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( Chapter 1 — General introduction )
\

( Chapter 3 - Long-term priming of elm anti-herbivore defences

a) How does an elm leaf beetle infestation with all life stages,
including egg deposition, affect the performance of elm leaf (C

beetles feeding on regrown, egg-treated leaves in the following
year? a) How do concentrations of

phytohormones change during
b) Do previously infested trees receive a different number of elm egg mediated (short-term)

hapter 2 - Short-term primin?

leaf beetle eggs than naive trees? priming of elm anti-herbivore
defences?
c) Do concentrations of the phenylpropanoids kaempferol and
quercetin differ between currently infested elm leaves of b) How does the phenyl-
previously infested trees and of previously naive trees? propanoid pathway in egg-
primed leaves respond to
d) Does a prior infestation by elm leaf beetles affect the feeding damage by elm leaf
concentrations of phytohormones and the expression of genes beetle larvae?
involved in phenylpropanoid and phytohormone biosynthesis, )

signalling and epigenetic marking in elm leaves currently exposed
Qo eggs and larvae?

e
(" Long-term priming?

J

Short-term priming?

Elm leaf beetle

microbiome Phytohormones?

Phenylpropanoid pathway?
Epigenetic modifications?

Chapter 5 — General discussion

a) Priming of anti-herbivore resistance
as defence strategy in trees and
comparison to herbaceous plants

Chapter 4 - Elm leaf beetle
microbiome

a) How abundant are bacteria associated

with elm leaf beetles and how species-rich

are the bacterial communities?

b) Short- and long-term priming of
elm anti-herbivore defences with
respect to the phytohormones SA and
JA, phenolic substances, and
epigenetic regulation

b) How abundant are fungi associated with
elm leaf beetles and how species-rich are the

e . .
fungal communities? c) Role of elm leaf beetle microbiome

c) Do the two fungal species found to be in elm—elm leaf beetle interactions

associated with the elm leaf beetle affect the

X . d) Future directions
Qsect s performance? / K /

Tree with leaves: ht
Tree without leaves
Magnifiying glass: |
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Abstract

Main conclusion Elms, which have received insect eggs as a ‘warning’ of larval herbivory, enhance their anti-herbi
vore defences by accumulating salicylic acid and amplifying phenylpropanoid-related transcriptional and metabolic
responses to hatching larvae.

Abstract Plant responses to insect eggs can result in intensi ed defences against hatching larvae. In annual plants, this egg-
mediated e ect is known to be associated with changes in leaf phenylpropanoid levels. However, little is known about how
trees—long-living, perennial plants—improve their egg-mediated, anti-herbivore defences. The role of phytohormones and
the phenylpropanoid pathway in egg-primed anti-herbivore defences of a tree species has until now been left unexplored.
Using targeted and untargeted metabolome analyses we studied how the phenylpropanoid pathway of Ulmus minor respond:
to egg-laying by the elm leaf beetle and subsequent larval feeding. We found that when compared to untreated leaves
kaempferol and quercetin concentrations increased in feeding-damaged leaves with prior egg deposition, but not in feeding-
damaged leaves without eggs. PCR analyses revealed that prior insect egg deposition intensi ed feeding-induced expressiol
of phenylalanine ammonia lyasBAL), encoding the gateway enzyme of the phenylpropanoid patliSatgylic acid (SA)
concentrations were higher in egg-treated, feeding-damaged leaves than in egg-free, feeding-damaged leaves, but SA level
did not increase in response to egg deposition alone—in contrast to observations made of Arabidopsis thaliana. Our results
indicate that prior egg deposition induces a SA-mediated response in elms to feeding damage. Furthermore, egg depositior
boosts phenylpropanoid biosynthesis in subsequently feeding-damaged leaves by enhaagpreBgibn, which results in

the accumulation of phenylpropanoid derivatives. As such, the elm tree shows similar, yet distinct, responses to insect eggs
and larval feeding as the annual model pfanthaliana.

KeywordsFlavonoids - Insect herbivory - Metabolomics - Plant defence - Priming - Salicylic acid
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PAL Phenylalanine ammonia lyase ones after feeding damage (Bandoly et al. 2015; Lortzing
SA Salicylic acid et al.2019) and enhanced expression of genes involved in
the phenylpropanoid pathway (Geuss eRall8).
Previous studies indicate that phenylpropanoids also
Introduction play a role in priming anti-herbivore defences in the eld
elm, Ulmus minor (Austel et al. 2016; Altmann et al. 2018)
Trees are a rich food source for many herbivorous insectBIm responses to egg deposition by the elm leaf beetle Xan
Herbivory may threaten forest ecosystems by massive defthogaleruca luteola enhance the tree’s defences against lar
liation and the transmission of serious diseases (Boyd et alae of this beetle species. Larvae feeding upon previously
2013). Trees have evolved a plethora of chemical and physgg-laden leaves were shown to su er higher mortality than
ical adaptations, which improve their survival in spite oflarvae starting their development on egg-free leaves (Austel
frequent and severe stresses induced by insect infestaticetsal.2016). Larvae that began their development on an egg-
(Boeckler et al. 2011; Buchel et al. 2016; Caldwell et altreated tree faced higher concentrations of a avonoid gly
2016). Stress-induced resistance in plants is an ‘on-demanmbside, kaempferol-3-@binoside-7-Grhamnoside, after
strategy that invests resources in defences as they are needed-day feeding period. Furthermore, application of high
(Wu and Baldwin 2010; Karban 2011; Stam et al. 2014¢oncentrations of this kaempferol glycoside onto (egg-free)
Turlings and Erb 2018 Several studies have shown thatelm leaves resulted in higher larval mortality (Austel et al.
plants can even improve their inducible stress resistance B)16). These results indicate the importance of this type of
responding to environmental cues for impending stress; imvonoids for improved, egg-primed responses of elms to
this way, plants are able to ‘get ready’ and primed for mobilarval herbivory.
lising their stress responses (Frost et al. 2008; Conrath et al. Flavonoids are late products of the phenylpropanoid
2015; Mauch-Mani et aR017). pathway. The enzyme phenylalanine ammonia lyase (PAL)
Environmental cues priming anti-herbivore defencegatalyses a crucial step at the beginning of the phenylpro-
include the rst feeding damage prior to subsequent danpanoid pathway, the deamination of phenylalanine. The
age, leaf volatiles emitted by damaged neighbouring plantegsulting product, trans-cinnamic acid, is hydroxylated to
and insect egg depositions that warn of impending larval-coumarate, which is further converted to 4-coumaryl-CoA;
feeding damage (Hilker et al. 2016, and references thereirthis step is catalysed by the enzyme 4-coumarate CoA ligase
Trees responding to these cues have been shown to imprd4€L). From 4-coumaryl-CoA, the path branches in several
their anti-herbivore defences against subsequently occurrimtijrections. The reaction of shikimateh@droxycinnamoyl-
insect herbivory (Haukiojd991; Tscharntke et a2001; transferase (HCT) with 4-coumaryl-CoA as substrate con-
Frost et al. 2008; Beyaert et al. 2012; Austel et al. 2016; Ltinues to lignin-building units, which can be further modi-
and Blande017). ed by ca eic acid 3-Omethyltransferase (COMT) and
However, the underlying mechanisms for priming induc cinnamyl alcohol dehydrogenase (CAD). In addition to the
ible defences using herbivory-indicating cues have so falignin branch’, the phenylpropanoid pathway also deviates
mainly been studied in annual plant species (Reyr0a8d  from 4-coumaryl-CoA to the biosynthesis of avonoids. The
Hilker and Fatouros 2016; Wilkinson et al. 2019). The feed-avonoid biosynthesis leading to kaempferol and querce-
ing-induced phytohormonal and metabolic responses of setin derivatives involves, among other enzymes, F3H ( a-
eral annual plant species that have been primed by insect eggmone 3-hydroxylase), FLS (avonol synthase), andHF3 «
deposition prior to larval herbivory di er from the feeding- ( avonoid 3 smonooxygenase). Further downstream of the
induced responses of egg-free (non-primed) plants. Thesavonoid branch, anthocyanin derivatives and catechins are
responses have been studied especially in Brassicaceae anaduced; it is here that the enzyme leucoanthocyanidin
Solanaceae. Phytohormonal analyses have revealed tlibxygenase (ANS) is involved (Vogt 2010; Tohge et al.
egg-primed, feeding-induced brassicaceous plants sha2917).
increased concentrations of salicylic acid (SA) (Bonnet Several avonoids, among them kaempferol and querce-
et al.2017; Lortzing et al. 2019). Egg-primed solanaceousin, glycosylated at di erent positions by various sugars,
plant species were found to respond to damage with highbave been detected in elm leaves (Santamour 1972; Bate-
concentrations of jasmonic acid (JA) (Kim et al. 2012) oiSmith and Richens 1973; Martin et al. 2013). A previous
enhanced transcription of a JA-responsive transcription facomparative RNA-seq analysis of egg-treated and egg-free
tor (Bandoly et al. 2015). Egg deposition also a ects theslm leaves after 6 h of feeding damage by elm leaf beetle lar
feeding-induced response of the phenylpropanoid pathwasae also pointed to a role of phenylpropanoids in egg-medi-
in both brassicaceous and solanaceous plants. Egg-primeded priming of the elm’s anti-herbivore defences (Altmann
feeding-induced leaves of these plant taxa show higher leet al.2018). The RNA-seq analysis identi ed enrichments in
els of certain phenylpropanoid derivatives than non-primedene ontology (GO) terms related to cell wall organisation
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and phenylpropanoid metabolic and biosynthetic process€o. Ltd., Tokyo, Japan) for 16 h a day. The 1-year-old trees
(Altmann et al2018). used in our experiments were about 0.80-1.20 m tall and had
The results of our earlier studies on elm responses ggrown up to ten branches deviating from the main axis. Each
elm leaf beetle infestation prompted us to investigate fubranch showed up to 18 fully developed leaves.
ther how egg-mediated priming of anti-herbivore defences EIm leaf beetles (Xanthogaleruca luteola Miller) were
in elm is processed. The aim of the present study was twllected from a natural population around Montpellier,
elucidate how the phenylpropanoid pathway of egg-primeéirance, where they occur in high densities. In the laboratory,
elm leaves responds to feeding damage by elm leaf beethe beetles were kept in microperforated polypropylene bags
larvae. Furthermore, we aimed to determine which phytosn twigs of potted elm trees at room temperature (22-25 °C,
hormonal changes are involved in egg-priming of the elm’46:8 h light/dark with 625-800 Ix, 65-75% relative humid-
anti-herbivore defences. We addressed the following quegy). Inside these bags, beetles fed, mated and laid eggs upon
tions: (1) How does the beetle’s egg deposition a ect leveleaves. Once several egg clutches were laid per twig, beetles
of phytohormones in elm leaves subsequently damaged lyere transferred to a new twig. Twigs with freshly hatched
larval feeding? For this, we analysed levels of SA, JA, JAlarvae were placed into plastic boxes covered with a gauze
isoleucine (JA-lle) and abscisic acid (ABA). (2) How dolid. The larvae were provided with fresh elm twigs three
transcript levels of genes involved in the phenylpropanoitimes per week until they pupated.
pathway change in egg-free and egg-primed leaves after the
onset of larval feeding? To address this question, we stueneral experimental design and conditions
ied transcript levels of the aforementioned (homologues of)
genes encoding enzymes catalysing phenylpropanoid bighe experiments were conducted in our greenhouse between
synthesis. (3) Do phenylpropanoid concentrations in eggvlay and August. EIm trees were subjected to the follow
primed leaves increase after the onset of larval feeding? ing three treatments: (i) standardised egg deposition (E),
With respect to questions (1) and (2), we took intd(i) larval feeding (F) upon egg-free leaves, and (iii) stand-
account that changes of phytohormone levels and germedised egg deposition plus larval feeding (EF); this latter
expression are known to vary rapidly following egg depositreatment was used to study how egg deposition a ects the
tion and/or feeding (e.g., Altmann et al. 2018; Farmer et atesponses of leaves to subsequent larval feeding damage. To
2020). We analysed these parameters 6 h and 24 h after dwmplete a full-factorial experimental design, we left elm
onset of larval feeding upon egg-free or previously eggtrees untreated as controls (C).
laden leaves. These time points were chosen since the elmOne branch per tree was chosen for the treatments. All
RNA-seq analyses by Altmann et al. (2018) showed di er treatments were applied to four leaves per tree in the fol-
ential gene expression in egg-primed leaves early after ldowing manner: counting from the branching point, the rst
vae started feeding. Furthermore, we were interested in tfigeur leaves of a branch remained untreated and were not
spatial distribution of the phytohormonal and transcriptionatonsidered for sampling. They were followed by two treated,
responses to elm leaf beetle eggs and feeding. Therefore, then two untreated, and then two treated leaves, ending with
analysed both locally treated leaves and leaves adjacenttieo untreated leaves. The sampled treated leaves are referred
them. With respect to question (3), we focussed our analystsas ‘local’ leaves, while the sampled untreated leaves are
on locally treated leaves harvested 24 h after the onset mdferred to as ‘systemic’ leaves (Fig).
feeding because our analyses of phytohormone levels andLocal and systemic leaves were harvested at consistent
gene expression revealed especially strong local e ects &éitne points after treatment. Leaves subjected to the F and
this time point. EF treatments were harvested 6 h or 24 h after the onset
of larval feeding. Leaves from control trees and trees sub-
jected to the E treatment were harvested at equivalent time

Materials and methods points, i.e., after a 7-day E treatment period plus 6 h or 24 h
(Fig. 1b). Harvesting E samples at these time points allowed
Plants and insects us to determine whether an elm’s response to the egg treat-

ment was maintained during the natural egg incubation time,
Seed-grown, l-year-old elm trees (Ulmus minor Miller)which lasts for 7 days, until larvae hatch from eggs. Imme-
were purchased from Baumschule Appel (Waldsieversdoréliately after harvesting, leaves from all treatments (C, E, F,
Germany) and potted in 5 L pots with potting soil ClassicEF) were stored in liquid nitrogen.
T (Einheitserd®, Uetersen, Germany) mixed with 5%-ver  Each treatment was replicated ten times for each of the
miculite. The trees were kept in a greenhouse under long dayo harvest time points (i.e., there were 80 treated plants
conditions. In addition to daylight, trees were supplementeih total). Within each replicate, trees were treated on the
with light (EYE IWASAKI MT 400W/DL, lwasaki electric same day and were of the same age and of comparable size.
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Fig. 1 Experimental design. a Position of locally treated Ulmusdamage, E feeding damage, €untreated control. Yellow arrow:
minor leaves (Focal leaves) and adjacent leaves left untreatedime point for egg treatment; red arrow: start of feeding damage by
(= systemic leaves). We investigated local and systemic leaves. rieonate larvae; duration of egg treatment: 7 days (i.e., natural egg
Local leaves were exposed to an egg treatment and feeding damageubation time for larvae to hatch); duration of larval feeding: 6 h
by larvae of the elm leaf beetle Xanthogaleruca luteola. Treatmentsr 24 h. Black arrows: leaf material was sampled 6 h or 24 h after the
E=egg treatment, EFegg treatment and, 7 days later, larval feedingonset of feeding and at equivalent time points in C and E leaves

Treatments were always applied between 10.00 a.m. adtrees received (empty) clip cages at the same time points
11.00 a.m., to avoid possible variation in the parametetand positions on the branch.
analysed due to time of day.

Plant treatments: exposure to egg deposition Determination of phytohormone concentrations
and feeding
To determine how elm leaf beetle egg deposition and larval

To standardise the number, time, and site of egg depodeeding damage a ected concentrations of the phytohor
tions for the E and EF treatments, we mimicked naturahones SA, JA, JA-lle, and ABA, phytohormone concentra-
egg deposition using the protocol described by Austel et diions were determined 6 h and 24 h after onset of feeding in
(2016) and Altmann et al. (2018). Brie y, a small pieceF and EF leaves and at the corresponding time points in C
(15 mmx 1 mm) of the abaxial leaf epidermis was gentlyand E leaves. Both locally treated and systemic leaves were
removed with a scalpel, thus mimicking how a female elnanalysed. We used leaf powder aliquots of 80—100 mg (fresh
leaf beetle removes leaf tissue with her mandibles prior taveight) each. The extraction procedure followed the protocol
egg deposition at the oviposition site. This treatment wadescribed by Wang et al. (2007). We added 1 mL ethyl ace-
immediately followed by application of oviduct secretiontate to each sample, together with an internal standard mix of
from a freshly killed, gravid female beetle. This secretiorthe deuterated phytohormongksalicylic acid p6-abscisic
envelops the eggs and is in immediate contact with the leaicid (both from OIChemim Ltd., Olomouc, Czech Republic),
The oviductus communis of a female provided su cient b6-jasmonic acid and6-jasmonylt-isoleucine (both from
secretion for two standardised egg treatments. Previol#PC Standards GmbH, Cunnersdorf, Germany). Samples
studies have shown that treatment of leaves with oviduetere homogenised in a FastPrep instrument (MP Biomedi-
secretion, as described here, elicits a plant response simitas, Solon, USA), followed by centrifugation. Afterwards,
to that observed after natural egg deposition (Meiners arslipernatants were transferred into new 2 mL tubes. Extrac-
Hilker 2000; Austel et al. 2016); we refer to these as ‘eggHon was repeated using 1 mL ethyl acetate, and supernatants
treated’ leaves. were combined, followed by evaporation to a honey-like

For the feeding stimulus in F and EF treatments, we usedscosity (approx. 10 pL volume) (Eppendorf Concentra-
neonate larvae from our rearing. Five newly hatched larvaer 5301, Eppendorf AG, Hamburg, Deutschland). Extracts
were placed with a smooth brush onto each egg-treated laaére re-dissolved in 400 pL 70% methanol with 0.1% for
of an EF tree and onto the corresponding leaves of a F tramic acid and stored at20 °C until analysis. Phytohormone
This was carried out for the EF trees 7 days after treating tlientents were analysed from 7 pL solution injected into an
leaves with standardised egg deposition, and at the equiidPLC—ESI-MS/MS on a Synapt G2-S HDM®/ater€,
lent time for the F trees. The neonate larvae were restrictédilford, MA, USA). The detailed extraction protocol and
to feeding at the correct leaves by caging them in a plasti¢dPLC conditions are described in Supplementary Informa-
clip cage, which was gently xed to the leaf. Leaves of C andion: protocols/phytohormone extraction and measurement.
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gRT-PCR analysis F3H sequence described by Perdiguero as (i) both enzymes
catalyse biosynthesis steps betweertopmaroyl-CoA and
To determine how elm leaf beetle egg deposition and larv&Bempferol, and (ii) kaempferol derivatives are believed to
feeding a ect the expression levels of candidate elm geng¥ay a role in elm defences against herbivory (Austel et al.
involved in the phenylpropanoid pathway, we conducte@016).
gRT-PCR analyses using local and systemic leaves from When quantifying transcript levels of the putative phe-
the di erently treated trees. Samples were harvested 6 hylpropanoid biosynthesis genes, we used sequences
and 24 h after the onset of feeding from locally treated homologous t&AND family gendJBQ (polyubiquitir), and
and EF leaves and at the corresponding time points from &plicing factor3B subunit 5-like for normalisation. These ref-
and E leaves. Samples from systemic F and EF leaves wakence genes showed treatment-independent, stable expres-
harvested only after a 24 h feeding period and at the cosion in a previous study, which sequenced and analysed the
responding time from C and E leaves. transcriptome of elm exposed to X. luteola egg deposition
The plant material was ground under liquid nitrogen tand larval feeding (Altmann et &018). Primer sequences
a ne leaf powder. Total RNA from 50 to 60 mg leaf pow of the reference genes are included in Table S2. For quanti-
der (fresh weight) was extracted according to a chloroformeation of transcripts, we calculated a reference gene index
based protocol modi ed from Altmann et al. (2018) andby determining the geometric mean of the expression levels
Ikoma et al. (1996) (for further details, see Supplementargf the three reference genes (Vandesompele et al. 2002).
Information: protocols/RNA extraction). Any residual DNA The relative expression levels of each sequence mentioned
was removed using DNase with the aid of DNA-free™ Kitin Table S1 were calculated by relating the determiheld
(Thermo Fisher Scienti ¢, Waltham, MA, USA). RNA con- values to the reference index according to a modi ed proto-
centration and purity were determined spectrophotometrol of Livak and Schmittgen (2001).
cally, and RNA integrity was veri ed by gel electrophoresis
on 1.8% agarose gels. Preparation of leaf extracts for metabolite analysis
First-strand cDNA was synthesised from 1 g total
RNA with the RevertAid™ RT Reverse Transcription Kit To determine changes in the levels of semipolar leaf
(Thermo Fisher Scienti ¢). The protocol was modi ed to metabolites in response to the study treatments, metha-
use oligo-dT and random hexamers to facilitate reverse tranolic leaf extracts were prepared for HPLC-DAD and
scription. Quantitative real time PCR (qRT-PCR) with 10 pLUHPLC-ESI-QTOFMS.
reactions was performed in technical triplicates with 10 ng We prepared crude extracts from leaves subjected to the
cDNA and 5 pL PoweBYBR® Green Master Mix (Thermo di erent treatments. Leaf metabolites were exclusively ana-
Fisher Scienti ¢) on a Stratagene Mx3005P Real-Time PCHRysed in locally treated leaves harvested 24 h after the onset
System (Agilent Technologies Inc., Santa Clara, CA, USAYf larval feeding in F and EF leaves and in C and E leaves
with a thermal pro le of X (95 °C for 10 min), 4% (95 °C  at the equivalent time. We focussed the metabolite analysis
for 20 s and 60 °C for 60 s), followed by a melting curveon these leaves because our earlier gRT-PCR and phytohor
analysis (55-95 °C). mone analyses indicated treatment e ects in these leaves in
Based on screening the U. minor RNA-seq data set prgarticular.
vided by Altmann et al.2018, we analysed sequences, To obtain a crude leaf extract, an aliquot (50 mg) of nely
which are homologues of genes known to be involved iground leaf powder was transferred under cooling with lig-
the phenylpropanoid pathway. Primers were successfullyid nitrogen into a 2 mL Eppendorf tube. The tube was
designed using Clone Manager Suite 7 (Sci Ed Softwar@)aced in a cooling rack (CoolRack, Corning Inc., Corning,
Westminster, CO, USA) for the sequences listed in Table SINY, USA) in liquid nitrogen. We added 750 pL 80% metha-
Each primer pair was tested for ampli cation e ciency and nol to the powder in the tube; prior to this, the methanol
speci city by melting curve analysis and gel electrophoresiiad been cooled to80 °C. The methanol added contained
on a 2.7% agarose gel. The sequences analysed are putatideshlorophenylalanine, umbelliferone, aspartame, phloridzin
encoding the following enzymes: PAL, 4CL, HCT, COMT, and biochanin A, each at 2 uM, as internal standards. The
CAD, FLS/F3H, F3+ and ANS. The FLS/F3H sequence mixture was vortexed for 10 s and returned to the cooling
analysed here is based on the respective sequence publiskgek for 5 min. Vortexing for 10 s and cooling for 5 min
by Perdiguero et al2015, who conducted RNA-seq analy were repeated for 30 min, until samples were fully thawed.
ses of three U. minor genotypes. Perdiguero et al. (2018 subsequent steps were performed at room temperature.
annotated the FLS/F3H sequence as avonol synthase/ aFhe vortexed sample was ultrasonicated for 15 min. After
vanone-3-hydroxylase because it could not be determine¢ntrifugation for 10 min at 18,213&ppendorf 5437 R
unambiguously which of the two enzymes is encoded by thigentrifuge), 650 pL of the resulting supernatant were trans-
sequence. We decided to analyse transcript levels of the FLiBfred into a 2 mL reaction tube (Eppendorf). The remaining
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residue was extracted a second time with another 750 phixture was ultrasonicated for 10 min and centrifuged
80% aqueous methanol by vortexing for 15 min, followed byor 10 min at 18,213gThe resulting supernatant (1 pL
15 min ultrasonication and 10 min centrifugation at 18213 of each type of leaf extract) was subjected to UHPLC/
Both supernatants were combined and provided 1300 pL &SI-QTOFMS analysis operated in negative ion mode.
leaf crude extract. The crude extracts were further processBdior to non-targeted analysis, a quality control was per
for leaf metabolite analyses, as described below. formed (for details, see Supplementary Information: proto-
cols/lUHPLC/ESI-QTOFMS settings for untargeted analy
ses and quality control). Raw data were analysed using the
Analysis of total kaempferol and quercetin XCMS algorithm (non-targeted analysis) and MassHunter
Qualitative and Quantitative Analysis software (Version
HPLC-DAD was used to absolutely quantify the levels 0B.07.00, Agilent Technologies Inc.) (targeted analysis).
two major avonoids in the di erently treated elm leaves. The parameter settings of feature detection, alignment,
We focussed our analyses on kaempferol and-tty@®exy normalisation, and Itering are described in Supplemen-
derivative, quercetin, because a study by Austel et al. (2016ry Information: protocols/pre-processing of untargeted
showed that a kaempferol derivative is detrimental to ellHPLC/ESI-QTOFMS data of semipolar compounds.
leaf beetle larvae. To determine the total concentration of The Itered peak area matrix (1395 features in all sam-
the avonol core structures, rather than the concentratioples) was explored to identify quantitatively di erential
of each of their various glycosides, we subjected the crudeatures. To this end, comparisons between the means of
elm leaf extract to acidic hydrolysis according to a modi edthe log,-transformed peak areas of the following sample
protocol from Hertog et al. (1992) and Mattila et al. (2000)class pairs were performed using Welch's test, uncorrected
A volume of 700 pL leaf crude extract was transferred intdor multiple testing: (i) C vs. E, (ii) C vs. F, (iii) C vs. EF,
a 2 mL centrifuge tube and evaporated to dryness und€@r) F vs. EF. With a signi cance threshold of<f.05
reduced pressure at 40 °C (Eppendorf Concentrator 530Bnd an absolute di erence threshold meanl, a total
The remaining residue was suspended in 350 pL 1.2 M HGCbf 124 features were found, which showed di erent peak
sonicated for 10 min and incubated for 1 h at 80 °C undeareas in at least one of the four pairwise comparisons.
constant shaking. After cooling to room temperature, 700 pL For metabolite annotation, these 124 di erential fea-
ethyl acetate were added, and the mixture was vortex-mixedres were grouped by retention time and assigned to puta-
for 10 min. After centrifugation for 10 min at 800®ige  tive compound mass spectra based on the similarity of
organic phase was transferred into a 2 mL reaction tubéheir elution pro les. After identifying pseudo-molecu-
The remaining aqueous phase was extracted with anothar, adduct and cluster ions within a putative compound
700 pL ethyl acetate. The combined organic extracts weraass spectrum, accurate mass collision-induced disso-
evaporated to dryness under reduced pressure at 40 °C. Tdiation (CID) mass spectra were acquired by UHPLC/
resulting residue was dissolved in 200 pL 70% methanol arelSI-QTOFMS in targeted MS/MS mode using scheduled
subjected to HPLC-DAD (for details, see Supplementarprecursor ion lists. CID spectra were compared with those
Information: protocols/HPLC—DAD settings for analysesin databases or were manually interpreted. Putative annota-
of avonol aglycones). Quanti cation was carried out by tions were validated by comparison with chromatographic
external calibration curves with kaempferol and quercetimnd mass spectral data of authentic compounds, wherever
(Sigma Aldrich Corp., St. Louis, MO, USA). possible (for details, see Supplementary Information: pro-
tocols/compound annotation by UHPLC/ESI-QTOFMS in
targeted MS/MS mode). For comprehensive annotation of
Phenylpropanoid metabolite pro ling avonol glycosides, an all-ion fragmentation approach was
used. For respective chromatograms see Fig. S4Iy{O
Ultra-high performance liquid chromatography/electrospragosylated avonols) and Fig. S2 ( avan-3-ols and derived
ionisation—quadrupole time-of- ight mass spectrometrydimeric and trimeric proanthocyanidins).
(UHPLC/ESI-QTOFMS) was used to annotate and quantify For nal statistical evaluations and visualisation of
levels of avonol glycosides and several other phenylproguantitative di erences, all annotated metabolites detected
panoid derivatives in treated leaves relative to the levels iny UHPLC/ESI-QTOFMS were quanti ed again via a
untreated control leaves. manual process using MassHunter Quantitative Analysis
For this quantitative analysis of metabolites, crude leagoftware; we listed m/z and the retention times of respec-
extract (200 pL) was transferred into a 2 mL centrifugdive quanti er ions in Table S3. The results of this quan-
tube and evaporated to dryness under reduced presstireation were set relative to the quantities detected in
at 40 °C. We added 200 pL 50% methanol acidi ed withuntreated control leaves and were normalised to leaf fresh
0.1% (v/v) formic acid to the remaining residue. Theweight.
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Statistics was observed in local and systemic leaves both 6 h and 24 h
after the onset of feeding damage.
All statistical analyses were performed with the software In summary, concentrations of SA were only enhanced in
“R”, version 4.0.2 (R Core Team 2020), using the packagdecal, previously egg-treated leaves after 24 h of feeding, while
car (version 3.0-9, Fox and Weisberg 2018), ggplot2 (vetarval feeding increased JA and JA-lle concentrations after
sion 3.3.2, Wickham 2016), plyr (version 1.8.6, Wickhamboth 6 h and 24 h of feeding in locally treated leaves.
2011), and multcomp (version 1.4-13, Hothorn et al. 2008).
For untargeted metabolome analysis, we used XCMS (Smith ects of egg deposition and larval feeding on elm
et al.2006), and for the heatmap we used ComplexHeatmagenes involved in the phenylpropanoid pathway
(version 2.4.3, Gu et @016 http:/biocanducbr.orghbiocL
ite.R). The e ects of egg deposition on expression of genes involved
Data were checked for normal distribution using Q—Qn the phenylpropanoid pathway were detectable only for PAL.
plots. Homogeneity of variances was tested with Levene®Brior elm leaf beetle egg deposition a ected transcript levels
test. Data not normally distributed wdog,-transformed of PALin locally treated elm leaves exposed to 24 h of larval
and analysed again. Extreme outliers (values aboveeding. These EF leaves showed signi cantly higher transcript
Q3+3xIQR, or below Q1 3xIQR) were not included levels than F leaves (Figd). This egg-mediated enhancer
in the statistical evaluation of data obtained from analysesect on PALexpression in local, feeding-induced elm leaves
of concentrations of phytohormones, transcript levels, owas not detectable after a 6 h feeding period @Y. In the
levels of hydrolysed metabolites. Normally distributed databsence of larval feeding damage, R&pression levels were
were evaluated by one-way ANOVA and post-hoc generaiot enhanced in locally treated E leaves at the 6 h or 24 h leaf
linear hypothesis test (glht) with Tukey contrasts. Data nagtampling time points. In local leaves, whether E or EF leaves,
normally distributed even aftéog, &ransformation were expression of none of the other tested candidate genes—A4CL,
analysed using the Kruskal-Wallis test and post-hoe paiHCT, CAD, COMT,FLS/F3H,F3 M, ANS—was a ected by
wise comparisons using Benjamini-Hochberg-correcteglm leaf beetle egg deposition (Table S6). When considering
Wilcoxon rank-sum tests. gene expression in systemic E and EF leaves after a 24 h feed-
ing period, no e ects of prior egg deposition were detected on
transcript levels of the genes tested (Table S7).
Results Larval feeding induced expression of PAICT and ANS
in locally treated leaves with and without prior egg deposi-
E ects of egg deposition and larval feeding on elm  tion. While PALand ANS showed enhanced transcript levels
phytohormone levels both after 6 h and 24 h of larval feeding in locally treated
leavesHCT expression was signi cantly higher only after a
Levels of SA were signi cantly higher in locally treated EF 6 h feeding period, and only when compared to egg-treated
leaves than F leaves after a 24 h feeding period. This egg-leaves without feeding damage (Rd-f). In local leaves,
mediated e ect on the SA concentration in feeding-damageexpression of none of the other tested candidate genes—
elm leaves was not detectable after a 6 h feeding periodCL,HCT,CAD, COMT,FLS/F3H,F3 H—was a ected by
Neither egg treatment nor feeding damage per se a ectez# h of larval feeding (Table S6). When considering sys-
SA levels, regardless of the time point of sampling. No treatemic e ects of larval feeding, PAind ANS transcript levels
ment e ects on SA levels were detected in systemic leavesere signi cantly higher after a 24 h larval feeding period,
(Fig. 2a; Tables S4, S5). regardless of whether the leaves received an egg treatment
Levels of JA and JA-lle were, as expected, signi cantlybeforehand (Table S7). Larval feeding for 24 h did not a ect
higher in both locally treated F and EF leaves. This feedexpression levels of any of the other tested candidate genes
ing-induced e ect was detectable after both a 6 h and 24 im systemic leaves (Table S7).
larval feeding period (Figgb, c). Prior egg deposition did  As such, insect egg deposition ampli es the feeding-
not enhance the feeding-induced JA levels in locally treatédduced expression of a homologue to phenylalanine ammo-
leaves. In systemic F and EF leaves, concentrations of J#a lyase PAL), a gene encoding an enzyme at the entrance
and JA-lle increased in response to feeding but remained the phenylpropanoid pathway, in elm leaves. This egg-
below 5 ngg! fresh weight in all treatments (Tables S4,mediated enhancer e ect was only detectable in locally
S5). treated leaves after a 24 h larval feeding period.
Levels of ABA changed neither in response to the egg
treatment, to larval feeding, nor to a combination of both
treatments (Tables S4, S5). This lack of treatment e ects



16 Page 8 of 16 Planta (2022) 255:16

Fig. 2 E ects of elm leaf beetle egg deposition and larval feeding onTukey test with single-step adjusted P values was carried out as a
phytohormone concentrations and expression of Ulmus minor genesst-hoc test. d—f Boxplots indicate median, rst and third quartiles
involved in phenylpropanoid biosynthesis. Concentrations of a salief n=8-10 samples; FEfold change relative to control. Dots show
cylic acid (SA),b jasmonic acid (JA), and c jasmonic acid-isoleucineoutliers beyond 1.5-times the interquartile range, which is repre-
(JA-lle), as well as expression of RAL (phenylalanine ammonia sented by whiskers. Kruskal-Wallis tests were separately performed
lyase) e ANS (leucoanthocyanidin dioxygenase)}CT (shikimate for 6 h and 24 h samples. In case of a signi cant Kruskal-Wallis test
O-hydroxycinnamoyl-transferase) were measured in locally treatecksult (*P<0.05, **P <0.01, **P<0.001), the Wilcoxon rank-sum
leaves after 6 h (grey bars) or 24 h (black bars) of larval feedingest with Benjamini-Hochberg correction was used to test for -di er
and at equivalent time points for treatments without larval feedingences between treatments. a—f In the event of signi cant results from
C=untreated control leaves, E =egg-treated leaves, F =feeding-damkruskal-Wallis test or ANOVA, signi cant di erences between treat-
aged leaves, EFegg-treated, feeding-damaged leaves. a—c Bars repnents as determined by the aforementioned post-hoc tests (P <0.05)
resent means+ SE of=9-10 samples. One-way ANOVA was per are indicated by di erent capital letters (6 h samples) and lowercase
formed separately for log-transformed data from 6 and 24 h samplédetters (24 h samples)

In cases of a signi cant result (*P <0.05, *P<0.01, **P <0.001),

E ects of egg deposition and larval feeding prior egg deposition than in untreated control leaves 8&ig.

on metabolites of the phenylpropanoid pathway b; Table S8). Neither egg deposition nor feeding damage
alone induced a signi cant increase in concentrations of

HPLC-DAD analysis of avonol aglycones in locally treated these compounds. The quercetin concentrations of F and EF

leaves revealed that levels of kaempferol and quercetin weleaves di ered signi cantly. The kaempferol concentration

signi cantly higher in 24 h feeding-damaged elm leaves with
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Fig. 3 Impact of elm leaf beetle egg deposition and larval feeding oioned in the text; kaempferol (1-8), quercetin (9-16) and isorham-
Ulmus minor avonoid content. Total concentrations of kaempferolnetin derivatives (17-19). €untreated control leaves,=Hocally

(a) and quercetin (b) as analysed by HPLC-DAD of acid-hydrolysedgg-treated leaves,=Hocally feeding-damaged leaves, 24 h feed-
methanolic leaf extracts. Heatmap in ¢ shdag, fold change of ing period, EF locally egg-treated, feeding-damaged leaves, 24 h
metabolite levels of avonol glycosides detected in methanolic leafeeding period. Statistics in a—c ANOVA, in case of signi cance
extracts by UHPLC/ESI-QTOFMS. Relative peak areas were starfP< 0.05) followed by Tukey test as post-hoc test with single-step
dardised to leaf fresh weightog, fold change relative to control was adjustedP values. In a and b *ANOVA P <0.001. la—c di erent
calculated byog, of the ratio of the mean peak area per metabolite idetters indicate signi cant di erences between treatments (Tukey test
a treated leaf relative to the mean of the respective metabolite pe&k 0.05);n=9-10

area in the control. Numbers in c refer to compound numbers men-

was almost doubled in EF leaves compared to F leaves; tiisand EF leaves as compared to untreated controls3(Fig.
di erence was marginally signi cant (R 0.06). compounds #17-19).

Using UHPLC/ESI-QTOFMS, we detected a total of 19 To elucidate how egg deposition and larval feeding might
avonol glycosides in methanolic extracts of locally treateda ect phenylpropanoid compounds other than the avonol
elm leaves. We quanti ed eight kaempferol derivativesglycosides, we subjected the LC/MS pro les of methanolic
eight quercetin derivatives and three isorhamnetin derivalm leaf extracts to a non-targeted analysis. We were able to
tives (Fig.3c; Tables S3, S9). Overall, the variability of detect 124 features, which di ered in their peak area in at
biological samples was relatively high. We recorded a sigeast one of the pairwise comparisons of untreated controls
ni cant increase in concentration of only one kaempferowith E, F and EF leaves and of the comparison between F
glycoside when comparing EF leaves to untreated contro&nd EF leaves. Further analysis of these features allowed us
(Fig. 3c; compound #5). The concentrations of compoundi assign them to 20 compounds, among which we could
#1-3 showed a similar pattern across the di erently treatetentatively identify 12 metabolites. Of these 12, 11 could
leaves, with the highest concentrations in EF leaves. Cobe further speci ed as shikimate/phenylpropanoid deriva-
centrations of ve quercetin derivatives showed a similatives (compounds #20-30; Fida, b; Tables S3, S10),
pattern across treatments to that of the quercetin aglycoaad the other as suberic acid (compound #31, Table S3).
(compare Fig3b, c), with the highest concentrations in EFNo reliable compound classi cation was possible for the
treated leaves (Figc; compounds #12-16). Compoundsremaining eight metabolites (compounds #32-39, Table S3).
#4 and 11 were the only compounds with lower concentra&Zoumaroyl-quinate (compound #26) was the only tentatively
tions in EF leaves than in F leaves. Concentrations of aldlenti ed phenylpropanoid compound to appear at a sig-
identi ed isorhamnetin derivatives slightly decreased in Eni cantly increased concentration in EF leaves compared to
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Fig. 4 Impact of elm leaf beetle egg deposition and larval feedingf signi cance (P<0.05) followed by Tukey test as post-hoc test
on putatively identi ed Ulmus minor phenylpropanoid metabolites.with single-step adjusted P values. Di erent letters indicate signi -
UHPLC/ESI-QTOFMS-analysis of semipolar compounds present icant di erences between treatments (P <0.05¥,9-10. Compounds

a methanolic elm leaf extract. a Heatmap shtwgs fold change of referred to twice are isomeric structures with the same molecular
metabolite levels in a treated leaf relative to an untreated control leafieight but di ering retention times. b Simpli ed visualisation of the
Relative peak areas were standardised to leaf fresh wedagjtfold phenylpropanoid pathway. Colours and indexed numbers represent
change relative to control was calculatedldy, of the ratio of the the compound aliation of respective compounds in the heatmap
mean peak area per metabolite in a treated leaf relative to the mestmown in a. Enzymes catalysing selected biosynthetic steps are indi-
of the peak area of the respective metabolite in the control. Coloucated; PAL phenylalanine ammonia lyase, 4CL 4-coumarate ligase,
ing and numbers next to substance names code for pathway a liaHCT shikimate O-hydroxycinnamoyl-transferase, CAD cinnamyl
tion (see b). Treated leaves are labelled as followsloBally egg-  alcohol dehydrogenase, COMT caeic acid 3-O-methyltransferase,
treated leaves; Flocally feeding-damaged leaves, 24 h feedingF3H avanone 3-hydroxylase, F3+H avonoid 3 s-monooxygenase,
period; EF= locally egg-treated, feeding-damaged leaves, 24 h feed-LS avonol synthase, ANS leucoanthocyanidin dioxygenase

ing period; G=untreated control leaves. Statistics: ANOVA, in case
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C leaves. Levels of two isomeric coumaroyl-hexoses wenengevity were a ected by prior egg deposition. However,
increased by feeding in both F and EF leaves (compoundsncentrations of these phytohormones were measured very
#24, 25). Similar to isorhamnetin derivatives, levels of twaearly after the onset of damage. For instance, higher JA lev
apigenin derivatives decreased slightly, but not signi cantlyels were detected in egg-treated tomato plants 30 min and
in response to all treatments when compared to controB) min after wounding (Kim et al. 2012). In Arabodpsis
(compounds #20, 21). thaliana, Valsamakis et al. (2020) found enhanced JA-lle
In addition to the avonol glycosides shown in FR§). levels in egg-treated leaves after a 3 h larval feeding period
we detected the avan-3-ols catechin, epicatechin and theivhen compared to egg-free, feeding-damaged leaves, but
dimers and trimers in the methanolic elm leaf extract. Of theot after a 12 h feeding period. Future studies will need to
seven substances identi ed, only epicatechin showed a tentavestigate whether previously egg-laden elm leaves show
tive increase in egg-treated E leaves and a tentative decreasdanced JA levels very early on after the onset of larval
in EF leaves as compared to untreated controls; howevdeeding.
none of the comparisons revealed any signi cant di erences Levels of SA were signi cantly enhanced in previously
(Fig. S3; Tables S3, S9). egg-treated elm leaves after a larval feeding period of 24 h.
Taken together, the metabolite analyses showed that fee8limilarly, signi cantly enhanced SA levels were detected
ing damage by neonate elm leaf beetle larvae for 24 h upam A. thaliana when laden with eggs by the butter y Pieris
egg-free leaves did not result in enhanced concentratiomsassicae and subsequently damaged by its hatching lar
of phenylpropanoid derivatives, except for coumaric acidiae for 24 h (Lortzing et al. 2019; Valsamakis et al. 2020).
glycosides. Likewise, egg deposition per se did not leabh contrast, moth egg depositions upon the annual species
to signi cant changes in phenylpropanoid concentrationshNicotiana attenuata and the perennial S. dulcamara did not
However, elm leaves with prior egg deposition accumua ect SA levels in subsequently larval feeding-damaged
lated higher concentrations of the avonoids kaempferoleaves (Drok et al. 2018). Thus, the SA response of plants to
and quercetin in response to larval feeding damage. Theegg deposition and subsequent larval feeding damage var
two avonols were detected in several glycosylated forms.ies according to the interacting plant and insect species. In
the species studied to date, there is no apparent relationship
between plant longevity and the increased SA content in
Discussion egg-laden, feeding-damaged leaves.
Enhanced SA levels in egg-treated, feeding-damaged
Our study shows that insect egg deposition on a decidelm leaves are accompanied by enhanced transcript levels
ous tree signi cantly shapes that tree’s phytohormonal andf PAL. Enhanced activity of PAL might contribute to the
metabolite response to larvae hatching from the eggs. Timgher levels of SA in EF leaves, since this phytohormone
e ects of elm leaf beetle egg deposition on feeding-damageatight be produced via a PAL-dependent pathway in elm.
elm leaves are manifested in enhanced levels of the phWwhile numerous studies indicate that SA in A. thaliana is
tohormone SA and of some phenylpropanoid derivativepredominantly produced via the isochorismate (IC) path-
after 24 h feeding by neonate larvae. Expression levels @fay (Dempsey et al. 2011; Rekhter et al. 2019), the PAL-
PAL, which encodes the “gateway” enzyme (Zhang and Lidependent pathway is an additional biosynthetic route to
2015) at the entrance of the phenylpropanoid pathway, we&A. Along this PAL-dependent pathway, phenylalanine is
increased after feeding in previously egg-laden leaves toanverted into trans-cinnamic acid, which may then be fur
greater extent than in egg-free, feeding-damaged leaveher processed via di erent steps to ortho-coumaric acid or
However, in feeding-damaged leaves, expression levels bénzoic acid as immediate precursors of SA. It is unknown
other genes involved in phenylpropanoid biosynthesis wenghich pathway is (primarily) used by elm for biosynthe-
not a ected by prior egg deposition. sis of SA. If SA is generated in elm primarily via the PAL
pathway, it would seem to be less sensitive to egg deposition
E ects of egg deposition and larval feeding on elm  alone than the IC pathway, since neither &hression nor
phytohormone levels SA levels in elm change in response to egg deposition per se.
In A. thaliana, SA levels are known to increase in response
In elm, the induction of JA and its bioactive form, JA-lle,to P. brassicae egg deposition (Hil ker et al. 2014; Bonnet
by larval feeding for 6 h and 24 h was independent of prioet al. 2017; Gouhier-Darimont et al. 2019; Lortzing et al.
egg deposition. In another perennial plant species, the b2019). Furthermore, A. thaliana SID2, which encodes iso-
tersweet nightshade Solanum dulcamanereases of JA chorismate synthase 1, was found to be signi cantly induced
and JA-lle levels after a 24 h larval feeding period were alsby insect egg deposition alone (Valsamakis et al. 2020), thus
independent of prior egg deposition (Geuss et al. 2018). Buggesting a sensitivity in the IC pathway to insect eggs.
contrast, JA and JA-lle levels in other species with shorter
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An increase in SA levels is usually thought to antagosince several genes downstreanP8L in the phenylpro-
nise JA-regulated plant defensive responses (e.g., Koorpanoid pathway are known to be inducible by wounding or
neef and Pieterse 2008; Thaler et al. 2012). However, Augisect feeding (e.g., 4CL: Soltani et al. 2008D: Barakat
tel et al. (2016) showed that elm defences against elm leaf al.2010;F3 H: Onkokesung et al. 2014l could be that
beetle larvae were more e cient when leaves had receivethe damage in icted by neonate larvae feeding for 24 h upon
the beetle’'s eggs prior to larval feeding damage. There the elm leaves was too minimal to induce transcription of
increasing evidence that the relationship between SA artese genes. Another possibility is that we might have ana-
JA is more complex than simple antagonism, with neutrdysed isoforms of these genes which are not inducible by
and coordinated e ects occurring too, often depending omwounding; for example, two isoforms of 4CL in A. thaliana
the magnitude and timing of induction (Schenk et al. 200thave been shown to be wound-inducible, but a third one did
Mur et al.2006 Salas-Marina et al. 2011; Rostas et al. 2013not respond to wounding (Ehlting et 4899).

Liu et al.2016).

E ects of egg deposition and larval feeding on elm E ects of egg deposition and larval feeding on elm
genes involved in the phenylpropanoid pathway avonoid levels

PAL is required for the production of phenylalanine-derivedNeither egg deposition nor feeding damage alone changed
compounds, which are involved in anti-herbivore defencelevels of elm leaf avonoids. However, the avonol core
in numerous plant species (War et al. 2018). Several alstructures, kaempferol and quercetin, were produced in sig-
otic and biotic cues, including wounding and insect feedingi cantly higher concentrations in egg-treated, feeding-dam-
damage, are well known for inducing upregulatioiPAL.  aged elm leaves than in untreated controls. Similarly, total
gene expression and enzyme activity (Hartley and Firn 1988&vels of quercetin and kaempferol derivatives were signi -
Major and Constab&l00G Ralph et al2006 Dreischho cantly higher in egg-treated, feeding-damaged A. thaliana
et al.2020) PAL is also known to be induced 3 days afteleaves when compared to untreated controls and to egg-free,
insect egg deposition upon A. thaliana (Little et al. 2007)feeding-damaged leaves (Lortzing et2dl19. Egg-treated,
Furthermore, expression of PAd.inducible in elm by fungi feeding-damaged tobacco plants (N. attenuata) have also
causing Dutch elm disease (Martin et al. 2019 and-refeshown signi cantly higher levels of a certain phenylpro-
ences therein). PAéxpression is not only inducible, but also panoid, ca eoylputrescine, than egg-free, damaged leaves,
primable, in wounded or phytopathogen-infected leaves byhile egg deposition alone did not induce this phenylpro-
a pre-treatment with SA or with benzothiadiazole (BTH) panoid (Bandoly et al. 2015). Hence, while the response of
a synthetic SA analogue (Kohler et al. 2002; Conrath et aplants to insect egg deposition alone varies with the speci ¢
2006, and references therein). However, until the preseptant and insect species, in all interactions studied so far, the
study, the primability of PAlexpression in feeding-induced concentrations of phenylpropanoids were higher when egg
leaves due to an infestation-indicating cue, i.e., insect egigposition preceded larval feeding.
deposition, has not been investigated. The changes of elm metabolite concentrations in response
While feeding-induced PAkxpression was enhanced byto the study treatments hardly matched the changes in
prior egg deposition upon elm leaves, no such egg-mediatedpression of genes involved in their biosynthesis. We
e ects were detected for the expression of other genes of tlexpected the enhanced levels of kaempferol and quercetin in
phenylpropanoid pathway. Larval feeding induced expres=F leaves to be accompanied by enhanced transcript levels
sion of elm sequences homologous to leucoanthocyanidof FLS/F3H and F34 the genes involved in biosynthesis
dioxygenase (ANS) and shikimateh@droxycinnamoyl-  of these compounds. However, this was not the case. Like-
transferase (HCT) independent of prior egg deposition iwise, Schulz et al. (2015) and Pastore et al. (2017) discov
both EF and F leaves. In contrast, expression of a HCdred only weak correlations between temperature-induced
homologue in the bittersweet nightshade S. dulcamara wasanscript and metabolite levels of avonoids. We suggest
even downregulated in egg-free leaves damaged by Spihrat in elm increased levels of basic precursors of avonol
doptera exigua larval feeding, while transcript levels inbiosynthesis are provided by the egg-mediated, feeding-
previously egg-laden, feeding-damaged leaves were upregaduced potentiation of PAkexpression. However, since
lated (Geuss et al. 2018); these ndings indicate that HCBiosynthesis of phenylpropanoids is not exclusively regu-
responses to feeding damage and egg deposition are spedated transcriptionally (Deng and Lu 2017; Yu et al. 2019;
to the plant—insect interaction in question. Sharma et al. 2019; Nabavi et al. 2020), it could be that post-
None of the other genes studied here were expressed difanscriptional or post-translational mechanisms a ected the
ferently in response to larval feeding and/or egg depositioproduction of kaempferol and quercetin in elm EF leaves.
That larval feeding did not induce these genes is surprising, previous RNA-seq analysis showed earlier and/or faster
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transcriptional regulation in elm EF than in F leaves aftethe priming of responses to stress in annual plant species

the onset of larval feeding; interestingly, a gene ontologyRasmann et al. 2012; Lamke and Baurle 2017; Hilker and

term enrichment analysis indicated that among these eai8chmilling2019).

responding transcripts in EF leaves is a set of transcripts

with a function in post-translational protein modi cation Author contribution statemeidS and BF performed and

(Altmann et al. 2018). Future studies will need to investievaluated all experiments and analyses other than the LC-

gate whether post-translational processes regulate avonoMS analyses, which were conducted by CB and evaluated by

biogenesis in response to elm leaf beetle infestation. JS, BF and CB. MH conceptualised, designed and organised
Although it has been shown that a high concentration dhe study. JS and BF wrote a rst draft of the manuscript,

a kaempferol glycoside causes increased mortality of elfdH signi cantly contributed to a later draft, and all authors

leaf beetle larvae (Austel et al. 2016), the mode of actionontributed to, and agreed upon, the nal version.

of avonols on elm leaf beetle larvae is unknown. An early

elm response at the onset of feeding by neonate larvae may

be an e cient defence trait because young larvae may bguppleme_ntary I_nformatioﬁl’he onl_ine version contains supplemen-

especially sensitive to defensive phytochemicals (Zalud&ary material available at https://doi.org/10.1007/s00425-021-03803-0.
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Supplementanyinformation: Protocols Phytohormone extraction and
measurement

Phytohormone wereextraded based ona method described bywang et al(2007) In brief, ImL
ethylacetate containin@ pL of aninternal standard mixdeuterated phytohormoned0 ng/uL D4
salicylic acid10ng/uL D6-abscisic acid (OIChemIm Ltd., Olomouc, Czech Rep@di2)g/uL D6
jasmonic acid and0 ng/uL D6jasmonyiL-isoleucine (HPC Standards GmbH, Cunnersdorf, Gejmany
were added to the fine ground plant material together with Zirconium balisc¢nox, 2.8.3mm,
MuhImeier Mahltechnik, Barnau, Germgnjollowed by 9Gec of shakingHastPrep homogenizgviP
Biomedicals, SolorQH, USA. Subsequently, the solution was centrifuged 18,213g and 4°C
(Eppendorf 5427 R centrifugEppendorf AGslamburg, Deutschlandor 10min and the supernatant
transferred to a 2nL Eppendorf tube. The extraction was repeated withll ethylacetate without
internal standard, and afterwards supernatants were combined and evaporated at room temperature
(RT) tilla honey like drop remainedppendorf Concentrator 5301The samples were H@issolved in
400pL 70% methanol acidified wit.1 % formic acid (v/Mn a Vortex for 1@nin right before analysis.
Samples were centrifuged for 18in at 18,213g at RT, and200uL ofthe particlefree supernatant
were transferred to HPLC vialBhytohormone were analysed by UPLEESIMS/MS(Q-ToFESIon a
Synapt GES HDMS (Waters®, Milford AMUSA)We injected {uL of each sample. Separation was
achieved on &s column (Acquity UPLC Waters, BEEB, @ 2..Inm x 50mm, particle size 1.{m).
Water and methanol (each with 0% formic acid (v/v)) were used as eluents A and B in a gradient
mode with constant flow of 25QL mint at 30°C (eluent B: tin: 30%; 1min: 30%; 4.5min: 90%;

8 min: 90%; 9min: 30%; 3min equilibration time between the runs). The separated compounds were
electrosprayionised at following conditions: capillary voltage X8, nebulizer ®ar, desolvation gas
flow rate 500L/h, 80 °C souce temperature. Desolvation temperature was 1%Dand N was used as
desolvation gas. Compounds were detected by tandem mass spectrometry scanning the full mass

spectrum of compounds between %600 m/z.

Phytohormoneavere annotated according to their parent M} ion and a diagnostic daughter ion as
well as according to eelution with their deuterated derivatives (internal standard). Characteristic
parent/daughter ionsof the analwed phytohormones are: SAn(z 137 and 93), ABAn{/z 263 and

153), JArf/z 209 and 59), JBe (m/z 322 and 130), and their deuterated derivatives-B4 (n/z 141

and 97), DEABA (n/z 269 and 159), for BBA (n/z 215 and 59), D@Alle (n/z 328 and 130). The
phytohormones were quantified aording to the peak area of the daughter ions of the pidatived
phytohormones relative to the daughter ions of the internal standards by using MassLynxTM Software

(version 4.1; Waters). Concentrations per sample were nosathliccording to the fresh vight.



Suppementaryinformatiornt Protocols RNA &traction

Taal RNA was extracted froB0 mg of groundelm leaf material withl.2mL homogersation buffer
(0.2M boric acid, 10nM EDTA and %SDS, adjusted to pH6 with Tris base) to whicl-
mercaptoethanol (3%) and dithiothreitol (25nM) had been freshly adde&amples were one by one
mixed with extraction buffer in a Coolrack®rning Inc., Corning, NY, U8Ajce.The homogersation
step was followed by three steps of chloroform:isodmlgohol (C/I; 24:1, viv) extractiokVe added
ca. 0.053 of polyvinylpolypyrrolidoe (PVPP}o the extraction step with the homogesation buffer
and to the firstCl extraction stepthus reducinglisturbance by polyphenal#fter the third Cl step
disturbing polysaccharides ave separated by extractiowith ethanol (20%6), 560nM potassium
acetate and one volume of C/I. This step was followed by overnight precipittidfCwith lithium
chloride (LIiCl, 2.6M). After washing the pellet with ®1 cold LiCl and thereaftawice in cold 80%

ethanol the pellet was drieddissoled in nucleasdree waterandfrozen at-80 °C

Supplementanyinformation Protocols HPLEDAD settings for analyses
flavonol aglycones

HPLEDAD analyses were performed on a Shimadzu HPLC syStémadzu Corp., Kyoto, Japan)
comprising a degasser (D&UOA3), a pump (L-80AD), an auto injector (SI0A), a column thermostat
(CO20, Torrey Pines Scientii@risbad, CA, UpAnd a diode array detector (SRI20A). Hydrolysed
leaf extracts (injectionolume 10uL) were separated on an Intersil OB8olumn (4.6 x 156im, 3um
particle size, preolumn 4.6 x 1Bnm, Intersil Corp., Milpitas, CA, USdsing 0.2%86 phosphoric acid
in water and acetonitrile as eluent A and B, respectively. The followragybgradient programe was
used: 06 min, linear from 0 to 126 B; 610 min, linear from 12 to 286 B; 1630 min, linear from 25 to
80% B. A constant flow rate of 5p@ min? was used. The column temperature was maintained at
30°C. Eluting compounds we monitored at 210, 254, 320 and 36f. Kaempferol (tR9.92min)
and quercetin (tR 18.0&hin) were quantified at 36@m using external calibrationsvhich were

established using authentic reference compoungighaAldrich Corp.St. Louis, MO, USA

Supplementanynformation Protocols UHPLC/ERTOFMSettings for
untargeted analysesnd quality control

Ouranalyses were performed on an Infinity 1290 series UHPLC system (Agilent Techhatgdiesta
Clara, CA, U$Aonsisting of a binarpump (G4220A), an autosampler (G4226ApuR0oop), an
autosampler thermostat (G1330B) and a thermostatted column compartment (G1346{Ch was

interfaced to an iFunnel POF mass spectrometer (G6550A, Agilent Technologies) via a dual Agilent

4



jet streamelectrospray ion source. Extractsy{lLinjection volume) were separated on a Zorbax RRHD
Eclipse Plusig€column (100 x 2.inm, 1.8um particle size, Agilent Technologies) using%.{v/v)
formic acid in water and 0.% (v/v) formic acid in acetonitrilas eluent A and B, respectively. The
following binary gradient programe at a constant flow rate of 40AL min! was applied: €12 min,
linear from 5% to 20% B; 120 min, linear from 2@ to 50% B; 223 min, isocratic, 9%6 B; 23
25min, isocratic, 36B. The column temperature was maintained at°@and the autosampler
temperature at 6°C. The mass spectrometer was operated in low mass range and extended dynamic
range (2GHz) mode. Centroid mass spectra were acquiretegative ion moddrom m/z 70-1200
using an acquisition rate tfiree spectra per second. The following instrument settings were applied:
nebulizer gas, nitrogen, 3&sig; dry gas, nitrogen, 20C, 18_ min?; sheath gas, nitrogen, 30C,
12Lmin?; capillary voltage, 300@; nozzlevoltage, OV; high pressure funnel, voltage drop 200RF
voltage 150V; low pressure funnel, voltage drop 1U0RF voltage 10@; funnel exit DC 59; octopole

RF voltage, 75U; collision gas, nitrogen; collision energy,.@-or reference mass cortemn a solution

of purine (20uM) and hexaki42,2,3,3tetrafluoropropoxy)phosphazine (M) in 95% agueous
acetonitrile was continuously introduced through the second sprayer of the dual ioeesatia flow

rate of 20puL min using an external HPLC pump equipped with a 1:100 splitting device.

To monitor analytical performance, a pooled quality control (QC) sample was prepared by miping 20
aliguots of each leaf extract. In addition, two blank extracts were prepared. Tharlddlank extracts

were repeatedly analysed in random order. To check the quality of the obtained raw data, retention
times and abundances of spiked internal standards were evaluated using MassHunter Quantitative

Analysis softwar€Agilent Technologies)

Supplementarynformation Protocols Pre-processing of untargeted
UHPLC/E®)TOFM8#8ata of semipolar compounds

Data pre-processing Using MassHunter Qualitative Analysis softwasey data files were converted

into mzData format usinylassHunter Qualitative Analysis software, arranged in four sample classes
(C, E, F, EF) and processed using the R package (%@ et al. 2006)Feature detetion was
performed using the centWave algorithffiautenhahn et al. 200§parameters: prefilter = (3, 1000);
sntresh = 3; ppm = 25; peak width =18)]. Alignment was accomplished by consecutive application

of the function group.density with two different parameter settings (parameters: minfrac = 1; bw = 2;
mzwid = 0.02), retcor.loess (parameters: span = 1; missing = 1; extra = 1) and group.density

(parameters: minfrac = 0.7; bw = 1.5, mzwid = 0.@2%gnment resulted in 3606 featureMissing



feature intensities were estimated using equally distributed random numbers in the interval [500,800].

Afterwards feature intensities were normsgid by sampldresh weight and logtransformed.

Filter. To narrow down features of interest, we applied the followfogr filters. (I)We were mainly
interested in compounds deriving from the phenylpropanoid pathwaiich mainly consists of
carbonbased, oxidized molecules. Due to the specific molecular weights of carbon, oxygen and
hydrogen, precise molecular weights in the range of interest show a positive molecular mass shift.
Therefore, we omitted features with ass shifts towards a negative weight, expressed via the first
decimal place between 0.5 and 0.9%xude plant extracts consist of many plant compounds, among
them many salty or protein compounds. Usually, these compounds are either very polar-polawn

and reach the masspectrometer very early or towards the end of the chromatographic separation.
Since these substances cause many misleading signals, we omitted features acquiredlitinag

first 70 sec andlll) after 1000 sec from the resultfV)Mean areas of features per treatment below

an area of 13 (lagtransformed) were often masked by matrix effects due to their low intensity.
Consequently, we omitted featuresvhich were below a logtransformed area of 13 in all four

treatments.Applyingall four filters, 1395features were considered for further statistical analysis.

Supplementarynformation Protocols /Compound annotation by UHPLC/ESI
QTOFMS in targetddS/MS mode

For metabolite annotation, accurate massllisioninduced dissociation (CID) mass spectra were
acquired by UHPLC/EQTOFMS in targetelllS/MS mode using scheduled precursor ion list whté t
following instrument parameters: acquisition rate MBree spectra per second; acquisition rate
MS/MS, Zspectra per second, isolation width, narrow (In%&); collision energy, 280 V; collision gas,
nitrogen (compare Supplementst TableS3 for MS/MS data separate excel fije Basedn accurate
mass, isotope pattern and CID mass spectra, the putativeesiemhcompositions were calculated for
each compound using MassHunter Qualitative Analysis software. The obtained information was
further used to query compound databases such as ChemSpider, PubChem and KEGG. In a next step,
accurate mass CID mass speegtsae matched against reference spectra collected in spectral libraries
such as METLI{Guijas et al. 2018nd MassBanKHarai et al. 2010)In case of no match, CID mass
spectra were manually interpreted in order to refine or confirm initial hits from compound database
or literature search. By this, 20 compounds could be identified to an annotation level atdording

to Sumner et al.(2007) By comparison of chromatographic and mass spectral data, putative
annotations of two metabolites (esculioompound 22, Fig4, main tex) and suberic acid (#31) were

verified using commercially available reference compounds.



To comprehensively annotate-glycosylated flavonols, sample analysis was conducted in positive ion
mode with alternating collision energies o¥0and 20V (all ion fragmentation). Kaempferol, quercetin
and isorhamnetin conjugates were detected via their protonated aglyconesn/at 287.055
(C15H1106+)n/z 303.050 (C15H1107+) amidz 317.066 (C16H1307+) at a collision energy of 20
(SupplementarnyFig S1). Respectivprecursor ions of intact glycoconjugates were detected at the
same retention time at a collision energy ol0and veified by analysis of respective data from
negative ion mode. To validate the assignments and annotations obtained by all ion fragmentation,
CID mass spectra were acquired in targel@8/MS targeted using protonated and deprotonated
molecular ions as precsor ions SupplementarylableS3). Identity of aglycones was confirmed by
analysis of pseudtMS3 spectra obtained from protonated aglycone ions, whose formation was
induced by irsource fragmentation (funnel exit DC 149 The obtained spectra were refeaed
against CID mass spectra obtained from [M+bt}s of authentic kaempferokK], quercetin (Q) and
isorhamnetin (I). Among the compounds shown in Bjgnain text,identities of k3-Rut (compound

#7), K3-Glc (#8), €B-Rut (#14), GB-GIcA (#15), G-Ac (#16) and-B-Rut (#18) were verified by
comparison of chromatographic and mass spectral data obtained from commercially available
reference compoundsFlavanr3-ols and derived dimeric and trimeric proanthocyanidins were
annotated based on accurate taech mass spectral data. ldentity of cabét and epicatechin were

verified by authentic reference compounds.



Fig Sl Detection ofO-glycosylated flavonols via their protonated aglycone usingalfragmentation.

The extracted ion chromatograms (EIC) corresponding to kaemp@eghycosides (B, 40, 41) is
shown ina, EICs corresponding to quercetrglycosides (46) and isorhamnetit©-glycosides (17

19) inb andc, respectively. Compound numbers refer to Supplementary Table S3. Chromatograms
were obtained from a pooled methanolic elm leaf extract using revemease UHPLC/EQTOFMS in
positive ion mode at a collision energy of 20 V. The pooled elm leaf extracprepared by mixing
equal aliquots of individual elm leaf extracts of either treatment (after 24 h larval feediad am
equivalenttime pointfor treatmentswithout larval feeding



Fig & Detection of flavar8-ols (catechins, epicatechinsand derived dimeric and trimeric
proanthocyanidins via their deprotonated molecular iorisxtracted ion chromatograms (EICs)
corresponding to catechin (34) and epicatechin (38), as well as to an (ephredeoxyhexoside
(37), are shown ia. EICs corresponding to dimeric {32, 39) and trimeric proanthocyanidins ¢35)
derived from catechin and/or epicatechin are showib eBndc, respectively. Compound numbers refer

to Supplementary Table S3. Chromatograms were obtained from a pooled nodithalm leaf extract
using reverseghhase UHPLC/EQTOFMS in negative ion mode. The pooled elm leaf extract was
prepared by mixing equal aliquots of individual elm leaf extracts of either treatment (after 24 h larval
feeding orat anequivalenttime pont for treatmentswithout larval feeding
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Fig 3 Impact of elm leaf beetle egg deposition and larval feedingJtmus minor(epi)catechin
contents. Heatmap shows legfold change of metabolite levels in methanolic leaf extracts by
UHPLC/ES)TOFMSt analysis.Left side of heatmapCompound numbers refer to Supplementary
Table S3Right side: abbreviations of detected compounds, (E)C = (Epi)catechi@atechin, EC =
Epicatechin, DeoxyHex=Deoxyhexose; Bottom of heati@ap:untreated control leaves, E = locally
eggtreated leaves, F = locally feedidgmaged leaves, 24 feeding period, EF = locally eggated,
feedingdamaged leaves, 24 feeding perid. Log fold change relative to control was calculated by
log of the ratio of mean peak area per metabolite in a treated leaf relative to the mean of the
respective metabolite peak area in the contrBtatistics: ANOVA did not show significant difference
at P<0.05;n=9-10
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Table SPrimers for putativaJimus minogenes involved ithe biosynthesis of phenylpropanoids

forward/reverse primer forward/reverse primer Amplicon
Gené Conti@ sequence (53" name size (bp)

PAL C598923  GCGAGCAGCGATTGGGTTAT 259€im_03692_PAL_F/

Phenylalanine CCTTGTTTGGTTCGCCTGTG 260im_03692_PAL_R 1ot

ammonialyase - - =

acL . 608925 AATACAAGGCGTATCAGGTT 265elm_11002_4CL_9 F/

4-coumarate ligase . - - = 144

like 9 TTCCAGGCTTTCTCACCACA 266-elm_11002_4CL_9 R

HCT scaffold23443

ShikimateO- AGAGATCCACCTCGaCCCAA 333¢elm_12392 New_SOHC F 111

hydroxycinnamoyl TTTGAACATGGCAACCGCAG 334elm_12392 New_SOHC _F

transferaselike

gﬁgam | leol scaffold16882 -\ GATGAAGGCCCTGGCTE 267elm_07576_CAD_F/ 200

Y TCGTGCCACCAACTACACTA 268elm_07576 _CAD R

dehydrogenase - - -

COMT scaffold7507 331

Caffeic acid - TAGCCGATTGGTTGATGTTG, elm_13443 New_CA 30MT _F 182

methyltransferase TGGCATCACCATTTGGTAAG 332

like elm_13443 New_CA 30OMT _F

FLSF3H scaffold5562

Flavonol synthagde TCCTTAGCCGAATCACCCAA 247-elm_09910 FSF 3H_F/ 131

flavanone CCAGAGGTGAGAAGGGAGA, 248€elm_09910 FSF 3H R

3-hydroxylasdike

If;a:\/[c;noi 43 607209 CAAATCGCAGGCTACGACAT 285elm_23041 F310x_F/ 154
. GCTCAAAGTCTTGGCCTTTC, 286elm_23041 F310x_R

monooxygenasdike - - -

ANS _ scaffold3763 11 G GATCCTGGTGGGATE 241-elm_05108_LA_20x_F/

Leucoanthocyanidin - -~ 105

. . CGTGTGGAGCAGGTTTAACA 242-elm_05108_LA 20x_R
dioxygenasdike _ _LA_cUX_

a Annotation according to Altmanet al. (2018) derived from a mapping of the elm transcriptome againstAtebidopss
transcriptome (TAIR10 annotation), and frétardiguercet al. (2015) based on blast queries (BlastN, threshold E <
[i>0+X

b Contigs from TSA (Transcriptome shotgun assembly) BioProjectlD 32806ann et al. 2018)

Table SReferencagenesandtheir primer sequences

Amplicon Primer forward/reverse primer
Gene . ,
size (bp) name sequence (53')
- 5/elm_00177_Ubi_F GACAACGTGAAGGCGAAAAT
Ubiquitin 158 )
6/elm_00177_Ubi_R CCACCCCTGAGACGAAGCA(
) 12/Um18663SAND_F3 CAGCAGGACCACCTACACCt
SAND family gene 97
13/Um18663SAND_R2 TCGCACTGGATCATCACCTC
splicing factor3B subuni 119 97/elm_sp|icing3BU_F TGCTTTTGCCTTGCGGTCTT
5-like protein 98/elm_splicing3BSU_ R CAGTGCTTCAACCAACCGGA
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Table Sot in this document; see separasupplementaryfile 2 (Supplementary Tablg3 MS_MS
analyticaldata)

Table 4 Phytohormone levels in locally treatéfimus minoteaves after 24 h of larval feeding and at
an equivalent time point for treatments without larval feeding = untreated control leaves, E = egg
treated leaves, F = feedimtamaged leaves, EF = dgeated, feedingdamaged leaves. Concentration
in ng/g FW as mean = SE9-10. ANOVA + Tukey of kransformed dataP<0.05. Different letters
below means = SE indicate significant differences between treatments

Phyto- Time Treatment ANOVA,
hormone? point C E F EF Pvalue
SA 6h 493 +79 426 +72 355 +87 282 +43 0.159
24h 449 +85 719 +99 704 +118 1365 +85 <0.001
a a a b
JA 6h 0.9 +£0.2 1.3+0.3 104.0 £19.4 84.1 +9.4 <0.001
a a b b
24h 0.6 0.1 1.1 +£0.2 153.7 £29.0 162.7+33.4 <0.001
a a b b
JAlle 6h 2.1+£0.6 2.1+0.3 27.8 £3.6 29.0 £2.7 <0.001
a a b b
24h 0.9 +£0.1 1.1+0.2 80.9 £19.3 62.9 +12.9 <0.001
a a b b
ABA 6h 317 £32 261 £26 225 +35 294 +52 0.296
24h 361 +49 470 £53 355 +47 382 £19 0.226

aSA=salicylic acid, JAjasmonic acid, JAe =jasmonic acidisoleucine, ABA abscisic acid
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Table S Phytohormone levels iJimus minoro A « i v3 8} SE 8 0 A s ~Z+Ce3 u]
after 24h of larval feeding and at an equivalent time pdiot treatments without larval feedingC =

untreated control leaves, E = eyygated leaves, F = feedimtpmaged leaves, EF = dggated,
feedingdamaged leaves. Concentration in ng/g FW as mean #=8H,0. ANOVA + Tukey of log
transformed dataP<0.05. Different letters below means + SE indicate significant differences between
treatments

Phyto- Time Treatment ANOVA
hormone? point C E F EF Pvalue
SA 6h 1684+184 1465+187 17654279 13344181 0.582
24h 299450 385174 478+136 37347 0.623
JA 6h 19107 1.2 4.3 2.84#0.7 2.040.3 0.0
ab a b ab
24h 1.2 +02 1.3 +02 1.6 £02 2344 0.028
a a ab b
JAlle 6h 1.7+05 1.5+01 2140.4 2.34.3 0.1%
24h 1.3+01 1.4 +02 28404 2.940.5 <0.001
a a ab b
ABA 6h 538164 472 #3 451 +65 618 81 0.351
24h 330443 297438 218431 268422 0.091

aSA=salicylic acid, JAjasmonic acid, JAe =jasmonic acidisoleucine, ABA abscisic acid
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Table 5 Expression of homologues of phenylpropanoid syntheslmted genes in locdlimus minordeaves.
Gene expression was measured in treated leaves afteio6 24h of larval feeding and at an equivalent time
point for treatments without larval feeding. C = untreated control leaves, E =tregted leaves, F = feeding
damaged leaves, EF = dgeated, feedingdamaged leaves. Medians (25 75% quartiles) of relative expression
(fold change normalised to C) are shownffédent letters next to medians indicate significant differences
between treatments. Kruskalallis test + Wilcoxon rardum test P<0.05;n=7-10

Gene Time Treatment KruskatWallis
point c E F EF test, P-value
PAL 6h 0.89a 1.11a 3.86b 5.07b <0.001
(0.81,1.32) (0.99,1.26) (3.67,5.51) (3.64, 6.03)
24h 0.83a 0.63a 5.45b 7.57c <0.001
(0.70,0.89 (0.40,1.35) (3.99,5.77) (5.92,9.79)
4CL 6h 0.97 1.26 0.93 1.07 0.629
(0.90,1.21) (0.90,1.55) (0.87,1.16) (0.80, 1.42)
24h 1.04 0.94 1.00 0.76 0.1®
(0.87,1.12) (0.84,1.11) (0.95,1.07) (0.67,0.91)
HCT 6h 1.02ab 0.83a 1.26b 1.26b 0.013
(0.90, 1.14) (0.79,0.93) (0.94,1.57) (1.05, 1.85)
24h 0.87 0.83 1.22 1.05 0.211
(0.74,0.98) (0.58,1.25) (0.88,1.92) (0.92,1.62)
CAD 6h 0.99 1.01 0.84 1.00 0.5%2
(0.86,1.09) (0.64,1.10) (0.75,1.04) (0.82, 1.16)
24h 1.04 1.20 1.14 1.35 0.347
(0.78,1.18) (1.02,1.45) (1.02,1.30) (1.03,1.39)
COMT 6h 1.02 1.21 1.20 0.68 0.08
(0.86,1.30) (0.67,1.55) (0.86,1.41) (0.51,0.77)
24h 1.06 1.04 0.87 0.55 0.116
(0.76,1.30) (0.85,1.23) (0.72,1.18 (0.53,0.83)
FLSF3H 6h 0.84 0.96 0.59 0.66 0.018
(0.77,1.08) (0.81,1.05) (0.48,0.80) (0.56, 0.86)
24h 1.03 0.98 0.78 0.63 0.036
(0.84,1.21) (0.84,1.23) (0.65,0.92) (0.51,0.84)
&I[, 6h 1.06 1.06 1.18 1.18 0.645
(0.77,1.27) (0.73,1.14) (0.70,1.38) (0.86, 1.69)
24h 1.09 0.95 1.22 1.08 0.213
(0.77,1.25) (0.54,1.17) (1.14,2.29) (1.01,1.23)
ANS 6h 0.96a 1.01la 3.58b 3.64b <0.001
(0.80,1.25) (0.92,1.26) (3.12,4.65) (3.32,4.50)
24h 0.80a 0.71a 7.05b 5.84b <0.001
(0.60,0.97) (0.56,1.17) (6.46,9.19) (5.26, 6.83)

aCompare Supplementary Table S1 for full names of genes
b Kruskalwallis test significant, but Wilcoxon rank sum test not significant
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Table S7 Expression of homologues of phenylpropanoid synthedisted genes in systemidimus
minor leaves.Gene expression was measured in leaves adjacent to treated leave4fieof larval
feeding and at an equivalent time point for treatments without larval feeding. C = untreated control
leaves, E = edgeated leaves, F = feedirdamaged leaves, EF = dgeated, feedingdamaged leaves.
Medians (2%%, 75% quartiles) of rative expression (fold change, normalised to C) are shown.
Different letters next to medians indicate significant differences between treatments. Kid&iis

test + Wilcoxon ransum test,P<0.05;n=7-10

Gene Time Treatment KruskatWallis
point C E F EF test, Pvalue
PAL 24h 0.87a 1.29ab 2.14b 1.50b 0.006
(0.74,1.08) (0.67,1.74) (1.44,3.75) (1.32,2.15)
4CL 24h 1.09 1.09 1.19 0.96 0.068
(0.77,1.16) (1.05,1.32) (1.14,1.35) (0.87,1.07)
HCT 24h 1.02 0.94 1.02 1.05 0.918
(0.83,1.32) (0.88,1.27) (0.94,1.54) (0.79,1.28)
CAD 24h 0.99 1.36 141 0.99 0.331
(0.80,1.19) (1.19,1.60) (1.03,1.50) (0.87,1.41)
COMT 24h 0.99 0.96 0.94 0.93 0.828
(0.66,1.51) (0.75,1.13) (0.62,1.41) (0.58,1.09)
FLSF3H 24h 121 1.21 1.14 0.90 0.0637
(0.85,1.31) (1.15,1.37) (1.02,1.22) (0.83, 1.06)
&I, 24h 0.89 1.17 1.08 0.81 0.516
(0.74,1.19) (0.50,1.61) (0.97,1.15) (0.59, 0.97)
ANS 24h 0.87a 0.98a 2.75b 1.61b <0.001
(0.63,0.94) (0.71,1.35) (2.18,3.58) (1.43,2.44)

aCompareSupplementarylableSl for full names of genes

Table S8 Concentrations of kaempferol and quercetin aglycones derived from acidified (hydrolyéad)s
minorextracts.HPLEDAD analysis of acliydrolysed methanolic leaf extracts. C = untreated control leaves, E =
eggtreated leaves, F = locally feedidgmagedleaves, 24 feeding period, EF = locally eggated, feeding
damaged leaves, 24 feeding period. Concentration jg/g FW as mean + SE59-10. Different letters below
means + SE indicate significant differences between treatments. ANOVA + FXk&p

Treatment

Compound ANOVA
i c E F EF Pvalue
Kaempferol 22546.1 22.9+3.9 27.6£4.8 54.2+10.2 0.009
a a ab b
Quercetin 10.8+3.0 19.5+2.1 142+1.1 27.6+3.6 0.001
a ab a b
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EIm tree defences against a specialist herbivore are moderately
primed by an infestation in the previous season
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The studies of the long-term e ects of insect infestations on plant anti-herbivore defences tend to focus on feeding-
induced damage. Infestations by an entire insect generation, including egg depositions as well as the feeding insects, are
often neglected. Whilst there is increasing evidence that the presence of insect eggs can intensify plantse anti-herbivore
defences against hatching larvae in the short term, little is known about how insect infestations, including insect egg
depositions, a ect plant defences in the long term. We addressed this knowledge gap by investigating long-term e ects

of insect infestation on elmes (Ulmus minor Mill. cv. sDahlems) defences against subsequent infestation. In greenhouse
experiments, elms were exposed to elm leaf beetle (ELB, Xanthogaleruca luteola) infestation (adults, eggs and larvae).
Thereafter, the trees cast their leaves under simulated winter conditions and were re-infested with ELB after the regrowth
of their leaves under simulated summer conditions. Elm leaf beetles performed moderately worse on previously infested
elms with respect to several developmental parameters. The concentrations of the phenylpropanoids kaempferol and
quercetin, which are involved in egg-mediated, short-term e ects on elm defences, were slightly higher in the ELB-
challenged leaves of previously infested trees than in the challenged leaves of naive trees. The expression of several
genes involved in the phenylpropanoid pathway, jasmonic acid signalling, and DNA and histone modi cations appeared
to be a ected by ELB infestation; however, prior infestation did not alter the expression intensities of these genes. The
concentrations of several phytohormones were similarly a ected in the currently challenged leaves of previously infested
trees and naive trees. Our study shows that prior infestation of elms by a specialised insect leads to moderately improved
defences against subsequent infestation in the following growing season. Prior infestation adds a long-term e ect to the
short-term enhancer e ect that plants show in response to egg depositions when defending against hatching larvae.

TE000T.L/8TZT/L/EV/919ne/sAydaanwod dno-olwapese//:sdny woly papeojumod

Keywords egg deposition, elm leaf beetle, epigenetic marks, avonoids, phytohormone, plant defence.

Introduction to leaf volatiles from damaged neighbouring tre@s¢harntke

In forests, mass outbreaks of insect pests can cause severeet al. 2001, Frost et al. 2008 Brosset and Blande 202R
damage and even the mortality of tree&r(deregg et al. 2015 and perception of insect egg depositions on leavédeyaert
Fei et al. 2019. However, trees have evolved a wide range et al. 2012) can all signi cantly improve a treees response tc
of constitutive and infestation-inducible defences to help them subsequent herbivory.

cope with a multitude of herbivorous insect specidsaikioja Previous herbivory exerts both short- and long-term e ect:
1990, Mumm and Hilker 2006 Eyles et al. 2010 Holopainen  on plant defences against subsequent herbivara(kioja et al.
2011, Brautigam et al. 2013 Moreover, trees can improve 1985, Roitto et al. 2009 Rasmann et al. 2012Mertens et al.
their defences against insect herbivory after exposure to envi-2021, Sobral et al. 202). The long-term e ects may last for
ronmental cues that are indicative of impending insect infes-months and even persist over several growing seasdarisi¢sen
tation. Previous herbivoryTécharntke et al. 200}, exposure et al. 1991, Zvereva et al. 1997 Ruuhola et al. 2007. Studies

© The Author(s) 2023. Published by Oxford University Press.
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Long-term priming of elm anti-herbivore defences 1219

on the long-term e ects of insect infestation on plant defences previously egg-laden leaves showed earlier, more di erentially
against subsequent infestation usually test the e ect of leaf expressed genes than the egg-free leaves, suggesting (i) an
damage, i.e. herbivory or leaf wounding, but have neglectedegg-mediated acceleration of the transcriptomic response to
insect egg depositions, which precede feeding damage by the feeding damage and (ii) a smemorye of the response to eggs by
hatching larvae arban 199Q Bryant et al. 1991 Rasmann  a subset of genesAltmann et al. 201§. It is currently unknown
et al. 2012, Sobral et al. 202). whether this ememorye e ect is due to egg-induced epigenetic

Insect egg depositions are known to exert short-term e ects changes. In contrast to our limited understanding of the impact
on plant defences. Both herbaceous and perennial plant specie®f insect egg depositions on the epigenome, there is good evi-
responding to previous insect egg deposition show improved dence to show that insect herbivory causes signi cant changes
defences against hatching larvaélilker and Fatouros 2015  in the plantes epigenetic marks (DNA methylation and histon
Pashalidou et al. 2015 Austel et al. 2016 Bandoly et al. modi cation) (Alonso et al. 2019 Annacondia et al. 2021
2016, Hilker and Fatouros 2016Rondoni et al. 2018Lortzing Sobral et al. 202), which may a ect the plantes responses to
et al. 2019, Valsamakis et al. 2020Valsamakis et al. 202R subsequent feeding damagdRk@smann et al. 201p
Egg-mediated plant responses to larval herbivory are associ- To elucidate whether the short-term e ects of ELB egg
ated with speci c transcriptional, phytohormonal and metabolite deposition on plant defences are further enhanced by an EL
responses to larval feeding damage. For examplgbidopsis infestation in the previous growing season, we rst studied
thaliana leaves laden withPieris buttery eggs showed an the ecological e ects of a prior infestation on elm defences
enhanced expression of genes involved in salicylic acid (SA)against ELB and then characterised the physiological an
and jasmonic acid (JA) biosynthesis and signalliBguessow  molecular e ects of this infestation. We addressed in detai
et al. 2010, Valsamakis et al. 202D The concentrations of SA, the following questions: (i) How does a rst ELB infestation
JA-isoleucine (JA-lle) and abscisic acid (ABA) were enhancedincluding eggs, larvae and adults) aect the performance
in egg-laden, feeding-induced plants when compared with egg-of ELB larvae and adults that develop on regrown, egg
free, feeding-induced plants/alsamakis et al. 202D Chemical treated leaves in the following season? (ii) Do previously
analyses of the feeding-damaged leaves of several plant speciesnfested trees receive a lower number of ELB eggs in the
have shown that the concentrations of phenylpropanoids arefollowing season than naive trees? (ii) Do concentrations o
signi cantly higher in previously egg-laden leaves than in pre- the phenylpropanoids kaempferol and quercetin di er between
viously egg-free leavesLprtzing et al. 2020and references the currently infested elm leaves of previously infested tree:
therein). and the leaves of naive trees? (iv) Does a prior elm infestatiol

It is currently unknown whether the short-term e ects by ELB (eggs, larvae and adults) aect the concentrations
of insect egg deposition on plant defences may be further of phytohormones and the expression of genes involved ir
enhanced by a prior infestation. We aimed to address thisphenylpropanoid and phytohormone biosynthesis, signallin
knowledge gap by studying the long-term e ects of a rst and epigenetic modi cations (DNA methylation and histone
insect infestation on egg-mediated plant defences against amodi cations) in leaves currently exposed to eggs and
subsequent infestation in the following growing season. larvae?

We used elm lmus mingrand the elm leaf beetle (ELB,
Xanthogaleruca lutegldor our study. Elm is known to show \jaterials and methods
short-term responses to ELB egg deposition that improve its
resistance against hatching ELB larvakugtel et al. 2019.
A comparison of the responses of egg-laden and egg-free All experiments were conducted with elm trees derived from ¢
elm leaves to ELB feeding damage showed that the egg-laderclonal culture ofU. minorMill. cv. «Dahleme. The in vitro shoot
leaves contained higher concentrations of the phenylpropanoidsculture was maintained on enriched DKW medium with 0.01 m¢
kaempferol and quercetin, and higher concentrations of SA and®* indole-3-butyric acid (IBA, Sigma-Aldrich, St. Louis, MC
the transcript levels oPAL (phenylalanine ammonia lyase), a USA) and 1 mg¥ 6-benzylaminopurine (BAP, Sigma-Aldrich)
gene at the entrance of the phenylpropanoid pathw&glfott  as explained in detail bBtichel et al. (2011) For rooting, 2- to
et al. 2022). The performance of ELB larvae on elm leaves4-cm-long shoots were transferred to the enriched DKW medium
treated with a high concentration of a avonoid was weaker than at half the concentration and containing 3 n¥g IBA hormone
on untreated leavesAustel et al. 2016. Another analysis of but no BAP. After 1 week, the shoots were transferred to
the transcriptomic responses of elm to ELB infestation showedfull-strength DKW medium without phytohormones. Plants that
a high number of di erentially expressed genes in response to developed roots were then transferred to soil and kept in a
egg deposition Altmann et al. 2018. However, shortly before  climate chamber at 25C and under 16-h light until they were
larval hatching, i.e. 7 days after egg deposition, the di erential 6 months old.
expression of almost all egg-responsive genes reverted to Four weeks before the experiments started, 20 6-month-old
their control levels. In response to larval feeding damage, thetrees were potted in 5- pots and transferred to the greenhouse,

Plants and insects

Tree Physiology Online at http://www.treephys.oxfordjournals.org



1220 Schott et al.

where they were kept at 25 C (day)/20 C (night) and entire leaf beetle generation and subsequently exposed again to
provided with additional light for 16 h during the daytime (EYE eggs and (larval) feeding damage]. (ii) Another 10 trees were
IWASAKI MT 400 W/DL, lwasaki electric Co. Ltd, Tokyo, Japangxposed to only a single infestation, which corresponded to the
One week before the experiment started, the trees were trans-second infestation of the I-EF trees. We refer to these trees
ferred to individual mesh cages (BugDorm-2 Medium Insect as EF trees [exposure to egg depositions and (larval) feeding
Rearing Tent Fine Nylon Mesh, 75 cm 75 cm x 115 cm, damage] Figure 1). Treatments were assigned randomly to the
MegaView Science, Taichung, Taiwan). The temperature wasrees, which were spaced 80 cm apart from each other in the
reduced to 23 C (day)/18 C (night). Plants were exposed greenhouse.
to additional light for 14 h during the daytime. The rst infestation of the I-EF trees was conducted under
Elm leaf beetles were reared dd. minor.The rearing was  simulated summer and autumn conditions. We transferred "=
refreshed every year with beetles collected in the eld in France, randomly selected, 1- to 7-day-old adult ELB (equal mix ¢
close to Montpellier, where this species occurs in high pop- both sexes by a visual inspection of the beetles) onto 7-montl
ulation densities. Adult beetles were kept in micro-perforated old U. minortrees ( 90 cm in height), which were enclosed
polypropylene bags on the twigs of potted elm trees at room in a mesh cage 1 week before, as explained in the sectic
temperature (22...25C, 16 h light during daytime with 625... <Plants and insects The adults mated and fed upon the leave
800 lux, 65...75% relative humidity). Beetles fed, mated and laidand females laid their egg clutches on the underside of tt
eggs upon the leaves in those bags. Twigs with egg-laden leavedeaves. All hatching larvae fed on the trees until pupation. Pug
were enclosed in fresh, micro-perforated bags, and the adultsmatured to adults, which were also allowed to further infest tt
were transferred to another twig. The larvae hatching from eggstrees.
remained con ned in the bags. When the larvae had consumed Then, we stepwise subjected the trees to simulated wint
most of the leaf material within a bag, twigs with larvae were conditions (seeTable Slavailable as Supplementary data &
placed into plastic boxes covered with a gauze lid. The larvaeTree Physiologynline). EIm leaf beetle larvae and beetle
were provided with fresh elm twigs three times a week until they were active for 8 weeks before they ceased to feed du
pupated. Pupae were stored on paper towel in plastic boxesto decreasing light and temperature conditions. By this tim

covered with a gauze lid until the adults emerged. approximately one-third of the leaves on each tree had be:
_ _ damaged by feeding. Approximately 11 weeks after the start «
General experimental design the experiment, the trees had cast all their leav&sg(re 1).

The experiments were conducted in our greenhouse. We invesdnactive and dead insects were removed together with tt
tigated how elms that had been previously infested by ELBcast-o leaves.
adults, eggs and larvae during (simulated) summer and autumn  Following a simulated winter period of 9 weeks, we gradual
conditions respond to a subsequent ELB infestation occurringincreased day length and temperatures over 8 weeks until th
after (a simulated) winter on newly grown leaveBidure 1). had returned to summer conditions. Approximately 20 weel
The simulated seasonal light and temperature conditions inafter the start of the experimen&{gure J), the trees began to
the greenhouse corresponded to those in Central Europe. Anush under spring conditions.
overview of the abiotic conditions under which the elm trees The EF trees were kept at the same conditions as the I-
were kept prior to the experiments and during the experiments trees but were not exposed to any ELB infestation up to this tirr
is provided inTable Slavailable as Supplementary dataTaee The second ELB infestation,consisting of an egg depositiol
PhysiologyOnline. cue and larval feeding,was initiated 28...32 weeks after the
We performed two experiments. The rst was conducted to rst infestation had started, i.e. when the new foliage was ful
compare insect performance on previously ELB-infested treesdeveloped Figure 1). Since we could not infest all trees at once
and naive trees. The second experiment provided leaf materiatiue to the limited availability of gravid females and neona
for analysis of the chemical, phytohormonal and transcriptionalarvae, we infested the trees sequentially. The pairs of EF ¢
responses of ELB-infested trees that (i) had been infested inl-EF trees were always treated in parallel.
a prior growing season and (ii) had not been exposed to a We applied six estandardised ELB egg depositionss (SEL>,
previous ELB infestation. We could not use the trees from theper tree as described bylustel et al. (2016), Altmann et al.
rst experiment for leaf material analysis since we did not want (2018) and Schott et al. (2022). This standardised infestation
to arti cially damage the trees while they were being monitored allowed us to compare our results with those of our previous
for insect performance. studies, which addressed the impact of ELB egg deposition on
short-term responses to larval feeding among trees that had
not previously been infestedAustel et al. 2016 Altmann et al.
For each experiment, we treated (i) = 10 trees with an 2018, Schott et al. 2029. In the present study, we compared
initial infestation and a second infestation, after a winter period.how the responses of EF-treated trees diered from those
We refer to these trees as I-EF trees [previously infested by arof I-EF-treated trees that had been infested by an entire ELB

Plant treatments
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Figure 1. General experimental design. Yolhgninortrees were exposed in the greenhouse to infestation by the elm leaf beetlateolaAcross
46 weeks, the trees were kept under various abiotic conditions simulating European seasons. Detailed information on the temperature ar
conditions are provided ifiable S2available as Supplementary dataTaee Physiologgnline. I-EF trees were exposed to two infestations; during the
rst, each tree was exposed to 15 adults, their egg depositions, feeding damage by larvae hatching from the eggs and the subsequent developit
leaf beetle population. The second infestation occurred after a simulated winter period. The regrown leaves of the trees were exposed to estand
egg depositionse (SEDSs) (six per tree) and subsequently to 30 neonate larvae per tree. EF trees were exposed to only a single infestation, «
out as described for the second infestation of the I-EF trees (above). Analyses splantse: elm leaves were sampled from I-EF and EF trees after
feeding by neonate larvae; we analysed the concentrations of phenylpropanoids, phytohormones and gene expression levels in these leaves. /
sinsectse: we monitored parameters of insect development and performance during the second infestation period (the duration of larval develc
the weight of 8-day-old larvae, pupae and adults; the mortality of 8-day-old larvae; the percentage of adults successfully emerging from pups
the number of eggs laid by adults). The insect performance data and plant data were obtained in separate experiments, each with 9...10 el
per treatment.

generation in the previous growing season. For applying SEDsconsumed, the beetles were placed on a new, undamaged twi
we gently removed a tiny piece of the abaxial leaf epidermisof the same tree to provide them with fresh leaf material. Th
with a scalpel and immediately covered this site with oviduct adults fed, mated and laid eggs on those twigs for 9 weeks
secretion from theoviductus communéf a freshly killed, gravid  We did not place all females that had successfully develope
female beetle. Theviductus communis one female provided into adults onto the trees because they did not have enougl
oviduct secretion for two SEDs. This method is known to elicitleaf material to provide all beetles with fresh material for th
a plant response similar to that observed after natural eggduration of the study. At week 46, the rst experiment was
deposition (Meiners and Hilker 2000 Altmann et al. 2018. nished (Figure 1).
Seven days later, after the natural period for egg incubation, ve  The second experiment that was designed to analyse lee
neonate larvae from our rearing were carefully placed with aparameters was performed in the same way as the rst one
smooth brush on each SED-treated leaf (i.e. 30 larvae per tree)However, it was completed already at week 29...33, soon afte
and con ned in a clip cage. The neonate larvae that were placedthe second infestation was initiatedrigure J).
on one replicate of an EF and I-EF tree were from the same pool
of freshly hatched larvae. Performance of elm leaf beetles

For the rst experiment that was designed to analyse ELB In the rst experiment, we determined the weight and mortality
performance, we proceeded as follows: after 4 days, larvaerate of the larvae of the second infestation after an 8-da
were transferred to neighbouring leaves for four more days.feeding period on EF and I-EF trees (10 trees with up to 30
They were then enclosed in three groups in micro-perforatedlarvae per treatment). We also recorded the time until larva

polypropylene bags on the twigs of the same tree. Prepupaepupated, as well as the weight of pupae and freshly emerged
were collected from the bags and transferred separately in 2-adult beetles. In addition, we determined the percentage of adult

ml tubes (Eppendorf, Hamburg, Germany), where they pupatedbeetles that successfully emerged from pupdédure 1).

and adults emerged. We randomly selected four females and To compare the ELB egg load that I-EF and EF trees needed to
three males from those adult ELBs and placed them back on artope with after an ELB infestation of one generation, the number
undamaged twig of the tree where they had spent their juvenile of eggs laid by the four ELB females per tree was recorded

development. The twig was enclosed in a micro-perforatedafter 3, 6 and 9 weeks. Collecting eggs during di erent time

polypropylene bag. When the leaf material of the twig had beenintervals allowed us to check for di erences in the numbers of
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eggs during the early, intermediate and late phase of egg laying.monitored at 324 nm (Rt 14.72 min), kaempferol at 265 nm
We calculated the number of eggs which might be expected on(Rt 20.72 min) and quercetin at 255 nm (Rt 18.65 min).
these I-EF and EF trees when taking into account the number offhe peak areas of kaempferol and quercetin were normalised
all ELB females that successfully developed into adults on thosdo the internal standard umbelliferone. The concentrations of
trees. To this end, we rst divided the total number of eggs on a kaempferol and quercetin in leaf material (in ng per gram fresh
tree laid by the four females by four and then multiplied this by weight) were calculated using external calibration curves with
the number of females that successfully developed into adultsauthentic reference compounds (Sigma-Aldrich).
on the respective tree.

Phytohormone concentrations
Leaf sampling for analysis of chemical, phytohormonal and e determined the concentrations of the phytohormones SA, Ja
transcriptional responses to treatments JA-lle and ABA in EF and I-EF leaves, as well as in the respec
In the second experiment, we harvested locally treated leavesdownstreamCgrand Ci.geleaves in the second experiment. The
from EF and I-EF trees during the second infestation after gophytohormone extraction was carried out following a modi ec
larval feeding period of 1 dayHigure 1 n = 10 per treatment). protocol fromWang et al. (2007)and as described byschott
At the same time, we sampled untreated leaves from brancheset al. (2022). Brie 'y, 80...100 mg (fresh weight) leaf material
below the treated branches of both EF tre€3-£samples) and  was extracted twice with ethyl acetate by homogenisation an
I-EF trees Ci.er samples). We know from our previous studies subsequent centrifugation. In the rst extraction step, deuter
that elm responses to a brief ELB larval feeding period of 1ated phytohormones were added as internal standards (20 n
day are mostly restricted to the locally damaged leav@shott of D4-SA and 20 ng of D6-ABA, both from OIChemIm Ltd, Olc
etal. 2022). The leaf samples were frozen immediately in liquid mouc, Czech Republic, as well as 20 ng of D6-JA and 60.4 n
nitrogen and stored aS880 C. The aliquots of homogenised of D6-JAL-lle, both from HPC Standards GmbH, Cunnersdo
leaf material were ground to a ne powder under liquid nitrogen Germany). The supernatants were combined, evaporated
and stored at$80 C until they were needed for further room temperature to a honey-like viscosity and then dissolve

analyses. in 400 pl of 70% methanol with 0.1% formic acid. The extracts
_ _ were stored atS20 C, until needed for analysis.
Concentrations of total kaempferol and quercetin The phytohormone analysis of 7l of the particle-free

To determine the concentrations of kaempferol and quercetinextracts was performed using UPLC-ESI-MS/MS (Q-ToF-ESI)
(including theirO-bond derivatives) in feeding-damaged EF and a Synapt G2-S HDMS (WatétsMilford, MA, USA). Separation
I-EF leaves, as well as in the undamaged (untreategg and was performed on a {g column (Acquity UPLC Waters, BEH
Ci.eleaves of the second experiment, methanolic leaf extractsC18, @ 2.1 mmx 50 mm, particle size 1.71m) with water and
were prepared and subjected to an acidic hydrolysis. In thismethanol [each with 0.1% formic acid (v/v)] (for details, see
way,O-bond derivatives were cleaved o , leaving the kaempferol Schott et al. 2029. Compounds were detected by tandem mass
and quercetin core structures for analysis by high-performancespectrometry scanning the full mass spectrum of compounc
liquid chromatography - diode-array detection (HPLC-DAD), asbetween 50 and 600m/z.
described bySchott et al. (2022). In short, a 50-mg aliquot Phytohormones were annotated according to their parer
of nely ground leaf powder was extracted twice with 750 [M-HJ® ion and a diagnostic daughter ion [SAn(z 137 and
of 80% methanol. We added Jug of umbelliferone as an 93), ABA (m/z 263 and 153), JA (n/z 209 and 59) and JA-
internal standard and yielded 1,30Q! of crude leaf extract. lle (m/z 322 and 130)], as well as according to co-elution
An aliquot of 700ul of each of these crude elm leaf extracts with their deuterated derivatives of the internal standard [D4
was subjected to an acidic hydrolysis with 1.2-M HCl according SA (m/z 141 and 97), D6-ABA (m/z 269 and 159), D6-JA
to a modi ed protocol fromHertog et al. (1992) and Mattila ~ (m/z 215 and 59) and D6-JA-lle ih/z 328 and 130)]. For
etal. (2000), as described irBchott et al. (2022). The resulting  quanti cation, the peak area of the daughter ions of the nature
residue was dissolved in 20Q1] of 70% methanol; 10u! of this phytohormones was related to the peak area of the intern:
was analysed using HPLC-DAD. standardes daughter ions using MassLYh8oftware (version
The HPLC-DAD analysis was performed on a Shimadzu HPL&.1, Water®). Concentrations per sample were normalised
system (Shimadzu Corp., Kyoto, Japan) with a diode arrayaccording to the fresh weight of the leaf material analysed.
detector (SPD-M20A). Separation was performed using an
Intersil ODS-3 column (4.6 mm 150 mm, 3-um particle size, ~dPCR analysis
pre-column 4.6 mmx 15 mm, Intersil Corp., Milpitas, CA, USA). We determined the expression levels of certain marker genes
We used 0.25% phosphoric acid in water as eluent A and ace-that are either known to respond to the presence of insect eggs
tonitrile as eluent B, with a linear increasing ow gradient from O followed by larval feeding or that have been hypothesised to
to 80% (for details, seeSchott et al. 2029. Umbelliferone was  play a role in these responses (séetroductionand references
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Figure 2. Performance of. luteolaon U. minortrees that had been infested by. luteolain the previous growing season (I-EF) or that had not been
exposed to a prior infestation (EF). (A) Development time of larvae from hatching until pupation in days, the weight of (B) pupae and (C) &
beetles in mg. Bars represent mean95% CI of n = 9 replicates. Paired-test; boldP-values marked by an asterisk: signi cant resuls<{ 0.05).

in this paragraph). We ran the qPCR analyses of EFJeE&nd involved in DNA and histone modi cation and JA-related genes
Ci.erleaves and compared the expression levels of sequenceswere identi ed by blasting annotated sequences frénthaliana
homologous to genes involved in the phenylpropanoid pathwayto an elm RNA-seq data set frofsitmann et al. (2018) Primers
(PAL phenylalanine ammonia lyas&tNS leucoanthocyanidin were designed using Primer3web version 4.1.Qrftergasser
dioxygenasg in JA signalling 3-A0S allene oxide synthase et al. 2012) for the sequences listed iTable S2available as
JAZ 1Q jasmonate ZIM domain protein l@nd in histone  Supplementary data &free Physiolog@nline. Each primer pair
and DNA modi cations KIDA19, histone deacetylase 1&hou was tested for ampli cation e ciency and speci city by melting
et al. 2005, Kim et al. 2008 Choi et al. 2012 Wasternack curve analysis and gel electrophoresis on a 2% agarose gel.
and Hause 2013; JMJ13and JMJ27 JUMONJI13and 27 Quantitative real-time PCR (qRT-PCR) was performed in tect
(histone demethylases) (i et al. 2013, Dutta et al. 2017, nical triplicates with 104! reaction volumes containing 10-ng
Zheng et al. 2019 Keyzor et al. 2021 Wang et al. 202); and cDNA and 5ul of Power SYBRGreen Master Mix (Thermo
DME, transcriptional activator DEMETERDNA demethylase)  Fisher Scienti c) on a CFX96 Real-Time System with a C1000
(Kellenberger et al. 2016Latzel et al. 202Q Zeng et al. 2021). Touch Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, C.
Total RNA was extracted from 50...60 mg leaf powderUSA) with a thermal pro le of X 95 C for 10 min, 40x 95

according to a chloroform-based protocol modi ed frdaoma Cfor20sand 1x 60 C for 60 s, followed by a melting curve
et al. (1996) and Altmann et al. (2018) as described in  analysis (60...95C). The transcript levels of target genes were
Schott et al. (2022) The protocol includes the addition of normalised to sequences homologous to the SAND family gene
polyvinylpolypyrrolidone to reduce disturbance by leaf polyphe- UBQ (polyubiquitin) and Splicing factor3B subunit 5-Jikhich
nols and an extraction step with ethanol, potassium acetateshowed a stable expression in a previous elm studyAiynann
and chloroform:isoamyl alcohol to remove polysaccharides. Theet al. (2018) (for primer sequences, sedable S3available
pellet was dissolved in nuclease-free water and frozei$ &80 as Supplementary data afree Physiologynline). In order

C until further processing. Residual DNA was removed usingo quantify the expression levels of our genes of interest, we
DNase (DNA-free’ Kit, Thermo Fisher Scienti ¢, Waltham, MA, calculated a reference gene index by determining the geometric
USA). The concentration and purity of RNA were determinedmean of the expression levels of the three reference genes
spectrophotometrically, and RNA integrity was checked by gel(Vandesompele et al. 200R The relative expression levels of
electrophoresis on 1.8% agarose gels. each gene of interest were calculated by relating the determined

First-strand cDNA was synthesised fromlg total RNA  25%=ct yalyes to the reference gene index according to a

with the RevertAid’ RT Reverse Transcription Kit (Thermo modi ed protocol byLivak and Schmittgen (2001)

Fisher Scienti c) following a modi ed protocol using oligo-dT

and random hexamers to promote reverse transcription. PrimerStatistics

sequences for phenylpropanoid biosynthesis...related genestatistical analyses and data visualisations were carried out with
were adopted fronBchott et al. (2022) Homologues to genes  the software *Re (version 4.0.&R Core Team 202}) using
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the packages car (version 3.0-10;ox and Weisberg 2019
ComplexHeatmap (version 2.4.35u et al. 2016 http://bio
conductor.org/biocLite.R egg (version 0.4.5,Auguie 2019),
ggplot2 (version 3.3.5,Wickham 2016, Ime4 (version 1.1...
27, Bates et al. 2015, multcomp (version 1.4...1#othorn
et al. 2008), plyr (version 1.8.6,Wickham 201) and rstatix
(version 0.7.0,Kassambara 202}).

Normal distributions of data and their variance homogeneity
were inspected with Q-Q plots/ilk and Gnanadesikan 1948
and the Shapiro...Wilk and Levenees tests. Data not normally
distributed were log-transformed and inspected again. For
avonoid and phytohormone data, extreme outliers [values
above Q3+ 3 x interquartile range (IQR) or below Q1...
3 x IQR {Tukey 1977)] were excluded from further analyses.
Replicate 10 of the rst experiment was excluded from anal-
yses because the respective I-EF tree showed abnormal, crip-
pled growth with small, senescent leaves with low chlorophyll
content.

The data for the weight and developmental times of individual Figure 3. Calculated number of eggs laid ¥yluteolaon U. minortrees
ELB feeding on the leaves of paired EF and I-EF trees werghat had been infested bi. luteolain the previous growing season (I-

compared by paired-tests. EIm leaf beetle mortality data were EF) or that had not been exposed to a prior infestation (EF). Eggs we

. laid by females that had spent their juvenile development on those san
evaluated by general linear models (GLMs). We compared thetrees. For the details of these calculations, Séaterials and methods

calculated number of ELB eggs per EF and I-EF tree per timerhe wilcoxon signed-rank test was used to analyse for dierence
interval using the paired Studenttgest or Wilcoxon signed- between treatments during single time intervals. Boxplots represel
rank test (depending on data normality). Treatment e ects on median, rst and third quartiles of = 7 replicates. Boxplot whiskers

. . include data within the rst quartile ...1.5 interquartile range (IQR) ar
the number of eggs laid on I-EF and EF trees across the timepiry quartile+ 1.5 interquartile rangePvalue< 0.1 in bold.

intervals were analysed using a negative binomial GLM, with
treatment and time interval as xed factors with an interaction

term and replicate as a random factor (family: Quasi-Poisson

since there was overdispersion using Poisson distribution). Wespgnt their juvenile development on I'E,F trees than on EF tre
(Figure 2Band C). However, the mortality of 8-day-old larvae

checked the signi cance of xed factors using a chi-square )
and the percentage of beetles, which successfully emerged fro

test. e T
We compared avonoid and phytohormone concentrations in pupae, were similar for individuals on I-EF and EF trees (st

EF, I-EF, & and G.grleaves using an ANOVA and Tukeyes test Tab.le S4davailable as Supplementary data Btee Physiology
as post hoc tests, or the Welch ANOVA and Games...Howe(Rn“ne)'

test if the homogeneity of variances was not satis ed. The _ _ _ o
expression levels of genes in EF, I-EE- and Ci.erwere com- Previously infested I-EF trees receive an egg load similar to

pared using Kruskal...Wallis tests and pairwise Wilcoxon rankiat of EF trees
sum tests with the Benjamini...Hochberg correction as a postWhen considering the total number of eggs laid during the ¢

hoc test. week oviposition period, we did not detect signi cant di erences
(i) between the number of eggs laid by a female on I-EF an
Results EF trees (meart SE of eggs per one female on the EF tree

135 + 31; I-EF tree: 116+ 28); or (ii) between the calculated
Herbivore performance is moderately worse on previously number of eggs potentially laid on an I-EF and EF tree by
infested I-EF trees than on EF trees females that had successfully developed per tree (meaiSE
Elm leaf beetle larvae that fed on previously infested I-EFof calculated # eggs on the EF tree: 1154 335; I-EF tree:
trees were moderately impaired in their development compared766 + 207, see alsoTable S5available as Supplementary data
with those feeding on EF trees that had not been infested at Tree Physiologynline). An analysis of the data using a
before. Larval development time from hatching until pupationnegative binomial GLM did not nd the elm treatment (I-EF and
was signi cantly prolonged by 1 day (Figure 2A. Despite EF) to have a signi cant in uence on the number of eggs laid
the longer larval development time, the resulting pupae tendedacross the three time intervals, i.e. the treatmentime interval
to gain less weight on previously infested trees, whereas theinteraction term was not signi cant (se€able S6available as
resulting beetles showed signi cantly lower weight when having Supplementary data affree Physiolog@nline).
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Figure 4. Impact oK. luteolanfestation on avonoid concentrations th minodeaves. Total concentrations of kaempferol and quercetin were analyse

in hydrolysed methanolic leaf extracts. EF = leaves with eggs and 1 day of larval feeding upon trees without prior infestation. I-EF = leaves with 3
and 1 day of larval feeding upon trees that were exposed t§.duteolainfestation in the previous growing seasdB:r, Ci.er= untreated control

leaves located below EF and I-EF leaves on the same trees. Bars representen#®b Cl of fold-change of concentration relative to leaves on
untreated branches of EF tree€fp). The concentrations of kaempferol and quercetin were compared by the ANOVA and, in the cases of a signi ¢
result (P < 0.05), with the Tukey test (di erent letters indicate signi cant di erences Bt< 0.05). Kaempferol: ANOVR = 0.02; the ANOVA was
conducted although the homogeneity of variance was somewhat disturbed for kaempferol (LevenelFs=tés61). Quercetin: ANOVA? = 0.02.
Kaempferol and quercetin concentrations did not di er betwe&n: and C.grleaves;n = 9...10 biological replicates.

Figure 5. Impact ofX. luteolainfestation on phytohormone concentrationsUn minorleaves. The concentrations of jasmonic acid (JA), jasmonic
acid...isoleucine (JA-lle), salicylic acid (SA) and abscisic acid (ABA) were measured in EF (leaves with eggs and 1 day of larval feeding upon trees
with no prior infestation) and in I-EF (leaves with eggs and 1 day of larval feeding upon trees that had been exposédutealainfestation in the

previous growing season), as well as in untreated control leaves located below EF and I-EF leaves on the sar@egsreb{.cp. Concentrations

of phytohormones were compared using Welch ANOVA and, in the cases of a signi cant Resul0(05), the Games...Howell test was applied

(di erent letters indicate signi cant di erences aP < 0.05). Bars represent meast 95% CI of n = 9...10 biological replicates.
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However, when comparing the egg depositions on EF and
I-EF trees per 3-week interval, previously infested I-EF elm
trees tended to receive fewer eggs within the rst 3 weeks of
the oviposition period (Wilcoxon signed-rank teBt= 0.078;
Figure 3 than EF trees (meatt SE of calculated # eggs on EF
tree: 299 + 138; I-EF tree: 97+ 40). This di erence levelled
out the longer the oviposition period lasted.

Prior infestation of elm trees a ects feeding-induced
changes in avonoid concentrations

Kaempferol concentrations in previously infested I-EF leaves

were signi cantly higher ( 1.7-fold) after egg treatment and

1 day of larval feeding than in undamagettr and Ci.gr

leaves. Similarly, quercetin concentrations in I-EF leaves were

signi cantly higher ( 1.3-fold) after egg treatment and larval Figure 6. Expression ot). minorgenes involved in phenylpropanoid

. . . biosynthesis, JA biosynthesis and regulation and histone and DI
feeding than inCer and Ci.grleaves Figure 4. In contrast, the oo Transcript abundance was measured in EF (leaves wi

concentrations of kaempferol and quercetin were only slightly,x. |uteolaeggs and 1 day of larval feeding upon trees with no prior
not signi cantly, higher in EF leaves after egg treatment and ainfestation), I-EF (leaves with eggs and 1 day of larval feeding upo

brief, 1-day feeding period by neonate larvae compared with trees that had been exposed to 4. luteolainfestation in the previous
' growing season) and untreated control leaves located below the treate

the concentrations in undamagetkr leaves of the same tree  |gayes Cer and G.ed. Transcript abundance is expressed as thedog
( 1.2-fold change in EF v€gp. Kaempferol and quercetin  fold change relative toCgr UmPAL phenylalanine ammonia lyase;
concentrations did not di er betwee@gr and C.grleaves. UmANSIeucoanthoc_yanidin dioxygenasbm_13—AOS_13—allene oxide
synthase;UmJAZ10 jasmonate ZIM domain protein 10JmHDA19
histone deacetylase 19)mJIMJ13JUMONJI 13jmIMJI27JUMONJI 27

) . . . (histone demethylases)JmDME transcriptional activator DEMETER (e
previously infested I-EF trees do not dier after a brief larval - pna demethylase). We used the Kruskal...Wallis test and, in the case
feeding period a signi cant result P < 0.05), the Wilcoxon signed-rank test as a post
hoc test. Di erent letters indicate a signi cance &< 0.05, n= 10
biological replicates.

Phytohormone concentrations in leaves from EF trees and

After 1 day of feeding by neonate larvae, the concentra-
tions of JA and JA-lle were signi cantly higher in the locally
damaged leaves of EF and I-EF trees than in untreated contralA biosynthesis gen&m13-A0Sand the JA regulation gene
leaves downstreamCgr and Ci.gp (Figure 5. However, the  UmJAZ10was induced in leaves being fed upon from EF an
concentrations of JA and JA-lle were induced to a similar extentEF trees when compared with untreat€gg and Ci.grleaves
in the damaged leaves of both EF and I-EF trees. Thus, th€Figure 6. However, a prior ELB infestation did not alter the
induction of JA signalling by the most recent feeding damageexpression intensity of these genes.
was not a ected by the prior infestation of the I-EF trees. The We also analysed the expression of genes involved in histor
concentrations of SA did not dier signi cantly between the and DNA modi cations. Larval feeding signi cantly reduced the
damaged and undamaged leaves of previously infested treesexpression of the histone deacetylas¢mHDA19in both EF
and those without a prior infestatiorF{gure 5. Abscisic acid  and I-EF leaves when compared withg and Ci.grleaves. The
concentrations tended to decrease by20% in response to  expression of the histone lysine demethylakenJMJ13was
feeding damage. However, the concentrations of ABA in themoderately but signi cantly induced by larval feeding upon E
most recently feeding-damaged leaves from EF and I-EF treeand I-EF leaves when compared witkr and C.grleaves. The
did not di er signi cantly from those in undamage@gr and expression of another histone lysine demethylaenIMJ2y7
Cierleaves fFigure 5. Taken together, the prior infestation of and of the DNA demethylasemDMEwas slightly, but not
the I-EF trees did not a ect the phytohormone concentrations signi cantly, reduced in response to the most recent damag
of the most recently infested trees. to EF and I-EF leave§&igure 6. Again, none of these feeding-
induced changes in expression appeared to be a ected by

Previously infested I-EF trees and EF trees show similar L .
prior infestation.

transcriptional responses in their stress-related genes and
epigenetic marker genes to the most recent larval feeding

damage Discussion

The expression of two genes involved in avonoid biosyn- Our study shows that infestation of elm by ELB egg deposi-
thesis,, UmPALand UmANS, was signi cantly induced in the tion and feeding damage exerts moderately positive, long-term
leaves of both EF and I-EF trees responding to a 1-day feedinge ects on elm defences against a further ELB infestation in
period by neonate larvae. Likewise, the expression of theleaves regrown after a simulated winter. We found that ELB
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development and performance were impaired on previouslystress-induced genes, thereby shifting transcription in favour of
infested trees. Thus, a prior infestation can bene t the tree in stress-responsive gene$€ng and Zhang 2009Thiebaut et al.
the subsequent growing season, in addition to the short-term 2019). We did not nd signi cant changes in the expression of
bene t that ELB egg deposition can confer on elm defences the DNA demethylaseemDMEHowever, since a plant can have
against hatching larvaeA{stel et al. 2016. Our results show  several demethylases, this does not mean that demethylation
that the detrimental e ects of a prior infestation on ELB perfor- processes do not play a role in elm resistance against herbivory.
mance in the subsequent growing season are associated with With respect to genes involved in phytohormone biosynthesis
long-term e ects on feeding-induced avonoid concentrations, and signalling, no di erences were found between I-EF and EF
which were found to be higher in previously infested I-EF leavesleaves in the expression leveldm13-AOS(JA biosynthesis)
than in EF leaves. However, this di erence was not re ected and UmJAZ1Q(JA-induced signal transduction). This result was
in the levels of phytohormones (JA, JA-lle, SA and ABA), ore ected by similar concentrations of JA and JA-lle in I-EF an
in the expression of genes involved in avonoid biosynthesis EF leaves. The application of MeJA is known to improve plar
and epigenetic modi cations. In the following, we will discuss defences against subsequent herbivory occurring 2...5 week
our data with respect to the questions of how the elmse later (Mageroy et al. 2019 Chen et al. 202). Here, we can
transcriptional, phytohormonal and metabolite responses to anonly speculate as to whether JA very likely being induced during
ELB infestation were a ected by a prior infestation, how they the rstinfestation by ELB also caused changes in elm trees thai
might be related to each other and how the changes induced later impaired ELB performance.

by the prior infestation might have contributed to the ecological, We did not nd signi cantly enhanced SA concentrations

long-term e ect on ELB performance that we observed. in elm leaves upon egg deposition and feeding, whereas our
previous study detected enhanced SA concentrations in el

The role of elm epigenetic marks and phytohormones in leaves that had rst received ELB eggs and were later damagec

regulating the long-term e ects of ELB infestation by the feeding of hatching ELB larvagdhott et al. 2022.

We detected two genes involved in histone modi cations that However, this might be due to di erences between elms of
were regulated by a current ELB infestation: the histone deacety-di erent origin, e.g. seed-grown elms from a tree nursery in our
lase UmHDA19was downregulated, and the histone demethy- previous study and clonal elms in the present studgiger 2005,
lase UmJIMJ13was weakly inducedHowever, the dierential  Kaurilind and Brosché 201)7
regulation of these genes was not a ected by a prior infestation,
neither in locally treated leaves nor in esystemice leaves, i.elNe impact of elm metabolites on the ecological e ects of
undamaged control leaves, of EF and I-EF trees @egre 6  Prior ELB infestation
andTable S7available as Supplementary datalaeée Physiology Our nding of ELB performing worse on trees that had been
Online). exposed to an infestation in the previous year is in line with
Along with JAZ10 and several other proteins, HDA19 is earlier studies of the performance of herbivores on deciduous
known to form a complex that regulates the transcription of JA-trees that had been infested a year, or several years, earlier b
responsive genes idrabidopsigZhou et al. 2005 Wasternack  feeding insects but without egg depositions on leav&s(entine
and Hause 2013 Singh et al. 2016 Jiang et al. 202Q. In et al. 1983, Neuvonen et al. 1987 Ruuhola et al. 200Y.
ELB-infested elmUmJAZ10was upregulated in the infested However, a prior infestation has not always been found to
leaves of I-EF and EF trees. The transcriptional changes weramprove anti-herbivore defences in the next growing season
accompanied by enhanced levels of JA in the leavesA.In (e.g. Carroll and Quiring 1993 Osier and Lindroth 200,
thaliana JA induces the degradation of JAZ, thus activating thesuggesting that the ecological e ect of a previous infestation
transcription of JA-responsive gen®gasternack C and Song may depend on several factors, such as the seasonal timing o
S (2017); however, JA also induces the expressionJ8Z10,  the infestation Chen et al. 202, the tree species fleuvonen
thus forming a feedback loop and regulating (dampening) the et al. 1987), the feeding strategies of the herbivor&l{kédnen
JA response againChung et al. 2009. It remains an open and Koricheva 2004 and/or the availability of nutrientssier
guestion what the precise role of HDA19, in concert with JAZ10, and Lindroth 2004.
is in the feeding-induced response of elm. The upregulation While ELB egg-laying is known to lead to elm responses that
of UmJMJ13might be connected to the activation of stress reduce the performance of hatching ELB larvaeigtel et al.
resistance genes as in wounded. thaliana(lkeuchi et al.  2016), our study here shows that a pre-infestation can actually
2017). Here, our data clearly show that ELB infestation changesenhance this egg-mediated short-term e ect on the defence of
the expression of elm genes involved in shaping the chromatinthe currently infested tree. It remains an open question whether
status. a previous infestation would also have an e ect on the defence
Besides histone modi cations, biotic stresses can increase of the currently infested tree if no egg treatment had taken place
genome-wide DNA methylation and reduce the methylation ofand the short-term egg-mediated enhancer e ect was missing.
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Further research including elms treated with an initial infestation In addition to the e ects of a prior ELB infestation on the
and,in a following season,with a second infestation that insectse developmental time and weight, we observed more
excludes egg deposition could help to elucidate the impact of delayed egg depositions on previously infested trees. Elm leaf
egg depositions on the priming e ect of pre-infestation. It would beetle females on I-EF trees had a lighter initial adult weight
also be interesting to explore whether egg-induced indirect and therefore might need to feed for longer until their eggs
defences, i.e. the attraction of ELB egg parasitoids to egg-laderare su ciently mature for deposition. Alternatively, previously
elm (Meiners and Hilker 200}, can be primed by an infestation infested trees might be less susceptible to oviposition; in our
of elms in the previous growing season. experiment, eggs were eventually laid on I-EF trees because

In our study, the slightly enhanced levels of the phenyl- the ELB females were o ered no other host plants. The studies
propanoids quercetin and kaempferol in previously infestedof the alder leaf beetle Agelastica alpiand the herbivorous
elm leaves might have contributed to the moderately poorer saw y Nematus oligospilusave shown that these species avoid
performance of ELB on these trees. We suggest this based oroviposition on previously infested or mechanically defoliate
our earlier studies showing that (i) ELB larval mortality wastrees (Dolch and Tscharntke 2000valladares et al. 202
higher on elm leaves treated with high levels of a kaempferol What are the ecological consequences of reduced ELB perfc
glycoside (robinin) than on untreated leaveg\(stel et al.  mance onelm trees? Herbivory on trees can cause reduced set
2016) and (ii) ELB larvae feeding on previously egg-laden setand lower quality seed production, as shown for pinyon pine
leaves su ered higher mortality than those feeding on egg- (Pinus edulisand holm oak Quercus ilex(Mueller et al. 2005
free leaves, which contained lower levels of quercetin than theCanelo et al. 2018, and negatively impact the regeneration of
egg-laden, feeding-damaged leaveai(stel et al. 2016 Schott trees, especially under challenging conditions such as droug
et al. 2022). Several studies of interactions between other (Canelo et al. 201§. Shestakov et al. (2020)studied the
plant and insect species have shown that phenylpropanoids,impact of recurring herbivory on the growth of bircBgtula
including avonoids like quercetin and kaempferol, impair pubesceng poplar (Populus tremu)aspruce Picea abiesand
insect performance§immonds 2001, 2003). Furthermore, the  pine (Pinus sylvestrjs they demonstrated that even a small,
levels of elm avonoids have also been shown to signi cantly but recurring, decrease in insect herbivory on deciduous an
increase in response to infection of dah minorgenotype by  coniferous forest trees over a period of four seasons had
Ophiostoma novo-ulmihe fungus causing Dutch elm disease pronounced positive impact on tree growth and almost double
(DED). Although this genotype is a DED-susceptible elm line,biomass production. Based on our data, we suggest that the pr
the pathogen-induced levels of avonoids reached the levels infestation e ect on ELB performance in the following seaso
present in DED-resistant elm lines. These fungus-induced higtcan limit ELB population dynamics over time and thus limit tre
avonoid levels might be considered an e ort to at least limit damage. This e ect may even increase when the ELB succee!
fungal growth within the treeSobrino-Plata et al. 2022 The in developing several generations per seas@rdistadt 2004,
concentrations of phenylpropanoid derivatives are well knownRodrigo et al. 2019. The e ects of a prior infestation on
to increase in other tree species in response to phytopathogenselm defences against ELB may work in tandem with egc
(e.g.Miranda et al. 2007 Ullah et al. 2017 and herbivory (e.g.  mediated, short-term e ects and help to limit ELB populatiot
Lattanzio et al. 200§. Still, we cannot exclude the possibility growth, thereby reducing the herbivory pressure on elm trees
that in our study, the concentrations of other secondary andWe suggest that even a minor reduction of ELB herbivory t
primary elm metabolites, as well as the physical leaf structurespre-infestation-mediated long-term priming and egg-mediate
might have been aected by the prior ELB infestation and short-term priming may help to limit the treess tness losse:
contributed to the impaired performance of ELB on re-infested(seed production, biomass production and competitiveness
trees. due to ELB infestation.

Short-term priming by ELB egg deposition leads to enhanced
PALexpression after a 24-h larval feeding period. The enhanced
PAL expression in previously egg-laden, feeding-damaged
leaves is associated with higher concentrations of quercetinThe long-term response of elm to a prior infestation add
and kaempferol $chott et al. 202). However, the higher a further dimension to our understanding of how elm trees
concentrations of phenylpropanoids we found in I-EF comparedprepare themselves for defence against impending herbivory.
with EF leaves were not re ected by higher levels UmPAL Increased concentrations of the phenylpropanoids kaempferol
transcripts in I-EF leaves. If a prior infestation leads to an earlieand quercetin are not only linked with the positive, short-term
or a faster induction of defence-related genes in the event of ae ect of insect egg deposition on elm defences against ELB
subsequent infestatiorHilker et al. 2016, potential di erences  larvae @ustel et al. 2016 Schott et al. 2022 but also were
in UmPALexpression between naive and previously infested found to be associated with the long-term benet of prior
elms might have already levelled out after 24 h of feeding. infestation for anti-herbivore defences. However, in contrast

Concluding remarks
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to the egg-mediated, short-term priming of elm defences, the Con ict of interest
long-term e ect was not linked with an enhanced expression of
PALin previously infested trees. Future studies of the activities
of enzymes involved in the phenylpropanoid pathway should Funding

shed light on whether the concentration of phenylpropanoids is
regulated at a level other than the transcriptional one. German Research Foundation (Deutsche Forschungsgemein-

A current ELB infestation was shown to di erentially regu- schaft, Collaborative Research Centre 973 sPriming and Memory
late epigenetic marker genes, while the expression levels ofof Organismic Responses to StressZ, CRC 98y.sfb.973.
infestation-induced genes did not appear to be a ected by a de, project number BO1).
previous infestation. Further studies are needed to evaluate
whether the epigenetic marks of defence-related genes persist

after an infestation and contribute to long-term stress smemorysp|| relevant data are within the paper and its Supporting Infor-
in elm, in the sense of epigenetic memory marks, as de ned by mation les.
Avramova (2015) A comparative analysis of the DNA methy-
lation pro les of leaf buds that may have long-term epigenetic Authorse contributions
memory, rather than of infested leaves that are shed in autumn, . . .
¥ . . . J.S. and M.H. conceptualised, designed and organised th

could further elucidate how elm trees store information about .

. . . study. J.S. performed the experiments and evaluated the date
previous infestationsl(e Gac et al. 2013, F.J. supported the study, especially with respect to the gPCF

Beyond that, further research could search for the elicitors " PP Y, €sp y P d

. analyses. J.S. wrote a rst draft of the manuscript, and all author:
of elm defences against ELB. So far, several compounds asso- Y Pt

. o . contributed to, and agreed upon, the nal version.
ciated with insect eggs are known to induce plant defences ' 9 pon,
against the eggs Kflilker and Fatouros 2015Hundacker et al.

2022), whereas a wide range of other chemicals released _ _
by insect larvae have also been identi ed as the elicitors of AlonsoC, Ramos-Crub, BeckeiC (2019) The role of plant epigenetics

. . in biotic interactions. New Phytol 221:731...737.
plant defences against the feeding larvagofes et al. 2022 AltmannS, MuinoJM, LortzingV, BrandtR, HimmelbachA, Altschmied

Snoeck et al. 2023. Insect egg-associated elicitors of primed |, Hilker M (2018) Transcriptomic basis for reinforcement of elm
plant responses to feeding larvae are known to be present in antiherbivore defence mediated by insect egg deposition. Mol Ecol
secretions associated with eggs, i.e. in the oviduct secretion 27:4901...4915. _ _

of the ELB Austel et al. 201§ and in female accessory AndereggWRL, HickeJA, FisherRA et al. (2015) Tree mortality from

) oo ; ” drought, insects, and their interactions in a changing climate. New
reproductive gland secretion in a butter yéaniagua Voirol et al. Phytol 208:674...683.

2020). However, the chemical nature and structure of the AnnacondiaML, Markovic D, Reig-ValienteJL, ScaltsoyiannesV,
priming-relevant compound(s) associated with ELB eggs and PieterseCMJ, NinkovicV, SlotkinRK, MartinezG (2021) Aphid
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’ ciated regulation of the defense responseAnabidopsisNew Phytol
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