
dates were not expressed in E. coli, providing a likely explanation
for the lack of enzymatic activity (Supplementary Fig. S10).
Notably, substitution of the cofactor Mg”" with Mn”" did not al-
ter the product profiles of the TPS enzymes SpTPS1-varl,
SpTPS2-varl, SpTPS13, and SpTPS15, whereas no product for-
mation was detected for SpTPS3-varl in the presence of Mn>"
(Supplementary Fig. S11). Negative controls, including assays
with protein extracts from empty-vector E. coli and enzyme-free
reactions, showed no formation of mono-, sesqui-, or diterpenes
(Supplementary Fig. S12A, B).

Transient expression of SpTPS genes in N. benthamiana
results in terpene formation in planta

To assess the in planta functional activity of the isolated SpTPS
candidates, full-length constructs were heterologously
expressed in N. benthamiana leaves through Agrobacterium
tumefaciens-mediated transient transformation. For SpTPS1,
SpTPS2, and SpTPS3, only the respective var-2 forms were ex-
pressed. Expression was enhanced by co-infiltration with the
p19 silencing suppressor, and an eGFP-expressing construct
served as a negative control. Volatile compounds emitted
from the transformed leaves were subsequently collected and
analysed by GC-MS and GC-FID to characterize the terpene
profiles produced in planta.

To characterize the volatile profiles associated with the
SpTPS candidate genes, N. benthamiana plants were transiently
transformed with all eight full-length SpTPS constructs.
Analysis of the resulting volatile bouquets revealed a total emis-
sion of three monoterpenes and six sesquiterpenes (Fig. 6A).
To determine the specific product spectrum of each enzyme,
individual SpTPS constructs were expressed separately
(Fig. 6B). Overexpression of SpTPS1-var2 resulted amongst
others in the emission of the sesquiterpenes germacrene D
and (E)-P-caryophyllene, whereas SpTPS2-var2 expression
led mainly to the formation of (E,E)-o-farnesene (Fig. 6B;
Supplementary Fig. S13). Transient expression of SpTPS3-
var2, SpTPS13, and SpTPS15 resulted in linalool emission;

additionally, SpTPS15-expressing plants released comparable
amounts of the sesquiterpene alcohol nerolidol (Fig. 6B).
These in planta results for SpTPS1-var2, SpTPS2-var2,
SpTPS3-var2, SpTPS13, and SpTPS15 were consistent with
the enzyme activities determined in vitro (Figs 5A, B, 6B).
For SpTPS6, SpTPS22-tr, and SpTPS23, which showed no
detectable activity in vitro, volatile emissions were nevertheless
observed in planta. SpTPS6-overexpressing plants produced
the monoterpene (E)-B-ocimene and smaller amounts of its
isomer (Z)-B-ocimene (Fig. 6B). Overexpression of SpTPS22-tr
or SpTPS22-fl resulted in the emission of (E)-B-caryophyllene
and B-elemene, the latter likely arising as a thermal rearrangement
product of germacrene A during GC injection (Fig. 6B;
Supplementary Fig. S13; de Kraker ef al., 1998). Moreover,
SpTPS23 overexpression led to the formation of a so far un-
identified sesquiterpene alcohol within the volatile bouquet
(Fig. 6B; Supplementary Fig. S14).

Discussion

This study aimed to elucidate the defense response of the long-
lived woody species Salix purpurea (Salicaceae) to herbivory.
Comparative analysis of volatile emissions from herbivore-
damaged (L. dispar or C. populi) and untreated leaves revealed
that herbivory triggers the release of diverse mono- and sesqui-
terpenes. To uncover the molecular basis of this response, we
depicted the TPS gene family in S. purpurea. Several SpTPS
candidates were identified and functionally validated in vitro,
while heterologous expression in N. benthamiana reconstituted
major components of the S. purpurea herbivore-induced ter-
penoid blend. These findings suggest that the characterized
SpTPS enzymes might play a central role in the volatile defense
response of S. purpurea to L. dispar or C. populi herbivory.

Volatile terpenoids are major compounds of the
herbivore-induced volatile bouquet and might play a role
as defense compounds

In response to herbivory, plants emit a complex blend of volatile
organic compounds comprising nitrogen-containing compounds,
green leaf volatiles, aromatic and phenylpropanoid-derived
compounds, and, most prominently, terpenoids (Dudareva
et al., 2006, 2013; Mumm and Dicke, 2010). This pattern is
also observed in the Salicaceae family, where complex volatile
blends are emitted in response to herbivory, as reported for
black poplar (P. nigra), black cottonwood (P. trichocarpa), and
various willow species (Peacock et al., 2001; Danner et al.,
2011; Fabisch et al., 2019; Lackus et al., 2021b).

In S. purpurea, the herbivore-induced volatile bouquet was
dominated by terpenes, accompanied by minor amounts of
nitrogen-containing and phenylpropanoid-related compounds
(Fig. 1A; Supplementary Table S5). Among the terpenoids,
(E)-B-ocimene represented the most abundant monoterpene,
while (E,E)-o-farnesene and germacrene D were the predominant

920Z 1890100 g0 UO J8sn Seouslog [ein)noLby Jo Awepeoy asauly) Aieigi 8)us) UOoIBWIOLU| R UONBIUSWNO0( 80Ualos AQ $8160S8/679t 11/ 2/81o1ue/gxX/woo dno-oiwspese woll papeojumo(]


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag124#supplementary-data

Molecular basis of terpene biosynthesis in purple willow | 4661

A
N NN
i.': § § ) ;I'- ™ T3 IS 7 9
HhBBBH DD D
LR EEEERERE 5
035885388 45| |8
O] [ [ [ [ I
EOOO0OOO00O0 1 T ‘ ‘ ‘ r T T T 1 T r
6 8 10 12 14 16 18 20 22 24 26 28
Retention time (min)
B
™ guch o
P i owsdsn
- fNMm O~ NN
& :‘1-: ?_-_ g_ ,&__ ?_-. E-: E g germacrene D (E)-B- (E,E)-a-farnesene (Z)-B-ocimene (E)-B-ocimene
93 3 %%%%%%m (6) caryophyllene (5) (7) (1) (2)
EOO0OOOO0OOd nd nd nd nd nd
OEO0O0O0O0O00O0 nd nd nd
OOoEO0OOOOoO nd [ nd nd
OooomoOoooaO nd nd nd nd
mininini=inininin; nd nd ====R —
OoooOoOomEO0O0O nd nd nd nd
ooOobooOomOn nd nd nd nd
OooooOoOooEn nd nd nd nd
OooooOoOoOonom nd nd b nd
500 1000 100 200 2000 4000 5 10 20 40
“;: E“;ﬁ - ;‘.‘ . Emission (ng g fw h')
ZER8HH 0 0
E&Q%E%&Q&Q&QE ““(1!;30' nerg;;dOI [3'9“(3:)19“9 sesquirer:i:)’:r::ijﬁihol (8)
DN DDNN NN
BEO0OO0O0OooOooo nd nd nd nd
OmO0O0oo0Ooono nd nd nd nd
OoOomOO0OooOooa nd nd nd nd
oooE0ooono  ped nd nd nd
OO0OOEOOO0O nd nd nd nd
OooooomOoon :—‘ nd nd nd
O0OoOoOoomoOo [r— nd nd
O0ooOooomnO nd nd ﬁ nd
goooooobom nd nd nd ——
500 1000 500 50 100 50 100

Emission (ng g’ fw h')

Fig. 6. Volatile emissions from Nicotiana benthamiana leaves transiently overexpressing S. purpurea candidate terpene synthases (SpTPS). (A) Volatile

bouquet of transiently transformed tobacco plants. (B) Volatile emission of tobacco plants transiently overexpressing single SpTPS candidates. Plants were
infiltrated with Agrobacterium tumefaciens containing 35S:eGFP, 35S:SpTPS1-var2, 355:SpTPS2-var2, 36S:SpTPS3-var2, 35S:SpTPS6, 35S:SpTPS13,
356S:SpTPS15, 35S:SpTPS22-tr, and/or 36S:SpTPS23. Volatiles were collected on the fourth day after infiltration for 24 h using an active push-pull system.
Volatile compounds were subsequently analysed and quantified by gas chromatography-mass spectrometry and gas chromatography-flame ionization

detection, respectively. Data are the mean +SE (n=8 biological replicates). IS, internal standard (nonyl acetate); 1, (£)-B-ocimene; 2, (E)-p-ocimene*; 3, li-
nalool*; 4, B-elemene; 5, (E)-B-caryophyllene*; 6, germacrene D*; 7, (E,E)-a-farnesene*; 8, unidentified sesquiterpene alcohol; 9, nerolidol*. nd, not detected.
Compounds marked with ** were identified by comparison of retention time and mass spectrum to those of authentic standards. Other compounds were

identified by database comparisons.

sesquiterpenes (Fig. 1; Supplementary Table S5). These findings are
consistent with previous reports from P. trichocarpa, where the same
compounds were among the major herbivore-induced volatiles
(Danner et al., 2011; Irmisch et al, 2014). Interestingly, the

composition of the volatile blend did not differ between L. dispar
or C. populi feeding (Fig. 1; Supplementary Table S5), suggesting
that the induced terpenoid emission represents a generalized defense
response rather than a herbivore-specific reaction. Comparable
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herbivore-independent volatile profiles have also been observed for
P. nigra trees upon feeding by multiple lepidopteran or coleopteran
species (Fabisch et al., 2019). Notably, the herbivore-defense re-
sponses reported here and in P. nigra (Fabisch et al., 2019) were in-
vestigated using chewing insects. However, other feeding guilds,
such as leaf miners or sap-sucking insects, could elicit distinct de-
fense patterns, reflecting the specificity of plant responses to differ-
ent types of herbivory. Furthermore, exploring intraspecific
variation in S. purpurea may provide additional insights into the spe-
cificity and magnitude of herbivore-induced defenses, as previous
studies have demonstrated that genotypic differences can signifi-
cantly influence plant chemical profiles and defensive traits (e.g.
Moreira et al., 2019). Such analyses could help clarify the ecological
relevance of defense variability and contribute to understanding the
evolutionary drivers of plant-herbivore interactions.

Several terpenes emitted by herbivore-induced S. purpurea
leaves are known from other plant species to act as key medi-
ators in diverse plant—environment interactions (De Moraes
et al., 2001; Schaub et al., 2010; Zhuang et al., 2012). The
monoterpene (E)-f-ocimene, for example, is a well-
characterized inducible defense volatile in Lotus japonicus fol-
lowing infestation by the two-spotted spider mite (Tetranychus
urticae) (Arimura et al., 2004b). While inducible emission alone
does not demonstrate a defensive function, (E)-B-ocimene has
been implicated in plant-herbivore interactions in other systems,
where it can influence herbivore behavior and performance
(Huang et al., 2022). Consistent with this, deterrent effects on
Spodoptera litura larvae and increased larval mortality have been re-
ported in non-choice assays (Huang et al., 2022). In addition to its
role in direct defense, (E)-B-ocimene mediates plant—plant com-
munication. Emission of this compound from transgenic tobacco
plants, for example, enhanced aphid resistance in neighboring
tomato plants (Cascone et al., 2015). Likewise, the sesquiterpene
(E,E)-o-farnesene has been reported as a herbivory-induced vola-
tile in several plant species, including poplar, tea, and soybean
(Danner et al., 2011; Lin et al., 2017; Wang et al., 2019; Scott
et al, 2020). In soybean, for instance, enhanced (E,E)-
a~farnesene emission has been associated with increased resistance
to the soybean cyst nematode (Lin et al., 2017; Constantino
et al., 2021). Moreover, another major constituent of the S.
purpurea volatile blend, (E)-B-caryophyllene, has been shown
to play multifaceted ecological roles. In maize roots, (E)-B-
caryophyllene emission is induced by feeding of the western
corn rootworm (Diabrotica virgifera virgifera), where it mediates
an indirect defense response by attracting entomopathogenic
nematodes (Rasmann et al., 2005; Kollner et al., 2008).
Furthermore, in Arabidopsis flowers, (E)-B-caryophyllene
emission contributes to pathogen resistance against Pseudomonas
syringae, and loss of this volatile was linked to severely impacted
seed size and misshaping following infection (Huang et dl.,
2012). Given the described roles of volatile terpenes in plant de-
fense (Turlings and Erb, 2018; Kutty and Mishra, 2023;
Thompson et al., 2024), it is likely that the terpenes emitted by
herbivore-induced S. purpurea leaves contribute to both direct

and indirect defense against
Moreover, several terpenoids have been reported to exhibit
antimicrobial activity in wvitro, raising the possibility that
wound-induced volatile emissions may have indirect effects
on microbial interactions, although this remains speculative.
Similar hypotheses regarding defensive or antimicrobial roles
of plant-emitted terpenoids have been proposed previously

(Lackus et al., 2018).

the feeding herbivores.

Phytohormone signaling and transcriptional regulation as
mediators in herbivore-induced volatile formation

In response to herbivore attack, plants typically activate com-
plex hormonal signaling networks involving phytohormones
such as JA and SA (Erb et al., 2012; Singh et al., 2016). JA is gen-
erally seen as the primary mediator of defense responses against
chewing herbivores (Howe and Jander, 2008; Dicke et al.,
2009; Stroud et al., 2022; Ali et al., 2024), whereas SA is pre-
dominantly associated with resistance to biotrophic and hemi-
biotrophic pathogens (White, 1979; Yang ef al., 2015; Stroud
et al., 2022; Ali et al., 2024). Although JA and SA signaling
are generally considered antagonistic, increasing evidence sug-
gests a more nuanced interaction involving synergistic cross-
talk between the two pathways (Mur et al., 2006; Smith
et al., 2009; Riemann et al., 2013; Ullah et al., 2022). For in-
stance, studies in rice using jasmonate-deficient mutants dem-
onstrated JA-dependent resistance to the fungal plant pathogen
Magnaporthe oryzae (Riemann et al., 2013; Ma et al., 2022; Liu
et al., 2025), while in Populus nigra, simultaneous induction of
SA and JA was observed during infection with the rust fungus
Melampsora larici-populina (Ullah et al., 2022). Similarly, in our
study, herbivory by L. dispar significantly increased both
JA-derived metabolites and SA levels in S. purpurea leaves, sug-
gesting a potential synergistic activation of these signaling path-
ways (Fig. 2). In contrast, herbivory by C. populi resulted in a
less pronounced induction of JA-related metabolites, which
may be attributed to the comparatively lower feeding intensity
of the beetles relative to L. dispar caterpillars (Supplementary
Fig. S4). Interestingly, herbivore specificity in hormonal sig-
naling has also been reported in Nicotiana attenuata, where feed-
ing by the generalist beet armyworm (Spodoptera exigua)
strongly induced SA accumulation, whereas the specialist to-
bacco hornworm (Manduca sexta) did not elicit a comparable
response (Diezel et al., 2009). These findings could imply
that herbivore identity may influence distinct hormonal sig-
naling cascades in S. purpurea as well. However, despite these
differences in phytohormone profiles, the resulting volatile
defense responses were largely similar between the two her-
bivores in our study, indicating that downstream integration
of the signaling pathways may converge (Figs 1, 2). Further
investigations into the specificity and cross-regulation of
these hormonal networks will be required to fully elucidate
the complexity of herbivore-induced defense responses in
S. purpurea.
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In connection with the broader hormonal signaling net-
work, we also examined the gene expression profiles of the iso-
lated TPS candidate genes (Fig. 5). The expression levels of
most genes were substantially induced following herbivore
treatment (Fig. 5). This observation is consistent with findings
in other woody plant species, where herbivory similarly indu-
ces enhanced gene expression (Arimura ef al., 2004a; Kopke
et al., 2008; Vickers et al., 2010; He et al., 2022). These results
mutually suggest that transcriptional regulation may represent a
key and conserved mechanism underlying terpene biosynthesis in
response to herbivore attack. Moreover, the herbivory-induced
transcriptional regulation and the consequent production of vol-
atiles illustrate a mechanism that may contribute to balancing
growth and defense, although this trade-oft is likely context-
dependent (Lucas-Barbosa et al., 2011; Huot et al., 2014). In
many cases, plants under stress can reduce growth and redirect
resources toward defensive pathways, but the magnitude and oc-
currence of such responses can vary widely among species, geno-
types, and environmental conditions (Lucas-Barbosa ef al., 2011;
Huot et al., 2014). In addition, other factors, including spatial vari-
ation within plant populations and differences in herbivore pres-
sure, may influence the inducible formation of specialized
metabolites, suggesting that both genetic and ecological context
shape plant defense strategies (Rasmann ef al., 2015).

Terpene synthase gene family composition and functional
diversification in S. purpurea

In this study, we identified a mid-sized TPS gene family in
Salix purpurea, comprising 34 full length members. This family
size is comparable to that reported for Populus trichocarpa and
Arabidopsis, which harbor 38 and 32 TPS genes, respectively
(Aubourg et al., 2002; Chen et al., 2011; Irmisch et al., 2014).
In contrast, other plant families display either expanded or re-
duced TPS families, reflecting lineage-specific diversification
within this gene family (Jiang ef al., 2019; Wang et al., 2025).
Given the high sequence similarity among several SpTPS
members, further genome annotation may refine the exact number
of functional TPS genes in S. purpurea in the future. A notable find-
ing was the clustering of a substantial proportion of SpTPS genes on
chromosome 19 (Supplementary Fig. S6), suggesting recent tan-
dem duplication events. Such duplications represent an important
evolutionary mechanism driving chemical diversification in plant
specialized metabolism (Chen et al, 2011; Kroymann, 2011;
Chae et al., 2014; Ono and Murata, 2023). Subsequent neo- or sub-
functionalization of duplicated genes often leads to enzymes with
altered substrate specificity or product profiles, contributing to
the vast structural diversity of plant specialized metabolism (Chen
et al, 2011; Kroymann, 2011; Ono and Murata, 2023).
Conversely, partial redundancy within TPS gene families may
also be a mechanism to maintain metabolic stability and ensure con-
sistent production of key defense compounds.

TPS enzymes are known to be highly sensitive to single ami-
no acid substitutions, which can dramatically alter product

specificity (Kollner et al, 2009; Christianson, 2017;
Whitehead et al., 2023). For example, single amino acid vari-
ation in poplar PtTPS19 has been shown to shift the product
formation from ent-kaurene to 16a-hydroxy-ent-kaurane,
while in poplar PtTPS16, conversion of four amino acids
changed the product profile from y-terpinene into a multi-
product enzyme producing camphene, limonene, and o-/
B-pinene (Irmisch ef al., 2015; Lackus ef al., 2018). Similarly,
in maize, closely related TPS4 and TPS5 produce overlapping
product spectra in different proportions, determined largely by
four amino acid substitutions, especially a highly important gly-
cine residue, that affect enzyme stereoselectivity (Kollner ef al.,
2004). In contrast, the allelic variants identified in this study
(SpTPS1-varl/var2, SpTPS2-varl/var2, and SpTPS3-varl/
var2) exhibited identical product profiles, indicating that the
observed sequence polymorphisms do not influence catalytic
function (Fig. 5; Supplementary Figs S7, S8). Interestingly,
SpTPS13 displayed a notable functional divergence from its
poplar orthologue PtTPS13 (Fig. 5A; Irmisch et al.,, 2014).
While PtTPS13 produces 1,8-cineole (Irmisch et al., 2014),
SpTPS13 formed linalool in the presence of GPP. This enzym-
atic difference likely reflects the relatively low sequence iden-
tity (92.2%) between the two orthologues. The observed
enzyme activities, however, are consistent and might explain
the absence of 1,8-cineole in the S. purpurea volatile bouquet
(Fig. 1).

Moreover, of particular interest is the candidate SpTPS23,
which produced an unidentified sesquiterpene alcohol in
N.  benthamiana upon heterologous expression (Fig. 6;
Supplementary Fig. S14). This compound was not detected in
the S. purpurea leaf volatile bouquet, indicating that the sesquiter-
pene alcohol might undergo further enzymatic modification in
planta, potentially by cytochrome P450 monooxygenases or other
tailoring enzymes. Similar metabolic diversification has been
described for instance in maize, where B-macrocarpene-
derived zealexins are formed through cytochrome P450
enzymes (Mao ef al., 2016; Ding et al., 2020). Structural elu-
cidation of this novel sesquiterpene alcohol and identification
of tentative associated modifying enzymes represent worth-
while aims for future research.

Conclusion

In conclusion, herbivory on Salix purpurea leaves induces a
complex volatile blend of mono- and sesquiterpenes, demon-
strating that long-lived woody plants are capable of mounting
sophisticated chemical defenses. Through integrated genomic
and phylogenetic analyses, we identified a mid-sized TPS
gene family tentatively underlying these emissions. Functional
characterization in E. coli and in planta reconstitution in N. ben-
thamiana provided functional evidence for the contribution of
these TPS enzymes to the herbivore-induced terpenoid bouquet.
Collectively, these findings establish a comprehensive framework
for understanding volatile-mediated plant—insect interactions in
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perennial species and provide a foundation for future investiga-
tions into the ecological and evolutionary roles of terpenoid emis-
sions in woody plants.

Supplementary data

The following supplementary data are available at JXB online.

Fig. S1. Amino acid sequence alignment of cloned Salix purpurea terpene
synthase 1 (SpTPS1) alleles and Sapur.016G273600 (Phytozome v13).

Fig. S2. Amino acid sequence alignment of cloned Salix purpurea terpene
synthase 2 (SpTPS2) alleles and Sapur.011G018900 (Phytozome v13).

Fig. S3. Amino acid sequence alignment of cloned Salix purpurea terpene
synthase 3 (SpTPS3) alleles and Sapur.011G019500 (Phytozome v13).

Fig. S4. Percentage of leaf area remaining in undamaged (ctr),
Lymantria dispar-damaged (Ld), and Chrysomela populi-damaged (Cp)
Salix purpurea leaves.

Fig. S5. Salicinoid content in undamaged, Lymantria dispar-, or
Chrysomela populi-damaged  Salix purpurea leaves was measured by
HPLC-UV.

Fig. S6. Schematic representation of Salix purpurea terpene synthase
(SpTPS) gene locations on chromosomes 16 and 19 (v5.1 genome
assembly).

Fig. S7. In vitro enzymatic activity of Salix purpurea terpene synthase
(SpTPS) candidates heterologously expressed in E. coli, incubated with
GPP or (E,E)-FPP, with products collected by SPME and analysed by
GC-MS.

Fig. S8. In vitro enzymatic activity of Salix purpurea terpene synthase
(SpTPS) candidate variants heterologously expressed in E. coli, incubated
with GPP, (E,E)-FPP, or (E,E,E)-GGPP, with products collected by
SPME or n-hexane and analysed by GC-MS.

Fig. S9. In vitro enzymatic activity of Salix purpurea terpene synthase
(SpTPS) candidates heterologously expressed in E. coli, incubated with
(E,E,E)-GGPP, with products collected with n-hexane and analysed by
GC-MS.

Fig. S10. SDS-PAGE analysis of protein raw extracts from E. coli ex-
pressing purple willow (Salix purpurea) terpene synthases.

Fig. S11. In vitro enzymatic activity of Salix purpurea terpene synthase
(SpTPS) candidates heterologouslz expressed in E. coli, incubated with
GPP or (E,E)-FPP, cofactor Mn>" with products collected by SPME
and analysed by GC-MS.

Fig. S12. In vitro control assays using empty vector (EV) extracts from
E. coli or no-protein, incubated with GPP, (E,E)-FPP, or (E,E,
E)-GGPP, with products collected by SPME or n-hexane and analysed
by GC-MS.

Fig. S13. Volatile emission of transiently transformed Nicotiana ben-
thamiana plants overexpressing Salix purpurea candidate terpene synthases.

Fig. S14. Mass spectrum of the unidentified sesquiterpene alcohol pro-
duced by Salix purpurea terpene synthase 23 (SpTPS23).

Table S1. In silico characterization of Salix purpurea terpene
synthase (TPS) candidates showing predicted nucleotide and amino
acid lengths, TPS types, conserved domains, and subcellular
localizations.

Table S2. Oligonucleotides used for amplification and gene expression
analyses of Salix purpurea terpene synthase genes.

Table S3. Expression levels (AC, mean *SD, n=3) of housekeeping
genes in undamaged (ctr), Lymantria dispar-damaged (Ld-herb), and
Chrysomela populi-damaged (Cp-herb) Salix purpurea leaves.

Table S4. Compounds used as standards for GC-MS analysis.

Table S5. Volatile composition (ng g~ ' FW h™" +SE, n=7) of undam-
aged (ctr), Lymantria dispar-damaged (Ld), and Chrysomela populi-damaged
(Cp) Salix purpurea leaves.
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