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1 INTRODUCTION

1.1 ANTI-HERBIVORE-DEFENSES IN PLANTS

Plants are sessile organisms and hence unable to flee stress but they are by far not helpless. Beside
abiotic stresses like wind, drought, heat, cold and flood, plants must face biotic stresses caused by
numerous herbivores and pathogens. Over millions of years, plants have evolved effective systems to
deal with environmental conditions and attackers. Herbivory presents an important example of biotic
stress and is almost as old as the terrestrial colonization by plants (Labandeira 2007). The long timespan
until the present day gave plants as well as their herbivores enough time to develop adaptations toward
each other. Plants developed strategies to identify and defend against the attacker while in turn
herbivores developed strategies to counteract their recognition or their host's defense in a
coevolutionary arms race (Rasmann 2014). Consequently, todays anti-herbivore-defenses in plants as
well as their underlying mechanisms are rather complex. Plants fight off herbivores with physical and
chemical defenses. Some of these defenses directly target herbivores and are therefore termed direct
defenses. Known examples are the vast amount of repellent or toxic compounds occurring in plants.
Another type of defense is the recruitment of natural enemies like herbivore parasitoids, termed
indirect defense (Paré and Tumlinson 1999; Turlings and Erb 2018). To minimize the disadvantages plant
defenses cause, herbivores show behavioral (e.g. trenching, evasion, feeding patterns), physical (e.g. the
development of stronger mandibles) or metabolic (e.g. sequestration, detoxification, excretion)
adaptations. Additionally they can manipulate the host’s phytochemistry for their own benefit (Opitz
and Miiller 2009; Pasteels et al. 1983). In many cases, herbivores silence or mitigate plant chemical
defenses with the help of symbiotic microorganisms (Felton et al. 2014; Giron et al. 2017). It is this
complexity that makes the investigation of plant-herbivore-interactions an interesting but also

challenging field of research.

1.1.1 Chemical anti-herbivore-defenses

Of all anti-herbivore defenses in plants, chemical defenses are probably the most important factor
driving the coevolution of plants and their herbivores (Ehrlich and Raven 1964). Chemical defenses can
have repellent and deterrent functions or even cause direct mortality to herbivores (lbanez et al. 2012).
Toxins, growth inhibitors and feeding deterrents are common examples of chemical anti-herbivore

defenses synthesized by plants. Additionally volatile organic compounds act intra- and interspecifically



as signals to initiate preparations for an upcoming possible herbivore attack or attract natural enemies
of the herbivore. Many chemical defenses are thought to be non-essential for plant growth and
reproduction (Wink 2003), but their production is costly. A high investment in chemical defense is
accompanied by growth inhibition (Poveda et al. 2003; Zhang and Turner 2008) and lower seed
production (Baldwin 1998), although theoretically this cost might be mitigated by metabolic turnover or
multifunctionality of such metabolites as well as a broader substrate specifity of enzymes, involved into
their biosynthesis (Neilson et al. 2013). However, the limited supply of resources concentrates the
accumulation of defense metabolites in the most valuable, fitness relevant parts, as stated by the
“optimal defense hypothesis” (McKey (1974). According to this hypothesis, the accumulation of
defensive metabolites in different tissues is correlated with the probability of attack, such that tissues
subjected to a higher consumption risk are better defended. Reproductive organs and young tissues are
often constitutively well defended (constitutive resistance), which means that they generally show
increased basal levels of chemical defenses, compared to other, less valuable parts of the plant (Meldau
et al. 2012). The costs of constitutive resistance may result in disadvantages in competition with
neighboring plants or in the interaction with mutualists under low herbivore pressure, but may pay off
during high herbivory pressure, since they are active immediately without a lag in time. However, plants
can also increase the concentration of chemical defenses at the onset of herbivore attack, termed
induced defense or induced resistance. Induced chemical defenses are widely observed (Baldwin and
Ohnmeiss 1993; Piesik et al. 2016; Textor and Gershenzon 2009) and are thought to increase the
variability of a plant’s defense, which, especially in the light of multiple herbivore species attacking,
might be more effective than constitutive resistance (Karban et al. 1997; Zangerl 2003). Which type is

more effective might also depend on the plant type.

Investigations about defense responses of plants against herbivores have been primarily carried out
with herbaceous plants due to the ease of cultivation, manipulation and carrying out of experiments.
However, terrestrial ecosystems are dominated by woody plants with life history traits differing from
herbaceous plant species. Trees are perennial plants while herbaceous plants often show annual or
biennial life cycles. Their longevity may require different defense strategies. Compared to herbaceous
plants the spatial and temporal scale of herbivore attack is much larger. Throughout the season,
deciduous trees encounter herbivores from the onset of leaf flushing (Uelmen et al. 2016; van Asch and
Visser 2007) until leaf senescence and leaf fall (White 2015). Especially during the growing season, trees

are exposed to frequent attacks with individual herbivore species encountered repeatedly. Trees have



much more biomass, however, from which a larger amount of the aboveground organs is concentrated
in the stem, making losses of leaves through herbivores less critical. In the years following herbivory
events, trees can compensate for tissue losses by enhanced tissue growth or resource reallocation
(Edenius et al. 1993; Stevens et al. 2008) although it must be noted that a certain tolerance is observed

in herbaceous plants as well (Mabry and Wayne 1997).

1.2 DIRECT ANTI-HERBIVORE DEFENSES

1.2.1 Types of direct anti-herbivore defenses

Anti-herbivore-defenses can directly target the herbivore by preventing it from feeding or inhibiting its
growth and development (Howe and Jander 2008). Such direct defenses comprise physical barriers like
leaf shape adaptations, trichomes, thorns and spines or morphological features like the fortification of
cell walls (Chen 2008; Musariri et al. 2018; Salladay and Ramirez 2019). Physical defenses act as a first
barrier against herbivores (Kaur and Kariyat 2020). The second and structurally most diverse type of
direct defense is represented by the large group of specialized metabolites, also referred to as
secondary metabolites. The term secondary metabolites originated from the hypothesis that these
metabolites resulted as by-product of primary metabolism with the high diversity being caused by the
play of nature. However, today it is believed that this diversity rather represents an evolutionary
adaptation of plants to defend against their attackers (Wink 2003 and references therein). Many of such
specialized metabolites have toxic or anti-nutritive effects on herbivores. Modes of action include
membrane disruption, inhibition of transport and signal transduction, inhibition of metabolism and the
disruption of hormonal control of developmental processes (Gatehouse 2002). The most common
groups of specialized metabolites in plants are alkaloids (e.g. cocaine, nicotine), cyanogenic glycosides,
terpenoids, glucosinolates and phenolic compounds (e.g. salicinoids, see chapter 1.4.2). Active
specialized metabolites are usually accompanied by a variety of related derivative and minor
compounds, as observed for terpenoids (Tholl 2015). Additionally to their function as defense
metabolites they may have protective function e.g. against UV radiation, serve as nitrogen transport-
and storage compounds and take part in pollination (Wink 2003). The third type of direct defense is
biochemical- or protein-based defense possessing anti-nutritive and partly toxic functions. This defense
limits the food supply prior to ingestion or reduces the nutritional value after ingestion (Chen 2008).
Such biochemical defense of plants can affect herbivore growth and development to a great extent.

Examples of biochemical defenses are chitinases, proteases, lectines, amino acid deaminases,



polyphenol oxidases and protease inhibitors, which often find their targets in the midgut of herbivores
(Napoleao et al. 2019). The most important group, protease and a—amylase inhibitors, inhibit enzymes
involved in the breakdown of plant-derived toxic proteins, acting against the herbivore or the digestion
of the plant material (Chen 2008). The discovery of protease inhibitors as a defense mechanism of plants
was a milestone in the investigation of plant-herbivore-interactions (Green and Ryan 1972). Most plant
derived antinutritive or toxic proteins can be easily diminished by the herbivore through proteolysis in
its midgut. Protease inhibitors prevent the breakdown of these proteins and prolong their activity. They
also reduce nutrient utilization in the herbivore midgut. The inhibition of proteolytic enzymes involved
into the breakdown of proteins into amino acids results in a lower availability of essential amino acids
crucial for herbivore growth (Mithofer and Boland 2012). The peptidase database MEROPS currently
includes 99 families of protease inhibitors distributed over all kingdoms, which shows that they are
diverse and widely distributed. Their classification is based on their targeted proteases. The midgut
region of the insect herbivore contains four different classes of proteases. Dependent on the pH in the
midgut lumen and therefore on the herbivore species, herbivores possess serine- (neutral to alkaline
pH), cysteine-, aspartic acid- (acidic pH) and metalloproteases. The most common proteases are the
serine proteases, occurring in many herbivores species of the families Coleoptera, Lepidoptera and
Orthoptera. Serine proteases can be further subdivided into trypsin-like, chymotrypsin-like and elastase-
like proteases (Furstenberg-Hagg et al. 2013). For all of these proteases, plants possess inhibitors, which
are often found in plant tissues likely attacked by herbivores, such as apical meristems (Punithavalli and
Jebamalaimary 2019), seeds (Samiksha et al. 2019), flowers, rhizomes and roots (Chan et al. 2017).
Additionally, protease inhibitors are induced after herbivore attack (Castano-Duque et al. 2018; Chan et

al. 2017; Green and Ryan 1972).

1.2.2 Intraspecific variability of direct plant defenses

Given the limited number of biotic and abiotic environmental stresses plants must face, but the
enormous number of defensive chemicals described so far, it is clear that the defense response of plants
differs between plant species. The best example comes from the group of specialized defense
metabolites. For example, while plant species of the Solanaceae family like tobacco and tomato produce
alkaloids for anti-herbivore defense (Chowanski et al. 2016) species of the Salicaceae family like poplar
and willow trees mainly defend with phenolic compounds (Boeckler et al. 2011). Species of the
Brassicaceae family like broccoli often defend themselves using the glucosinolates-myrosinase system

(Halkier and Gershenzon 2006) while conifers like spruce (Picea spp.) and pine (Pinus spp.) trees rely
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upon terpenoids to defend against herbivores (Celedon and Bohlmann 2019). Within single species
chemical defenses vary between genotypes leading to differences in herbivore susceptibility, which can
influence plant- and herbivore development and thus shape herbivore communities (Barker et al. 2019;
Bravo-Monzon et al. 2014; Kleine and Muller 2011). Intraspecifically, the genotype is probably the most
influential factor determining the defense responses of plants. In addition to the genetic variation
among plants, a single individual also varies in its anti-herbivore defenses. The chemistry of a plant is not
homogenous but rather fluctuates depending on organ and stage of development. As nicely
hypothesized by Whitham (1981) the different distribution of phytochemicals within a plant leads to a
mosaic of varying susceptibilities to herbivores and parasites. The adaptation of herbivores to such
conditions can be more difficult compared to a homogenous distribution of phytochemicals. This is
because herbivores that are not able to discriminate between phytochemical variations either make
inappropriate feeding choices, leading to reduced fitness, or otherwise clump at optimal positions,
which increases visibility to natural enemies. For herbivores feeding on leaf foliage, seasonal variations
in the leaf phytochemistry are a very important predictor of herbivore distribution (Raupp and Denno
1983). Juvenile leaves are full of nutrients essential for herbivores, such as proteins, sugars, water and
nitrogen. As leaves mature these nutrients decline and instead fiber content and leaf toughness
increase. Lesser nutrient availability paired with a decreased efficiency of nutrient extraction, digestion
and absorption negatively impact the development of herbivores (Barbehenn et al. 2015; Hunter and
Lechowicz 1992). These factors alone would make the choice of where to feed easy. However, plants
often defend juvenile leaf tissues better than mature tissues (Meldau et al. 2012). Herbivores must

therefore evaluate the optimal spot for feeding, maximizing nutrient quality and minimizing defenses.

1.3 HERBIVORE PERCEPTION, DEFENSE SIGNALING AND SPECIFICITY OF
ANTI-HERBIVORE DEFENSES

1.3.1 Herbivore perception

The successful response of a plant to an herbivore must be quick and accurate. The accuracy of a
defense response requires a reliable identification of the attacking herbivore, which is the first and most
crucial step in anti-herbivore-defenses. Plants do not possess sensory organs like e.g. antennae, eyes or
ears. Instead they have developed other systems for recognition. One of the first steps of herbivore
recognition already occurs when the herbivore walks on the plant, breaking trichomes or causing minor

scratches on the leaf surface. While feeding on the plant, herbivores leave chemical and mechanical



cues (Hilker and Meiners 2010). Mechanical damage alone can trigger defense responses, but plants can
further distinguish it from herbivory by the perception of specific herbivory-associated elicitors (HAEs).
Such elicitors were evidenced in herbivore oral secretions (Halitschke et al. 2001), glandular secretions
used in oviposition (Voirol et al. 2020), and even frass (Ray et al. 2015). Examples of herbivore-derived
elicitors are fatty acid-amino acid conjugates (Alborn et al. 1997), sulfur-containing fatty acids termed
caeliferins (Alborn et al. 2007), peptides (Schmelz et al. 2006) or enzymes like R-glucosidases (Mattiacci
et al. 1995) and lipases (Schaefer et al. 2011). Recently, phytohormones present in the saliva of
herbivores were reported to modulate anti-herbivore-responses in plants (Acevedo et al. 2019). The
perception of such herbivore-associated cues activates signaling cascades resulting in the production of
defense metabolites. The simultaneous perception of damage-associated molecular patterns (DAMPs)
and herbivore-associated molecular patterns (HAMPs) often amplifies plant defense responses
(Halitschke et al. 2001; Schaefer et al. 2011). These signaling cascades then lead to herbivore-triggered

immunity (HTI).

1.3.2 Phytohormones and transcriptional regulation of defense responses

Within seconds to minutes, changes in plant membrane potential caused by herbivory activate calcium
ion (Ca*) signaling, followed by the production of reactive oxygen species and activation of MAPKs.
MAPKs further regulate the elicitation of plant defense hormones and transcriptional changes involved
in anti-herbivore defenses (Furstenberg-Hagg et al. 2013; Hettenhausen et al. 2015). The most
important phytohormones known to be involved in the anti-herbivore defense responses in plants are
jasmonic acid (JA) and especially its bioactive form the isoleucine conjugate jasmonoyl-isoleucine (JA-
lle), salicylic acid (SA) and ethylene (as modulator of JA and SA regulation). However, because of the
complex network of phytohormone interactions, other hormones like abscisic acid, gibberellins, auxins,
cytokinins and brassinosteroids also influence defense responses (Meldau et al. 2012). Numerous
studies show that the jasmonate pathway plays a central role in plant resistance against biting-chewing
insect herbivores and necrotrophic pathogens while the salicylate pathway is more important for
resistance against biotrophic pathogens (Acevedo et al. 2015; Glazebrook 2005). Additionally, JA and SA
are both involved in plant defense against insect eggs (Hilker and Fatouros 2015). The JA pathway
orchestrates the transcriptional regulation of many genes involved in direct and indirect anti-herbivore
defense, growth and nutrient signaling as well as reproduction (Armengaud et al. 2004; De Vos et al.
2005; Devoto and Turner 2005; Thaler 1999). Examples of known JA-responsive genes involved in anti-

herbivore defenses and anti-egg defenses are genes encoding protease inhibitors and terpene synthases
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(Clavijo McCormick et al. 2014b; Farmer and Ryan 1990; Kim et al. 2012; Kopke et al. 2008). Additionally,
JA responsive genes regulate the biosynthesis of JA itself as well as the biosynthesis of other
phytohormones (Sasaki et al. 2001). The SA pathway is usually activated upon recognition of pathogen-
associated molecular patterns (PAMPs) and finally leads to pathogen-triggered immunity (PTI) and
effector-triggered immunity (ETI) (Filgueiras et al. 2019). Both immunities can result in apoptosis at the
site of infection, a phenomenon termed the hypersensitive response (Heath 2000). Additionally SA is a
necessary component of systemic acquired resistance and a multitude of other physiological effects like
stomatal dynamics, plant thermogenesis, seed germination, cell growth, vegetative growth, flowering,
photosynthesis and responses to abiotic stresses (Filgueiras et al. 2019). Not much is known yet about
the transcriptional regulation of SA-responsive genes involved in insect egg defense but results of
emerging studies suggest that PR genes might also play a role in this type of defense (Gouhier-Darimont

et al. 2019; Lortzing et al. 2019).

1.3.3 Systemic and volatile-mediated signaling

Since phytohormones are able to travel through the vascular system of plants, defenses can be
increased in undamaged areas surrounding the attacked site. But other components involved in the
systemic induction of herbivore resistance have also been identified. These include systemin peptides
found in Solanaceae, other peptides with similar function outside Solanaceae and oligogalacturonides
(Furstenberg-Hagg et al. 2013). However, while vascular signaling between leaves is important at close
or medium ranges, long distance signaling is realized via a different mechanism. Plants constitutively
release volatile organic compounds (VOCs) of which some play important roles in attracting pollinators
or seed dispersers. Others are produced or increased specifically after herbivore attack (herbivore-
induced plant volatiles — HIPVs) and can attract natural enemies of the herbivore (Clavijo McCormick et
al. 2014b; Heil and Silva Bueno 2007). Beside this, they can also act as direct defenses against abiotic
and biotic stress. Studies have shown repellent effects of VOCs on herbivores, including females
searching for oviposition spots (Bernasconi et al. 1998; De Moraes et al. 2001; Rostas and Hilker 2002).
In turn, herbivores can exploit the release of VOCs to find their host plant. Some VOCs possess
antimicrobial activity (Quintana-Rodriguez et al. 2018). The complexity of the volatile bouquet as well as
the vast amount of volatiles released by plants complicates investigations about their involvement in
plant-herbivore interactions. Their release occurs through membranes of the epidermal tissues,
trichomes, osmophores, crenulated epidermal cells and through the stomata (Baldwin 2010). Depending

on their synthesis the majority of plant volatiles can be classified in the following groups: terpenes or
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terpenoids, fatty acid derivatives (green leaf volatiles - GLVs), amino acid derivatives (nitrogen- and
sulfur containing volatiles) and aromatic compounds (Baldwin 2010). Synthesis of volatiles is often
regulated by jasmonates (Boland et al. 1995; Luck et al. 2016; Semiz et al. 2012) and ethylene
(Broekgaarden et al. 2015; Schmelz et al. 2003). The perception of HIPVs by neighboring plants or
undamaged parts of the same plant can lead to induced defenses as a preparation for a likely upcoming
attack (Heil and Karban 2010). In a slightly different scenario, plans respond to volatile by going into an
alarmed state, a phenomenon termed priming. Once the actual attack occurs the defense response of
primed plants can be faster and stronger, compared to non-primed plants (Heil and Kost 2006; Kost and
Heil 2006). Although the priming mechanism in plants is not fully elucidated today, it is known to involve
physiological, metabolic, transcriptional and epigenetic changes (Mauch-Mani et al. 2017). While the
investment in priming is thought to be relatively low if the plant is not attacked, models suggest that the
fitness benefits can be significantly increased once an herbivore attacks (Douma et al. 2017). Although
the mechanisms of priming are largely unknown, the negative influence of priming on herbivores after

their attack is evident (Kessler et al. 2006; Morrell and Kessler 2017; Yoneya et al. 2014).

1.3.4 Specificity of plant defense responses

The induction of inducible plant defenses might be specifically tailored to the attacking herbivore
species. This is recognized in the literature through terms such as “specificity of plant responses” (Karban
and Baldwin 1997), “specificity of elicitation (Stout et al. 1998) and “specificity of induced resistance”
(Agrawal 2000), which raise the question of whether plant damage by different herbivore species causes
the same or distinct defense responses. One can also ask whether the same plant defense differentially
affects herbivore species or their developmental stages (Agrawal 2000; Karban and Baldwin 1997; Stout
et al. 1998). Specificity of induced resistance has been detected for many chemical compound classes
involved in anti-herbivore defenses, including phytohormones (Agrawal et al. 2014; Kroes et al. 2016),
specialized metabolites (Bidart-Bouzat and Kliebenstein 2011; Van Zandt and Agrawal 2004), protease
inhibitors (Chung and Felton 2011) and volatile organic compounds (Silva et al. 2017; Unsicker et al.
2015). Specificity of induced resistance can also be measured at the molecular level (Kroes et al. 2016;
Stout et al. 1998), especially because it is not always clearly visible at the metabolite level (Chung and
Felton 2011). Last but not least specificity of induced resistance can be measured indirectly by plant
performance parameters like reproduction and seed production (Moreira et al. 2015; Rusman et al.
2019). While specialized defense responses were observed in many studies, less information on their

cause is available. Recent studies showed that herbivore saliva plays an important role (Diezel et al.
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2009; Voelckel and Baldwin 2004) but also damage patterns (van Poecke et al. 2003), the level of
herbivore specialization (Agrawal 2000; Rowen and Kaplan 2016), the affiliation of herbivores to certain
feeding guilds (Agrawal and Sherriffs 2001; Heidel and Baldwin 2004), and the influence of microbes
(Acevedo et al. 2015) have been discussed. One of the most prominent arguments so far is the
classification of herbivores into feeding guilds. Such a classification distinguishes between piercing-
sucking herbivores like aphids or whiteflies and biting-chewing herbivores like caterpillars or leaf
beetles. Studies have investigated the feeding-guild dependent specificity of induced resistance and
found differential induction patterns of phytohormones, specialized metabolites and VOCs as well as
transcriptional differences. In general chewers seem to induce more JA-responsive genes while phloem
feeders induce more SA responsive genes (Ali and Agrawal 2012 and references therein). A possible
reason might be that phloem feeders cause less tissue damage compared to chewing insects. However,
even within a feeding guild plants can respond in an herbivore-species-specific way. For example, Diezel
et al. (2009) found differential phytohormonal responses of coyote tobacco Nicotiana attenuata when
exposed to either oral secretions of the tobacco hornworm Manduca sexta or the beet armyworm
Spodoptera exigua. Other studies also showed such differences especially when comparing the response
to moth larvae and leaf beetles (Agrawal et al. 2014; Chung and Felton 2011; Unsicker et al. 2015; Van
Zandt and Agrawal 2004). However, this suggests that it is not the feeding guild alone determining
specificity of induced resistance. Another intensively discussed argument is whether the level of
herbivore specialization affects specificity, but the results of studies addressing this question are highly
controversial. While some studies found differential plant responses to specialist versus generalist
herbivores other studies could not confirm these results (Ali and Agrawal 2012 and references therein).
The inconsistencies arise from methodological challenges in the experiments. First, many studies mix
herbivore specialization level and feeding guild. Investigating the specificity of defense responses in
plants requires a special design, which includes a sufficient set of herbivore species, optimally with
replicated feeding guild and specialization level. However, such studies are scarce. The few examples
known could rule out the sole influence of the herbivore specialization level (Agrawal 2000; Bidart-
Bouzat and Kliebenstein 2011; Mewis et al. 2006). Second, plant species and genotype, respectively,
influence the specificity of induced resistance (Agrawal et al. 2014; Poelman et al. 2008), reducing the
comparability to other studies. Third, the level of herbivore specialization cannot be seen as a
dichotomy between highly polyphagous and strongly monophagous herbivores. The herbivore
specialization level is shaped by many gradations, which might affect the orchestration of plant defense

responses. Fourth, herbivores are able to manipulate the plant, influencing its defense response and



therefore challenging investigations about the specificity of induced resistance (Ali and Agrawal 2012).
Last but not least, the defense response of plants to their herbivores depends on the herbivore
developmental stage. This is especially true for the egg stage. Plants exposed to insect eggs often show
completely different responses than to other life stages. Such responses include leaf necrosis, the
formation of neoplasm or egg-crushing tissue or the production of ovicidal substances. Plant responses
to insect eggs are therefore more similar to the responses to pathogens than the responses to
herbivores. The induction of ovicidal substances and herbivore-induced plant volatiles (HIPVs) are
known to be herbivore-species specific (Hilker and Fatouros 2015; Hilker and Meiners 2010), which may
arise from specific elicitors occurring in ovipositional secretions. Elicitors described include bruchins
(Doss et al. 2000), benzyl cyanide (Fatouros et al. 2008), indole (Fatouros et al. 2009) as well as
proteinaceous elicitors (Hilker et al. 2005) and phospholipids (Yang et al. 2014). Also microbes have

been discussed to be involved in responses of plants to oviposition (Bertea et al. 2020).

1.4 STUDY SYSTEM

1.4.1 Study organisms

In this thesis, the specificity of induced anti-herbivore resistance was investigated using black poplar
(Populus nigra) trees as a study organism. Lepidopteran herbivores used include the gypsy moth
(Lymantria dispar), the poplar hawk moth (Laothoe populi) and the moth species Amata mogadorensis.
Leaf beetles used in these studies included the blue willow leaf beetle (Phratora vulgatissima) and the

poplar leaf beetle (Chrysomela populi).

Black poplar is one of about 35 described plant species belonging to the Populus genus (commonly
referred to as aspen, cottonwood and poplar), which is in the Salicaceae family. It is a deciduous tree
species native to Europe, southwest and central Asia as well as northwest Africa. Mature black poplar
trees can reach up to 35 m height and 2 m trunk diameter although exceptions can grow even larger.
Usually, this tree species reaches an age of 100-150 years. Black poplar trees are dioecious and wind
pollinated. They can also regrow vegetatively from stem- or root fragments. Sexual reproduction
enhances genetic diversity and is important for the colonization of new habitats while vegetative
reproduction is important for the expansion of the population and the creation of structural diversity
(Tinschert et al. 2020). As an important pioneer species shaping riparian river systems, black poplar is

tolerant to regular flooding and shows rapid growth. As other species closely associated with riparian
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river systems, black poplar is an endangered species. The main reason for this is the continuous loss of
floodplain river habitats caused by human land use change and agricultural intensification (Krause et al.
2011). Although black poplar naturally shows a substantial degree of genetic variation (Guet et al. 2015),
destruction and fragmentation of suitable habitats, intensive monoclonal cultural practices in short-
rotation coppices and hybridization events have also caused a reduction in the genetic diversity of this
tree species (Ciftci et al. 2017; Ciftci and Kaya 2019). Ecologically, black poplar trees are important as a
food source, shelter and habitat for numerous associated organisms. Its ability to grow from stem and
root cuttings and its fast growth makes black poplar an interesting model organism to study plant-
herbivore interactions in woody plants. Additionally, the genome of the closely related black
cottonwood (Populus trichocarpa) was already sequenced and published (Tuskan et al. 2006), offering
the possibility to investigate molecular biological features like the transcription of genes involved in
poplar defense processes. This knowledge improves our understanding of the complex regulatory

network behind the induction of defense metabolites.

1.4.2 Chemical defenses in poplar

Poplar trees use a set of direct and indirect anti-herbivore defenses, including phenol-based specialized
metabolites, biochemical defenses and VOCs. Phenol-based metabolites like salicinoids, tannins,
phenolic acids and flavonols are commonly found in poplar, and can accumulate in significant
concentrations. While some metabolites possess anti-herbivore activity, others serve different
ecological functions. The flavonoid catechin, for example, was recently shown to be involved into anti-
fungal defenses in black poplar (Ullah et al. 2017). Additionally, studies with artificial substrates have
shown oviposition-inducing activity of catechin although studies in situ remain to be carried out (Islam
et al. 1997; Ueno et al. 1990). The role of phenolic acids in poplar remains to be investigated, but studies
have shown that some of them like cinnamic acid are important precursors for salicinoids (Babst et al.
2010) or possess antimicrobial activity (Nassima et al. 2019). However, the two major classes of
phenolics occurring in poplar are salicinoids and condensed tannins, which can reach 20 % and more of
the foliage dry weight (Boeckler et al. 2011; Donaldson et al. 2006). Although both metabolite groups
were earlier believed to be effective defense compounds against insect herbivores, only salicinoids still
remain to be considered as such. Condensed tannins are now thought to participate less in anti-insect-
herbivore defenses but more in defense against herbivorous mammals (reviewed in Barbehenn and
Constabel 2011). Salicinoids are the most prominent example of phenol-based direct defenses against

insect herbivores (Barbehenn and Constabel 2011; Boeckler et al. 2011). Formerly termed as “phenolic
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glucosides”, they were renamed because of their exclusive occurrence in Salicaceae plants and their
structures, which all contain salicin as a core. Salicinoids are derived from the phenylpropanoid pathway
and are built of salicyl alcohol linked to B-D-glucopyranose via an ether linkage between the phenolic
hydroxyl group and the anomeric carbon atom of the glucose. Hence, the simplest salicinoid is salicin
itself. More complex salicinoids like salicortin and homaloside D additionally possess certain functional
groups on the salicyl alcohol or the glucose moiety of the salicin core (Boeckler et al. 2011). Salicinoids
are highly abundant in poplar trees and concentrations of up to 30 % of plant dry weight were reported
(Donaldson et al. 2006). They show a high genotypic variation (Osier and Lindroth 2001; Osier and
Lindroth 2006). Additionally, the season, the plant ontogeny as well as nutrient and water availability
influence salicinoid concentrations (Donaldson and Lindroth 2007; Hale et al. 2005; Osier and Lindroth
2006). Anti-herbivore functions of salicinoids were already evidenced for generalist- (Hemming and
Lindroth 1995) as well as specialist herbivores (Kelly and Curry 1991) although some specialist herbivore
species are less affected and are even attracted to them (Rank 1994; Roininen et al. 1999). However,
great uncertainties occur in their inducibility. While some studies showed increased salicinoid
concentrations after herbivore perception (Clausen et al. 1989), others failed to confirm these patterns
(Boeckler et al. 2013; Osier and Lindroth 2001). However, in the latter two studies all measured
salicinoids were analyzed and presented in a summed form but labeling experiments by Babst et al.
(2010) indicated that salicin might have a different biochemical background than the complex

salicinoids, raising the possibility of a different ecological function.

Beside salicinoids poplar trees also defend themselves with protease inhibitors (Haruta et al. 2001;
Major and Constabel 2008; Miranda et al. 2004). One of the most intensively investigated protease
inhibitor subfamilies occurring in poplar trees is the Kunitz-type trypsin protease inhibitor (KTI) family.
KTls are relatively small proteins with a size of 20-25 kDa with a B-trefoil fold consisting of several B-
strands connected by long loops of which one possess the inhibitory activity. Additionally, they usually
contain two disulfide bridges formed by cysteine residues of which the one closest to the N-terminus is
highly conserved and probably important for the activity (Philippe et al. 2009). The anti-herbivore
activity of KTls has been demonstrated in vitro (Garcia et al. 2004; Major and Constabel 2008) and
indirectly via performance measurements of the herbivores (Arnaiz et al. 2018; Jamal et al. 2015). Like
other protease inhibitors KTIs have been shown to be inducible in response to mechanical wounding and

herbivory (Ma et al. 2011; Major and Constabel 2008; Philippe et al. 2009).
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As indirect defenses, poplar trees emit a complex mixture of VOCs, partially induced after herbivory.
VOCs occurring in black poplar trees can be classified in six large groups. These groups are
homoterpenoids, monoterpenoids, sesquiterpenoids, aromatic volatiles, nitrogenous volatiles and GLVs
(Clavijo McCormick et al. 2014b). Typical examples of abundant herbivore-inducible plant volatiles
belonging to these groups are the monoterpenes linalool and (E)-f3-ocimene, the sesquiterpenes (E)-f3-
caryophyllene and (E,E)-a-farnesene, the green leaf volatiles (Z)-3-hexenyl-acetate and (Z)-3-hexenal,
the nitrogenous volatiles 2-methylbutyraldoxime and benzyl cyanide and the aromatic compound indole
(for review see Clavijo McCormick et al. 2012). A previous study in black poplar showed that the
constitutive volatile emission fluctuates in diurnal patterns. VOCs belonging to terpenes, for example,
increase in their concentration during daylight and decline at night, while nitrogenous, aromatic and
green leaf volatiles are less light dependent (Clavijo McCormick et al. 2014a). The time-point of
herbivore attack thus influences the emission response of certain VOCs, which further affects the
recognition of the herbivore by natural enemies. The recognition of herbivore presence by natural
enemies depends on the compounds they orient to, which might be a mixture or single compounds.
Electroantennogramms showed that nitrogenous volatiles play a predominant role in attracting parasitic
wasps to black poplar, but responses to GLVs and terpenes were also observed (Clavijo McCormick et al.
2014b), supporting the theory that herbivores respond to mixtures of volatile compounds. Nitrogenous
compounds might be of special importance since they are produced exclusively in herbivore-damaged
leaves, rendering them suitable cues for parasites or predators to locate their hosts or prey. Apart from
nitrogenous volatiles the majority of herbivore-triggered changes in black poplar volatiles are
quantitative (Unsicker et al. 2015). Specificity of the VOC response to herbivores therefore mostly
originates from changes in the concentration of the same compounds rather than qualitative differences
in the volatile bouquet. Herbivore-species-specific changes in black poplar’s volatile emission were
observed before, especially when comparing emissions after herbivory by moths and leaf beetles
(Clavijo McCormick et al. 2014b; Unsicker et al. 2015) but interestingly not when different moth species
were compared. Differences were also observed for different developmental stages of the same
herbivore species (Clavijo McCormick et al. 2014a). The specificity of black poplars VOC response to
different herbivore species, especially moths and leaf beetles, might also influence the priming effects of
attacked plants on neighboring plants and distant parts of the emitter plant. Priming effects within a
single host tree have been suggested as a superior way to quickly communicate between distant parts of
a poplar host tree, compared to vascular signal transmission (Frost et al. 2007; Li and Blande 2017).

Additionally studies in poplar trees could show priming effects on neighboring plants (Frost et al. 2008;
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Li et al. 2012). Studies about specific compounds involved in priming on poplar trees are scarce. One of
these studies suggested the involvement of GLVs (Frost et al. 2008). However, studies on other plant

species have also suggested the involvement of terpenes as signal transporters (Arimura et al. 2000).

1.4.3 Herbivores used in the studies

Unlike most herbaceous plants, black poplar trees are accompanied by numerous herbivores,
throughout the whole season. More than 300 insect and mite species have been recorded on 12 poplar
species in North America while in Europe there are more than 500 species (Mattson et al. 2001). The
most investigated generalist herbivore occurring on poplar is the gypsy moth (Lymantria dispar). While
this herbivore species is native in Europe, it is a more serious pest in North America. Since its accidental
introduction in 1869 in Massachusetts, the gypsy moth has spread and causes regular outbreaks that
can defoliate whole forests causing massive ecological and economical damage (Maccini et al. 2018).
The gypsy moth is a generalist herbivore feeding on more than 500 coniferous and deciduous tree
species, which presents one reason for its success. Adult females of the European gypsy moth
(Lymantria dispar dispar race Europe) are incapable of flight and oviposit egg clutches containing up to
1000 eggs unselectively on bark, tree trunks and branches but also on rocks, outdoor furniture, buildings
and vehicles. The young larval stages of this species can be distributed by wind dispersion using silk
treads (termed “ballooning”). The gypsy moth usually is univoltine, producing only one generation per
year. However, under favorable conditions a second generation is possible (Global Invasive Species
Database 2020). Another generalist herbivore used in this dissertation is the moth species Amata
mogadorensis, a generalist herbivore distributed mainly in Algeria and Morocco. It was recorded feeding
on plants of the genera Sonchus, Plantago, Vitis and Populus (Savela 2019). One of the most prominent
specialist herbivores commonly occurring on poplar trees is the poplar leaf beetle (Chrysomela populi).
C. populi is a widespread beetle species, which can be found in most parts of the Palearctic realm and in
parts of the Oriental realm. It has specialized on trees of the Salicaceae family with a preference for
willow (Salix) and poplar trees, with poplar trees being especially attacked. This multivoltine beetle
species usually occurs from April to October and can reach up to 3 generations per year. Larvae
overwinter in the litter beneath leaves. Its appearance in spring usually coincides with leaf flushing. It
prefers especially young leaves of poplar shoots because they contain high levels of nutrients and
salicinoids (Urban 2006). Young larvae use one of the salicinoids, salicin, as precursor to form
salicylaldehyde, which is then transported and stored in specialized glands, where it is used as defense

compound against predators (Pasteels et al. 1983). The damage pattern of adult C. populi is similar to
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lepidopteran herbivores while the larvae skeletonize leaves. The preference for young trees and shoots
combined with its multivoltinity makes C. populi a dangerous threat especially in short-rotation coppices
where young poplars are densely planted in monoculture (Schroeder and Fladung 2018). Further
important herbivores on black poplar are the specialist poplar hawk-moth Laothoe populi and the
specialist blue willow leaf beetle Phratora vulgatissima. The nocturnal poplar hawk-moth is found
throughout the Palearctic realm and the Near East. It feeds on Salicaceae plants with a preference for
poplar and aspen trees but depending on the location willows are also potential food sources. The
poplar hawk-moth usually is univoltine but can have a second generation under advantageous
circumstances. This species occur from May till July and usually prefers mature black poplar leaves over
young shoots (Williams 1966). The blue willow leaf beetle (Phratora vulgatissima) is another specialist
herbivore on Salicaceae trees feeding on poplar trees but it prefers willows, where it can cause severe
damage in plantations (Stenberg et al. 2010). Although this species is univoltine it can have more than
one generation per season if conditions are favorable. It overwinters as adults beneath tree bark or
lichens (Kendall and Wiltshire 1998). Populations occur from April till August/September. The feeding
preference of the blue willow beetle is inversely related to the concentration of salicinoids, and
especially the concentration of the complex salicinoid salicortin (Kelly and Curry 1991). However, it

prefers to feed on shoots, where it chews holes and notches into the leaves, leaving them skeletonized.

1.5 AIM OF THE THESIS

Rigorous investigations about the specificity of plant defenses against herbivores are not easy to
perform. As mentioned above, many studies addressing this question used too few herbivore species to
draw firm conclusions or mixed feeding guilds and level of specialization during their experiments.
Additionally most of the studies investigating specificity of the induced resistance were conducted on
herbaceous plants, while woody plants are clearly underrepresented. This thesis therefore concentrates
on the specificity of black poplar defense responses to herbivores from a single feeding guild, namely
the guild of biting-chewing herbivores. Another aim of this thesis was to address the specificity of poplar
defense responses on generalist and specialist herbivore species. Some behavioral adaptations of
herbivores to such defenses were investigated, such as the feeding and oviposition strategies of C.
populi. A special focus lies in the involvement of direct defenses like salicinoids and protease inhibitors

in shaping these interactions, but also indirect defenses were investigated.
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2 OVERVIEW OF THE MANUSCRIPTS

2.1 CHAPTERI: SPECIFICITY OF THE CHEMICAL DEFENSE IN BLACK POPLAR

Specificity of Herbivore Defense Responses in a Woody Plant, Black Poplar (Populus nigra)

Thomas Fabisch, Jonathan Gershenzon & Sybille B. Unsicker

Published in Journal of Chemical Ecology, Feb 2019, Volume. 45, Issue. 2, Pp. 162-177.

During this study we investigated the specificity of black poplar defense response to different insect
herbivores belonging to the same feeding guild. Herbivores used in the experiments of this study were
the two generalist moth species Amata mogadorensis and Lymantria dispar, the specialist moth Laothoe
populi as well as the two specialized chrysomelid species Phratora vulgatissima and Chrysomela populi.
Herbivory triggered changes in phytohormones and a Kunitz-type trypsin protease inhibitor, but showed
little tendency towards herbivore-specific differences. Salicinoids, a major anti-herbivore defense of
Salicaceae against insect herbivores, were not affected by herbivory except salicin, which showed no
herbivore-specific patterns. In contrast, volatiles responded in herbivore-specific fashion, especially
when comparing lepidopteran with coleopteran herbivore species. This study shows that the majority of
direct defenses in black poplar are not herbivore-species specific, but differences in induction patterns

can be found for indirect defense compounds.
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2.2 CHAPTER II: MOLECULAR MECHANISMS BEHIND BLACK POPLAR
DEFENSES

Poplar protease inhibitor expression differs in a herbivore species-specific manner
Franziska Eberl, Thomas Fabisch, Katrin Luck, Tobias G. Kollner, Heiko Vogel, Jonathan Gershenzon & Sybille B.

Unsicker

Published in BMC Plant Biology, April 2021, Volume 21, Issue 1, Article 170, p 1-11

This study focused on the identification and transcriptional regulation of black poplar genes encoding
Kunitz-type trypsin protease inhibitors (KTIs) in response to the attack by two lepidopteran herbivore
species, Amata mogadorensis and Lymantria dispar, as well as the coleopteran herbivore species
Phratora vulgatissima. Seventeen KTl genes were identified and sequenced and eight shown to be up-
regulated in response to herbivory via qRT-PCR. Beetle herbivory elicited stronger transcript expressions
compared to the two lepidopterans, which were similar in their intensity. The transcriptional patterns of
KTI genes correlated with trypsin-inhibitor activity tested in herbivore-damaged leaves, although they
were not dependent on leaf area loss, suggesting a threshold-based induction. With this study we show
that black poplar protease inhibitors are induced in a herbivore -specific fashion and are controlled at

the transcriptional level.
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2.3 CHAPTERIII: VOLATILE PRIMING IN BLACK POPLAR

Volatile mediated defense priming in black poplar. Minor changes can cause major differences

Sandra Lackner, Thomas Fabisch, Heiko Vogel, Beate Rothe, Jonathan Gershenzon & Sybille B. Unsicker

In preparation for Ecology Letters

This study aimed to investigate herbivory-triggered volatile mediated priming in young black poplar
trees. Receiver trees were exposed to the volatile bouquet of emitter trees, either those that experience
herbivory by gypsy moth caterpillars or undamaged controls. Although the volatile bouquet of the
herbivore-infested emitters was quantitatively different from the non-infested controls, the
phytochemistry of the receiver trees was unchanged. However, after subsequent exposure of the
receiver trees to gypsy moth herbivory, the induction of the salicinoid salicin was higher in trees that
had previously received the volatile bouquet of the herbivore-infested trees, and thus the volatiles of
herbivore-damaged trees can be said to have a priming effect. Additionally, gypsy moth caterpillars
avoided primed leaves and experienced reduced performance and increased mortality when forced to
feed on them, possibly due to the priming of salicinoids. The results of a common garden experiment
show that even slight changes in salicinoid concentration negatively affect the larval performance of the

gypsy moth.
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2.4 CHAPTER IV: INFLUENCE OF BLACK POPLAR DEFENSE RESPONSES ON A
SPECIALIST HERBIVORE

Ontogenetic differences in black poplar (Populus nigra) leaf chemistry influence feeding and
oviposition of the poplar leaf beetle Chrysomela populi

Thomas Fabisch, Jonathan Gershenzon & Sybille B. Unsicker

In preparation to be submitted to Journal of Chemical Ecology

This study investigated the influence of ontogenetic aspects of black poplar phytochemistry on feeding
and oviposition of the specialist leaf beetle species Chrysomela populi. It also searched for consequences
of the oviposition behavior of adult female beetles for their offspring. Additionally, feeding- as well as
egg-induced changes in black poplars phytochemistry were tracked. Adult beetles preferred young
leaves over slightly mature leaves for feeding, which was reflected in the higher concentrations of
primary metabolites found in younger leaves. However, young leaves were avoided for oviposition,
which mainly occurred on the slightly mature leaves. Although some ontogenetic differences in black
poplar chemical composition might explain the observed oviposition behavior, the choice did not affect
the larval development. Hence, the phytochemistry was not the only influential factor and other factors
like shelter and competition are probably involved in the choice of feeding site as well. The application
of egg material on young and slightly older black poplar leaves, respectively, induced the phytohormone
salicylic acid and the specialized metabolite salicin. The induction of both compounds was weaker in the

slightly mature leaves, which might influence aspects of egg or larval development.
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3.1 MANUSCRIPT I
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Abstract

The specificity of woody plant defense responses to different attacking herbivores is poorly known. We investigated the
responses of black poplar (Populus nigra) to leaf feeding by three lepidopteran species (Lymantria dispar;, Laothoe populi and
Amata mogadorensis) and two leaf beetle species (Phratora vulgatissima and Chrysomela populi). Of the direct defenses
monitored, increases in trypsin protease inhibitor activity and the salicinoid salicin were triggered by herbivore damage, but this
was not herbivore-specific. Moreover, the majority of leaf salicinoid content was present constitutively and not induced by
herbivory. On the other hand, volatile emission profiles did vary among herbivore species, especially between coleopterans and
lepidopterans. Monoterpenes and sesquiterpenes were induced in damaged and adjacent undamaged leaves, while the emission
of green leaf volatiles, aromatic and nitrogen-containing compounds (known to attract herbivore enemies) was restricted to
damaged leaves. In conclusion, indirect defenses appear to show more specific responses to attacking herbivores than direct
defenses in this woody plant.

Keywords Specificity of plant defense - Salicinoids - Phytohormones - Herbivore-induced volatiles - Trypsin protease inhibitor

Introduction

Plant chemical defenses of many types are well known to be
induced upon attack by insect herbivores. Such induction is
sometimes thought to be specifically tailored to the attacking

herbivore species giving rise to terms such as the specificity of
plant responses (Karban and Baldwin 1997), the specificity of

elicitation (Stout et al. 1998) and the specificity of induced
resistance (Agrawal 2000). However, the causes and mecha-
nisms of insect herbivore-specific responses in plants are not
yet fully understood. Recent studies have investigated wheth-
er a plant responds in an herbivore-specific manner may de-
pendent on the feeding guild of the insect, the level of feeding
specialization (reviews by Ali and Agrawal 2012:
Bonaventure 2014; Heidel-Fischer et al. 2014 and references
therein) or salivary cues (Erb et al. 2012) and herbivore-
associated microbe communities (Acevedo et al. 2015).
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However, most investigations of the specificity of plant
response to different insect attackers have focused on only a
single defensive compound or compound group. For example,
Van Zandt and Agrawal (2004) reported that the volume of
pressurized latex, a putative anti-herbivore defense in milk-
weed, was differentially induced after herbivory when com-
paring monarchs (Danaus plexippus) to swamp milkweed
beetles (Labidomera clivicollis). Silva et al. (2017) observed
differences in the profiles of tomato volatiles when comparing
plants infested by the whitefly Bemisia tabaci to plants
infested by the leaf miner Tute absoluta. Studies of multiple
classes of defenses and defense signals are uncommon.

Research on the specificity of plant defense induction has
also concentrated on herbaceous rather than woody plant spe-
cies, which are less studied due to the methodological prob-
lems accompanying their size and longevity (Limke &
Unsicker 2018). However, these characteristics of woody
plants may lead to different responses to herbivores. First,
throughout their longer lives woody plants may repeatedly
encounter the same herbivore species. Second, they may be
under constant attack during the growing season, from leaf
flush (van Asch and Visser 2007) to senescence (White
2015). Third, among aboveground organs, the larger amount
of biomass concentrated in stems may make losses of leaves to
herbivores less critical. This might lead to a defense strategy
where damaged tissue is sacrificed while defenses are
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concentrated in surrounding tissue. In light of these possibil-
ities, both specific and non-specific defense responses might
be viable strategies for woody plants under different condi-
tions. While non-specific defenses are effective against more
herbivores, a specific defense tailored to a single herbivore
may be less costly (Onkokesung et al. 2016). However, there
are comparatively few studies investigating the specificity of
woody plant defense responses after herbivory, such as those
conducted in willow (Fields and Orians 2006) and birch
(Hartley and Lawton 1987). Yet these studies focus on a nar-
row set of defensive compounds, while investigations on a
broad set of chemical compounds in combination with mea-
surements of defense hormones are still missing.

The aim of this study was to investigate the defense
responses of black poplar (Populus nigra) towards feed-
ing by five different leaf-chewing insect herbivore species
(two coleopterans and three lepidopterans) commonly oc-
curring on poplar. We investigated herbivore-species-
specific changes in the defense-related phytohormones
salicylic acid (SA) and jasmonic acid (JA), salicinoids,
trypsin protease inhibitor activity, and volatile organic
compounds in black poplar to obtain a more complete
picture about defense responses in woody plants.
Salicinoids, a group of phenolic glycosides highly abun-
dant in poplar trees (Boeckler et al. 2011) negatively af-
fect generalist herbivore performance (Hemming and
Lindroth 1995; Lindroth and Peterson 1988; Osier and
Lindroth 2001). Protease inhibitors (Bradshaw et al.
1990; Haruta et al. 2001) and certain classes of volatiles
(Clavijo McCormick et al. 2014b; Unsicker et al. 2015)
are also typical poplar compounds reported to be active in
defense against herbivores.

Among the herbivores, the two beetle species, Chrysomela
populi (poplar leaf beetle) and Phratora vulgatissima (blue
willow leaf beetle), and one of the lepidopteran caterpillar
species Laothoe populi (poplar hawk moth) used in this study
are specialist feeders, according to the classification by Ali
and Agrawal (2012), because they feed on only a narrow
range of tree species within the Salicaceae. In contrast the
lepidopteran caterpillar species Amata mogadorensis and
Lymantria dispar are true generalists, accepting host plant
species from different plant families. Most of these herbivores
may occur together on P, nigra, especially at the end of the
season. In this study, we expected to find marked variations in
the specificity of poplar defense responses both among vari-
ous herbivore species and among different classes of defense
metabolites. Since defoliation by chewing herbivores typical-
ly has only minor effects on the salicinoid concentrations of
poplar (Boeckler et al. 2013, Osier and Lindroth 2001), we
hypothesized that the induction of these phenolics would be
weak and not herbivore species-specific. However, we expect-
ed protease inhibitor activity to be differentially induced, es-
pecially when comparing lepidopteran with coleopteran
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herbivores. Differential induction of protease inhibitors be-
tween these taxa has been described before (Chung and
Felton 2011). It was also reported that the spectrum of volatile
organic compounds induced by herbivores depends on feed-
ing mode, the level of feeding specialization (Danner et al.
2018, Rowen and Kaplan 2016) and the composition of their
oral secretions (Acevedo et al. 2015). We therefore hypothe-
sized that volatile emission in black poplar would vary de-
pending on the species identity of the attacker. In order to test
these hypotheses, we investigated defense responses in both
herbivore-damaged and nearby undamaged foliage.

Material and Methods
Plants and Insects

Populus nigra saplings were grown from cuttings of young
trees made in the summer. All genotypes were originally taken
from a natural black poplar population located in a floodplain
forest on the Oder River of northeastern Germany (52°34'1™
N, 14°38'3" E). The trees were reared in the greenhouse under
summer conditions (24 °C; 60% relative humidity; 16 hr/8 hr,
light/dark) in 2-L pots filled with a 1:1 mixture of sand and
soil. The experiments were carried out in a controlled environ-
ment chamber (20 °C/18 °C, day/night: 60% relative humid-
ity; 16 hr/8 hr, light/dark) to which trees were transferred 24 hr
before the start of the experiments. All trees were regularly
fertilized and watered once per day.

Lymantria dispar caterpillars were hatched from eggs ob-
tained from the US Department of Agriculture (Buzzards Bay,
MA, USA), reared on artificial diet (MP Biomedicals LLC,
Illkirch, France) in a climate chamber (23 °C, 60% relative
humidity, 14 hi/10 hr, light/dark) and used in experiments as
3rd instar larvae. Laothoe populi caterpillars were obtained in
Ist instar from a commercial provider (The World of
Butterflies and Moths, UK. http://www.wobam.co.uk) and
reared on black poplar foliage under laboratory conditions
until they were used in experiments as 4th instar larvae.
Amata mogadorensis caterpillars were hatched from eggs
obtained from a private breeder (https://www.
entomologenportal.de) and reared on black poplar foliage
under laboratory conditions until they were used in
experiments as 3rd instar larvae. The two beetle species
Chrysomela populi and Phratora vulgatissima were reared
from egg clutches collected in old-growth black poplar trees
in the field.

Herbivore Treatments
To study the responses of black poplar to different herbivores,

40 young trees of a single tree genotype were selected. These
trees, with a height of approximately 160 cm, were pruned to a
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height of 80 cm four weeks before the actual experiment
started to prevent them from growing too close to the light
sources of the climate chamber in which the experiments were
conducted. Starting from the pruned site, and counting in basal
direction, 10 fully expanded leaves were then split in two
sections of five leaves each that were separately enclosed with
polyethylene terephthalate (PET) (Toppits Bratschlauch,
Minden, Germany) bags fixed at both ends at the poplar stems
with cable binders. Bags were left on throughout the duration
of the experiment, and charcoal-purified air was pumped into
and out of the bags through Teflon tubing at a flow rate of
0.5 L/min to prevent communication between the experimen-
tal plants via volatiles. The 40 young trees were split in groups
of 10 plants each, resulting in four treatment groups. Three of
these four groups received experimental leaf herbivory by one
of three different herbivore species, Lymantria dispar,
A. mogadorensis and P. vulgatissima. The insects were always
released on the lower leaves (designated as “damaged
leaves™) with the upper uninfested leaves in the tree designat-
ed as “adjacent undamaged leaves” (Fig. 1). One group of 10
trees was not infested with any insects; the lower leaves of
these trees served as controls for the damaged leaves, and the
upper leaves as controls for the adjacent undamaged leaves.
Ten third instar Lymantria dispar and A. mogadorensis cater-
pillars or 50 adult P. vilgatissima beetles were released on the
lower leaves of the different herbivore treatment groups, and
allowed to feed for 44 hr. After 24 hr, the number of caterpil-
lars was reduced to six individuals per tree to avoid excessive
leaf area loss. Due to space limitations in the controlled envi-
ronment chamber, the experiment was split into three blocks,
each representing an equal number of replicates from each
treatment. Thus the first two blocks consisted of three repre-
sentatives of each treatment and the third block of four repli-
cates of each treatment, resulting in 12, 12 and 16 trees in each
block respectively. The time lag between the subsequently
processed experimental blocks was 2 days.

Herbivore Treatment for Volatile Collection

To study the emission of volatile organic compounds in
response to herbivory, 50 trees of five different tree geno-
types were selected. The trees had a height of approximately
80 cm and were younger than the trees in the experiment
with a single tree genotype. Therefore, they were not pruned
before the experiment but otherwise prepared as described
in the previous section. Here, starting from the youngest
fully developed leaf, 10 leaves in the basal direction along
the stem, were selected to form two leaf pools as described
in the previous section. The 50 young trees of five geno-
types were evenly split in groups of 10 plants each, resulting
in five groups containing 1-3 representatives of each geno-
type. Four of these groups received experimental leaf her-
bivory from one of four different herbivore species,

Lymantria dispar, Laothoe populi (poplar hawkmoth), P
vulgatissima and Chrysomela populi (poplar leaf beetle).
We used a different set of herbivores for this experiment
because some of the species were collected in the field and
are only available at certain times throughout the year. We
have established laboratory cultures for Lymantria dispar
and P. vulgatissima (see above), and thus these species were
available for both experiments. The insects were released in
the bag enclosing the lower leaves (Fig. 2). One group of
trees did not receive any insects and thus functioned as the
control group as described above. This experiment was con-
ducted in two consecutive blocks, with 5 replicates of cach
of the five treatments (Lymantria dispar, Laothoe populi,
C. populi, P. vulgatissima, non-damaged control) in a block.
The time lag between blocks was 2 days. Five 3rd instar
caterpillars of Lymantria dispar or Laothoe populi, 20
adults of P vulgatissima or 5 adults of C. pepuli were re-
leased onto the lower leaves and allowed to feed for 44 hr.
To avoid complete defoliation the number of individuals in
the two caterpillar treatments was reduced to 3 one day after
the experiment started.

Plant Harvest and Quantification of Experimental
Leaf Damage

Right after the experiments, all damaged and adjacent undam-
aged leaves from all treated trees were harvested and
photographed after being spread out on a white board with a
reference area. After the midribs were removed (due to diffi-
culties in consistently grinding them to a powder), leaves were
flash-frozen in liquid nitrogen and then stored in 5 ml plastic
vials at =80 °C until further processing. In addition, the equiv-
alent leaves of non-damaged control trees were separately
frozen. All leaf material was lyophilized (ALPHA 1-4
LDplus, Christ, Germany) and ground to a fine powder using
a paint shaker (Scandex, Pforzheim, Germany) and five stain-
less steel balls (diameter 3 mm). Experimental leaf area loss in
the different herbivore treatments was determined by analyz-
ing the digital images of the leaves with Adobe Photoshop
(Version 15.0.0, Adobe Systems Incorporated, San
Francisco, USA) following the method described in
Boeckler et al. (2013).

Defense Hormone Analysis

Defense hormones were extracted from an aliquot of 10 mg
ground lyophilized leaf material. The aliquot was dissolved in
1 mL of pre-cooled methanol (MeOH) containing the follow-
ing internal standards [Dg-abscisic acid (Santa Cruz
Biotechnology, Dallas, TX, USA; 40 ng ml™h, Dy-salicylic
acid (Santa Cruz Biotechnology; 40 ng ml "), Dg-jasmonic
acid (HPC Standards GmbH, Cunnersdorf, Germany;
40 ng mI™"), *C-jasmonoyl-isoleucine (synthesis described
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a EXPERIMENTAL SETUP
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Fig. 1 Experimental design (a), typical herbivore feeding pattern (b) and
amount of herbivore damage (c) for experiments in which each of three
different herbivores was tested on leaves of single black poplar
genotypes. The ten full-sized leaves of each sapling were divided into
two groups of five leaves each. Each group was wrapped in a
polyethylene terephthalate (PET) bag attached to the saplings with cable
binders at both ends and supported with a constant flow of charcoal-

in (Kramell et al. 1988), using B, Sigma Aldrich:
8 ng ml™")]. The samples were shaken for 30 sec with a paint
shaker. Then they were centrifuged at 2000 g for 5 min, and
400 uL of the supernatant were transferred into a new tube.
The rest of the supernatant was carefully removed from the
solid phase using a pipette. Another 200 uL portion of the
supernatant was used for salicinoid analysis. Subsequently,
1 mL of fresh MeOH (without labeled standards) was added
to the solid phase before repeating the extraction procedure
(shaker + centrifuge). Again, 400 uL (and 200 pL for
salicinoids) of the supematant was collected and combined
with the supernatant of the first extraction. The extracts were
stored at —20 °C until measurement.
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purified air. The herbivores were caged on the lower leaves and allowed
to feed for 44 hr. Lower leaves (from inside the cage) were harvested as
“damaged™ leaves. Upper leaves from the same sapling were sampled as
“adjacent undamaged” leaves. Comparable leaves harvested in the lower
and upper leaf pool of non-damaged trees (control) functioned as con-
trols. Differences in the extent of herbivory were analyzed using the non-
parametric Kruskal-Wallis test

Defense hormones were analyzed using high perfor-
mance liquid chromatography (Agilent 1100 Varian ELSD,
Varian, USA) coupled to a mass spectrometer (API 5000 LC/
MS/MS System, AB Sciex, Framingham, MA, USA). The
analytes were separated on a C18 column (XDB-C18, 50 x
4.6 mm x 1.8 um, Agilent, Santa Clara, CA, USA) using a
formic acid (0.05% in water) / acetonitrile gradient (flow:
1.1 mlmin~") and detected via multiple reactions monitoring
(MRM) in negative ionization mode (ion spray at —4500 ¢V
at 700 °C) as described in Vadassery et al. (2012). Data were
processed using Analyst 1.5.2 (Applied Biosystems, Foster
City, CA, USA), and hormones were quantified relative to
the peak arca of their corresponding standard.
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Fig. 2 Experimental design (a), typical herbivore feeding pattern (b) and
amount of herbivore damage (¢) for the experiment testing the effect of
four different herbivore species on volatile emission of black poplar
saplings of five different genotypes. The approximately ten full-sized
leaves of each sapling were divided into two leaf pools containing five
leaves each. Each leaf pool was surrounded by polyethylene terephthalate
(PET) foil and supported with a constant flow of charcoal-purified air.
The lower leaf pool was exposed to four different herbivore treatments,
and leaves harvested as described in the Fig. 1 legend. Caterpillars of

Trypsin Protease Inhibitor Activity

Protease inhibitor activity was analyzed via a radial diffusion
assay (Jongsma et al. 1993). Samples of 10 mg of freeze-dried
leaf material were dissolved in 400 puL of extraction buffer
(25 mM Hepes, pH 7.2, adjusted with KOH, 3% PVPP, 2%
PVP, 1 mM EDTA). Afier the addition of one steel ball (di-
ameter 3 mm) and homogenization using a paint shaker (2 x
4 min), the samples were centrifuged at 4 °C and 2000 g for
10 min. A 200 uL portion of the supernatant was transferred
into a | mL centrifuge tube and kept on ice until the analysis.
An agar gel (1.8%) was prepared containing 2 uL/mL of fresh
trypsin (Merck, Germany) dissolved in 25 mM Hepes-KOH
buffer (pH 7.2). After pouring the gel solution onto a square
petri dish, the gel was solidified for 3 hrat 4 °C. Subsequently,
5 mm-diameter wells were punched into the gel with a

Lymantria dispar; Laothoe populi, and adults of Phratora vulgatissima
and Chrysemela populi were used as herbivores. While Lymantria dispar,
Laothoe populi and C. populi have a biting-chewing feeding mode,
P vulgatissima feeds in a piercing-chewing style and has therefore a
different feeding pattern. All herbivores were allowed to feed for 44 hr.
Differences in the extent of herbivory were analyzed using the non-
parametric Kruskal-Wallis test. Pairwise comparisons were made using
the Dunn’s post hoc test. Black dots represent outliers

distance of 2 cm to each other using a hollow metal cork-
borer. Along with the samples, a standard dilution series of
bovine serum albumin (BSA) was added as reference. The gel
was then incubated at 4 °C for 22 hr. After the gel was rinsed
once with the extraction buffer (Hepes-KOH buffer) contain-
ing 10 mM CaCl, and stained with a solution of 72 mg Fast
Blue B Salt in 90 mL Hepes buffer (25 mM, pH 7.2, pre-
warmed to 37 °C), a 60 mg portion of N-acetyl-DL-phenylal-
anine beta-naphthyl ester (APNE) dissolved in 10 mL N, N-
dimethylformamide was added before pouring the solution on
the agar plate (pre-warmed to 37 °C as well). Incubation time
was 90 min before the staining solution was decanted and the
gel was rinsed with water, and a reference curve with BSA was
created following the protocol of Bradford (1976) with assays
run in triplicate. Before usage, the BSA was reconstituted by
mixing with deionized water.
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Salicinoid Analysis

Salicinoids were extracted during the procedure for the extrac-
tion of phytohormones (see above) with the addition of
0.8 mg/mL phenyl-3-glucopyranoside as an internal standard.
The 2 % 200 uL extracts were combined and 400 uL of milli-
Q-purified water was added before measuring the analytes via
high performance liquid chromatography (HPLC). Analytes
were injected onto a chromatographic column (EC 250 x
4.6 mm NUCLEODUR Sphinx RP, 5 um, Macherey Nagel,
Diiren, Germany) connected to a precolumn (C18, 5 pm, 4 > 3
mm, Phenomenex). The temperature of the column oven was
set to 25 °C. The mobile phase consisted of two solvents,
solvent A (Milli-Q water) and solvent B (acetonitrile), from
which solvent B was used in a gradient mode with time/
concentration (min/%) of: 0:00/0; 19:00/52; 19:10/100;
21:00/100; 21:10/14; 26:00/14). The flow rate was set to
1 mL/min and injection volume to 20 pL. The signal was
detected using photodiode array and evaporative light scatter-
ing detectors (Varian, Palo Alto, CA, USA). Using these set-
tings and components, salicin eluted at a retention time of
about 5.1 min, salicortin at about 10.2 min and homaloside
D at about 15.2 min. The compounds were detected by ab-
sorption at 200 nm and identified by comparison of retention
time in relation to those of standards isolated from previous
work (Boeckler et al. 2013). Quantities were calculated on the
basis of peak areas using standard curves prepared with pure
standards corrected by the recovery of the internal standard.

VOC Collection and Analysis

VOCs released from various treatments were collected over a
4 hr period (9:00-13:00 hr) 40-44 hr after the insects were
released on basal leaves of treated trees. VOCs in all treat-
ments and leaf pools were trapped on five PDMS
(polydimethylsiloxane) tubes (length: 5 mm) attached to
15 cm piceces of acetone cleaned aluminum wire hung inside
each bag. PDMS tubes were prepared as described in
Kallenbach et al. (2014). After the experiment tubes from each
treatment and leaf pool were separately collected in glass vials
(VWR International, Darmstadt, Germany) and frozen at
—20 °C until further analysis.

Volatile analysis was performed with gas chromatography-
mass spectrometry using the Ultra Thermo desorption unit
TD20 connected to a quadrupole GC-MS-QP2010Ultra
(Shimadzu, Kyoto, Japan). The PDMS tubes were placed in
89 mm glass TD tubes (Supelco, Sigma-Aldrich, Munich,
Germany). After desorption in He with a flow rate of
60 mL/min at 200 °C for 8 min, the substances were cyro-
focused onto a Tenax® adsorbent trap at —20 °C. The trap was
then heated to 230 °C in 10 sec and the sample was injected
into an Rtx-5MS column with a length/diameter of 30 m/
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0.25 mm and a film thickness of 0.25 um (Restek,
Bellefonte, PA, USA). Helium was used as carrier gas with a
constant linear velocity of 44.3 cmy/s. The TD-GC interface
was held at 250 °C. The oven was set to 45 °C for 3 min,
raised to 185 °C with an increase of 6 °C/min and subsequent-
ly to 320 °C at 100 °C/min with a 15 min hold. Electron
impact (EI) mass spectra were recorded at 70 eV in scan mode
from 33 to 350 m/z at a scan speed of 1666 Da/s. The ion
source was held at 230 °C. Compounds were identified by
comparison of mass spectra and retention times to those of
authentic standards and spectra in Wiley and National
Institute of Standards and Technology (NIST) libraries.

Statistical Analyses

Analyses were carried out using SPSS Statistics version
20.0 (IBM, New York, USA). For the volatile analysis
using different poplar genotypes, genotypes with more
than one replicate were analyzed as one genotypic replicate
by taking the mean of the replicates. If necessary the
dataset was log-transformed before statistical analysis. To
analyze differences in the leaf chemical composition be-
tween all treatments, including the control plants,
ANOVAs were used. To analyze differences in the leaf
chemical composition only between the herbivore treat-
ments ANCOVAs were used with the herbivore damage
(leaf area loss) as a co-variable (compound ~ herbivore
damage*treatment). Both the ANOVA and ANCOVA
models were checked for homoscedasticity, outliers and
normal distribution of residuals. For some compounds,
the assumptions were violated and could not be rescued
with data transformation. Here the treatment was analyzed
using the non-parametric Kruskal-Wallis rank sum test.
Posthoc comparisons were performed using the Tukey-
Kramer post hoc test (for ANOVA) and Dunn’s post hoc
test (for non-parametric Kruskal-Wallis test). For the anal-
ysis, the experiment block was left out as well (even if its
importance as a factor was significant) because the impor-
tance was based on the herbivore damage, which differed
between the experiment blocks. Principal component anal-
yses were performed using the online platform
MetaboAnalyst (https://www.metaboanalyst.ca). Data
were scaled, (mean-centered and divided by the standard
deviation of each variable) and transformed using general-
ized logarithm transformation.

Results
Defense Hormones We assessed the levels of the defense-

related phytohormones, salicylic acid (SA) and jasmonic acid
(JA), in black poplar leaves from trees of a single genotype
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after damage by three different herbivore species as compared
to leaves from non-infested control trees. Protease inhibitor
activity and salicinoids were all measured in samples collected
in the same experiment, but volatiles were analyzed in a sec-
ond, separate experiment. Concerning hormones, SA concen-
trations in damaged leaves did not differ among the various
treatments, including those from non-damaged control trees
(Fig. 3). However, JA levels in leaves damaged by Lymantria
dispar and P. vulgatissima were significantly higher than the
concentrations in the non-damaged control trees (Dunn’s post
hoc test: Lymantria dispar P=0.010, P. vulgatissima P <
0.001). JA levels in A. mogadorensis-infested trees were not
significantly different from the control trees, and there were no
differences in JA levels among the three different herbivore
species (Fig. 3).

In the adjacent undamaged leaves, SA concentrations did
not differ between the four treatments (Fig. 3). However, there
were significant differences between the four treatments in the
JA concentrations of the adjacent undamaged leaves. Pairwise
comparisons revealed that JA levels were significantly higher
in the P vulgatissima-infested trees (Tukey-Kramer post hoc
test: P=0.015) compared to the controls and also to the
Lymantria dispar-infested trees (Tukey-Kramer post hoc test:
P=0.012). In contrast, the JA levels of A. mogadorensis-
infested trees were not different from the controls and from

Fig. 3 Effect of damage by three
herbivore species on the
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the JA levels of the other herbivore-infested trees (Fig. 3). JA
concentrations in the adjacent undamaged leaves were gener-
ally lower compared to those of damaged leaves.

Insect herbivory measured as % leaf area loss was integrat-
ed as a continuous variable in analyses of co-variance
(ANCOVA — control trees excluded) to test the effect of leaf
damage levels and insect herbivore species identity (main ef-
fect) on defense hormone concentrations in the damaged and
adjacent undamaged leaves of P. nigra. In the damaged leaves
SA concentrations were significantly affected by herbivore
damage level but there was no significant effect of herbivore
species identity (Table 1). JA concentrations in the damaged
leaves were significantly affected by both herbivore damage
level and herbivore species identity (Table 1).

In the adjacent undamaged leaves, JA concentrations were
significantly affected by herbivore damage levels and herbi-
vore species identity (Table 1). For SA, herbivore species
identity had no effect on the concentration. The effect of her-
bivore damage levels on SA concentrations in the adjacent
undamaged leaves could not be tested as the statistical as-
sumptions for ANCOVA were not met.
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Table 1 Effect of herbivore damage level and herbivore identity on defense metabolites of young Populus nigra trees in damaged and adjacent

undamaged leaves

Herbivore damage level

Herbivore identity

df df (error) F-value p value df df (error) F/Chi® @ p value
Damaged leaves
Phytohormones
Jasmonic acid 1 26 44.521 <0.001 2 26 7.106 0.003
Salicylic acid 1 26 13.792 0.001 2 26 0.451 0.642
Protease inhibitors
Trypsin protease
Inhibitor activity 2 26 4.901* 0.086"
Salicinoids
Salicm 2 26 4.880° 0.087*
Salicortin 1 26 2.043 0.165 2 26 0.42 0.661
Homaloside D 1 26 1.855 0.185 2 26 1.002 0.381
Volatile organic compounds
Monoterpenoids 1 14 0.157 0.698 3 14 1.883 0.179
Sesquiterpenoids 3 14 8.627° 0.035°
Aromatic volatiles 1 14 2356 0.147 3 14 1.567 0.242
Nitrogenous volatiles 1 14 5177 0.039 3 14 5339 0.012
Green leaf volatiles 3 14 1.543* 0.672°
Adjacent undamaged leaves
Phytohormones
Jasmonic acid 1 26 8.816 0.006 2 26 8.126 0.002
salicylic acid 2 26 0.650" 0.722*
Protease inhibitors
Trypsin protease
Inhibitor activity 2 26 3.582° 0.167*
Salicmoids
Salicm 2 26 0.003* 0.999*
Salicortin 2 26 0.235° 0.889"
Homaloside D 2 26 0.751a 0.687"
Volatile organic compounds
Monoterpenoids 1 14 2.543 0.133 3 14 2.819 0.077
Sesquiterpenoids 1 14 0.242 0.630 3 14 1.157 0.361
Aromatic volatiles 1 14 2,709 0.122 3 14 2.537 0.099
Nitrogenous volatiles 1 14 0.008 0.929 3 14 0.342 0.796
Green leaf volatiles 1 14 2.195 0.161 3 14 2173 0.137

Non-parametric Kruskal-Wallis and ANCOVA tests were employed to determine the significance of changes in the concentrations of the phytohormones
salicylic acid and jasmonic acid, concentrations of salicinoids, levels of trypsin proteinase inhibitor activity, and emission of major groups of volatiles.
The number of replicates was » = 10 trees for phytohormones, salicinoids and trypsin protease inhibitor activity and n =35 trees for volatile organic
compounds. The tests were performed on the same dataset shown in the graphs, but excluding the control treatment to check for differences only between
the plants infested by the different herbivore species. Whenever the assumptions for ANCOVA were met, % leaf area loss (damage) was integrated as a
covariate. When ANCOVA assumptions were not met, non-parametric Kruskal-Wallis tests were performed (marked by the letter “a™). Bold numbers

indicate significant results
“Kruskal-Wallis H-Test

the controls, with the highest activity in the P vulgatissima treat-
ment (Dunn’s post hoc test: P vudgatissima P = 0.004, Lymantria
dispar P=0.029, Fig. 4). In the adjacent undamaged leaves,
there were no significant differences in trypsin PI activity among
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treatments, but there was a trend for higher activity after
P vulgatissima hetbivory (Fig. 4). Herbivore species identity
did not significantly influence the PI activity in the damaged
leaves although a trend was observed. In the adjacent undamaged
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Fig.4 Effect of damage by three herbivore species on the trypsin protease
inhibitor activity in the damaged and adjacent undamaged leaves of
young Populus nigra trees as compared to equivalent leaves from non-
infested control trees. Samples were collected 44 hr after infestation with
caterpillars of the two lepidopteran species Amata mogadorensis and
Lymantria dispar, adults of the coleopteran species Phratora
vulgatissima, and untreated control plants. The boxplots represent the
median £ 1.5 x interquartile range of n = 10 tree replicates. Pairwise com-
parisons were conducted using Dunn’s post hoc test (Kruskal-Wallis) and
are indicated by small letters. Circles indicate outliers and asterisks mdi-
cate extreme outliers. The results of statistical analyses comparing only
the herbivore treatments are given in Table |

leaves, trypsin PI activity was not significantly influenced by
herbivore species identity (Table 1). The influence of herbivore
damage levels on trypsin PI activity could not be tested in either
the damaged or adjacent undamaged leaves because assumptions
for an ANCOVA were not met.

Salicinoid Concentrations Three different salicinoids, salicin,
salicortin and homaloside D, were detected in black poplar
leaves in this study. In the damaged leaves, we found signif-
icant differences in the salicin levels of the herbivore-infested
trees as compared to the non-infested control trees (Fig. 3).

Pairwise comparisons revealed significant inductions by all
herbivore species versus the uninfested control trees (Tukey-
Kramer post hoc test: A. mogadorensis P=0.010, Lymantria
dispar P<0.001, P vulgatissima P <0.001), but no differ-
ences among the herbivore treatments were observed.
Furthermore, we found no significant differences among treat-
ments for salicortin and homaloside D (Fig. 5).

In the adjacent undamaged leaves, salicin levels were also
significantly different in all herbivore-infested trees when
compared to non-damaged control trees (Dunn’s post hoc test:
A. mogadorensis P=0.024, Lymantria dispar P=0.008,
P vulgatissima P=0.012), and there were no significant dif-
ferences among the herbivore treatments. The levels of
salicortin and homaloside D were not significantly different
when all treatments were compared (Fig. 5).

In the damaged leaves, herbivore identity did not signifi-
cantly affect the concentration of salicin although a trend was
observed. However, the influence of herbivore damage levels
on salicin concentration could not be tested because ANCOVA
assumptions were not met. Salicortin and homaloside D levels
were not affected by herbivore damage levels or by herbivore
identity (Table 1). Also, in the adjacent undamaged leaves the
influence of herbivore damage level could not be tested as
statistical assumptions were not met. However, herbivore spe-
cies identity did not significantly affect the concentrations of
the three salicinoids measured. (Table 1).

Volatile Organic Compounds To determine if different herbi-
vore species cause different volatile responses in black poplar
we set up a second experiment using multiple black poplar
genotypes and a somewhat different set of herbivore species
(Fig. 2). Phytohormone patterns in response to this set of in-
sect herbivores were similar to the patterns observed in the
first experiment (Fig. 3, Fig. S2). Altogether 86 volatile or-
ganic compounds were measured in this experiment, of which
69 could be (tentatively) identified (Table S1). A PCA per-
formed with all identified volatiles measured in the headspace
of the different treatments showed some separations between
the herbivore treatments and the control treatment (Fig. S3).
The volatile blends were further classified as monoterpenoids,
sesquiterpenoids, green leaf volatiles (GLVs), aromatic com-
pounds, nitrogenous compounds and “other volatiles™ (com-
pounds that did not fall into any of the chemical classes listed
above), as we know from previous studies that certain volatile
groups such as GLVs and nitrogenous compounds play essen-
tial roles in direct and indirect poplar defense.

Monoterpene emission from damaged leaves was signifi-
cantly higher compared to emission from equivalent leaves on
control trees (Fig. 6 lower row, Tukey-Kramer post hoc test:
Lymantria dispar P=0.008, Laothoe populi P<0.001,
P vulgatissima P <0.001, C. populi P <0.001) but there were
no significant differences found among the different herbivore
treatments (Fig. 6 lower row). We also observed significant
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Fig. 5 Effect of damage by three
herbivore species on the
salicinoid concentrations in
damaged and adjacent
undamaged leaves of young
Populus nigra trees infested by
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increases in the emission of sesquiterpenes when comparing
non-infested control trees with herbivore-infested trees, except
for the Lymantria dispar infested trees (Fig. 6 lower row,
Dunn’s post hoc test: Laothoe populi P=0.044,
P vulgatissima P <0.001, C. populi P=0.001). Additionally,
significant differences in sesquiterpene emissions were found
between Lymantria dispar- and P vulgatissima-infested trees
with the beetle P vulgatissima inducing higher levels (Dunn’s
post hoe test: P=0.036). A similar rend was observed between
Lymantria dispar- and C. popufi-infested trees (Dunn’s post hoc
test: P=0.086). The emission of aromatic volatiles in the dam-
aged leaves of all herbivore-infested trees was significantly in-
creased compared to equivalent leaves on the control trees (Fig.
6 lower row, Tukey-Kramer posthoc test: Lymantria dispar P =
0.026, Laothoe populi P=0.049, P vulgatissima P=0.011,
C. populi P=0.001), but no significant differences were ob-
served among the different herbivore treatments. The emission
of nitrogenous volatiles from damaged leaves was significantly
increased i the beetle-infested trees (Fig. 6 lower row, Dunn’s
post hoc test: P vulgatissima P=0.012, C. populi P=0.001).
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Their emission was not significantly different between the con-
trol trees and the trees infested by the two lepidopteran species
Lymantria dispar and Laothoe populi. There were also signifi-
cant differences in the emission of nitrogenous volatiles between
trees infested by Lymantria dispar and trees infested by
C. populi (Fig. 6 lower row, Dunn’s post hoc test: P=0.028).
There were no significant differences in GLV emission from
damaged leaves between the non-infested controls and any of
the different herbivore treatments (Fig. 6 lower row). There
were marginally significant differences in the damaged leaves
with respect to the emission of “other volatiles”, but posthoc
comparisons did not show any significant differences among the
treatments (Fig. S1).

From the adjacent undamaged leaves, monoterpene
emission differed significantly among the treatments (Fig.
6, upper row). While the two caterpillar species (Lymantria
dispar and Laothoe populi) did not significantly induce
monoterpene emission as compared to the equivalent
leaves on non-damaged control trees, the two beetle spe-
cies did (Dunn’s post hoc test: P vulgatissima P=0.008,
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Fig.6 Effect of damage by four herbivore species on the relative amounts
of major groups of volatile organic compounds emitted from damaged
(lower row) and adjacent undamaged leaves (upper row) of young
Populus nigra trees as compared to equivalent leaves from non-infested
control trees. Samples were collected 44 hr after infestation with caterpil-
lars of two lepidopteran species, Lymantria dispar and Laothoe populi,
adults of two coleopteran species, Phratora vuigatissima and Chrysomela

C. populi P=0.006). Trends towards differences in mono-
terpene emission were also observed between Laothoe
populi- and both beetle-infested trees (Dunn's post hoc test:
P. vulgatissima P=0.062, C. populi P=0.060).
Sesquiterpene emission in the adjacent undamaged leaves
differed significantly between trees infested by beetles in
the basal leaves and equivalent leaves on control trees
(Dunn’s post hoc test: P. vulgatissima P=0.002,
C. populi P=0.005). In contrast, the two caterpillar species
did not significantly induce sesquiterpene emission from
undamaged leaves (Fig. 6, upper row). Differences in ses-
quiterpene emission were also observed between
Lymantria dispar- and P. vulgatissima-infested trees
(Dunn’s post hoc test: P=0.032). For aromatic and nitrog-
enous volatiles as well as for green leaf volatiles and other

populi, and untreated control plants. The box plots represent median + 1.5
x interquartile range for n =35 tree replicates. Pairwise comparisons were
conducted using the Tikey-Kramer post hoc test (ANOVA) and Dunn's
post hoc test (Kruskal-Wallis) and are indicated by small letters. Circles
indicate outliers and asterisks indicate extreme outliers. Statistical results
comparing only the herbivore treatments are given in Table 1

volatiles there were no significant differences among the
treatments (Fig. 6 upper row, Fig. S1).

In the damaged leaves the emission of nitrogenous volatiles
was significantly affected by the herbivore damage level and
herbivore species identity, while sesquiterpene emission from
damaged leaves was influenced by herbivore species identity
(Table 1). In adjacent undamaged leaves none of the classified
volatile groups was significantly affected by herbivore dam-
age level and herbivore identity.

Discussion

In this study we found that young black poplar trees damaged
by the three different leaf-chewing herbivores tested in the
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single genotype experiment showed increases in the defense hor-
mone jasmonic acid (JA), the salicinoid salicin and trypsin pro-
tease inhibitor activity. This was mainly observed in the damaged
foliage, but in case of JA, also in the adjacent undamaged foliage.
Additionally, all four herbivores tested in the second experiment
induced different volatile organic compounds in the damaged as
well as the adjacent undamaged foliage. While there was no
herbivore-species-specificity for elicitation of the direct defenses
surveyed, black poplar did display herbivore-specific emission of
several classes of volatiles, in particular sesquiterpenes and ni-
trogenous compounds. In the case of sesquiterpenes the specific-
ity of elicitation was also visible systemically in undamaged
foliage adjacent to the attacked leaves.

When analyzing the two major defense-related phytohor-
mones JA and SA, we found JA to be induced by the two
leaf-chewing herbivores Lymantria dispar and
P, vulgatissima, but not by A. mogadorensis. (Figure 3, Fig.
S2). Local JA induction upon herbivore damage is a common
phenomenon in herbaceous and woody plant species (Erb et al.
2012; Singh et al. 2016; Irmisch et al. 2014). The fact that SA
was not induced by most of the herbivores investigated is in
agreement with the literature. It is well documented that SA is
mainly triggered by piercing-sucking insects like aphids (Li
ctal. 2016; Thaler et al. 2012) or infections by biotrophic path-
ogens (Kunkel and Brooks 2002). The general lack of SA
induction by most of the herbivore species tested and induction
of JA suggest a lack of specificity of defense signaling. The
only exception was the specialist Laothoe populi that triggered
the induction of SA in damaged leaves (Fig. S2). We also found
that SA levels in damaged leaves were significantly affected by
the amount of herbivore damage inflicted (ANCOVA, Table 1),
even though there were no differences in SA concentrations
between the different herbivore treatments (Fig. 3, Fig. S2).
This result differs from other studies, where SA was not signif-
icantly influenced by chewing herbivores (Kawazu et al. 2012;
Niveyro et al. 2013; Soler et al. 2012) although increasing and
decreasing concentrations are also reported (Agrawal et al.
2014; Diezel et al. 2009). These observations demonstrate the
complexity of the perception network involved in the recogni-
tion of herbivores by plants. This probably involves not only
salivary cues, regurgitants and feces of herbivores, but also the
associated herbivore microbiota. Investigations about the inter-
action of plants, herbivores and herbivore-associated microbes
are just beginning and general models are hard to establish
(Acevedo et al. 2015). The results obtained here and in other
studies show that SA levels do respond to herbivory in a more
subtle way than usually appreciated. The effects of the resulting
signaling processes on the deployment of defenses are not
known. Specificity might also be revealed by measurements
of other hormones, such as ABA, ethylene and cytokinins
(Erb et al. 2012), which were not quantified here.

Feeding by the generalist caterpillar species Lymantria
dispar and one specialized leaf beetle, P vulgatissima,
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increased the activity of trypsin protease inhibitors in dam-
aged leaves (Table 1, Fig. 4). Also A. mogadorensis visibly
increased the activity, although the differences were non-sig-
nificant. The increased activity of protease inhibitors after
wounding is a well-known inducible defense mechanism of
plants (Jongsma and Bolter 1997). Since the production of
protease inhibitors is associated with significant fitness costs
(Zavala et al. 2004), their formation only in response to dam-
age rather than being constitutively produced is understand-
able. Green and Ryan (1972) found the induction of protease
inhibitors to be dependent on the number of wounding sites
and the time after wounding. Although there were no signifi-
cant differences in trypsin protease inhibitor activity in the
leaves damaged by the different herbivore species, we ob-
served a trend towards differential inductions (Table 1), which
was probably caused by the higher numbers of wound sites
from P, vulgatissima herbivory.

In contrast to most other black poplar metabolites mea-
sured, the major salicinoids, salicortin and homaloside D,
were not induced by any of the herbivore species. A signifi-
cant induction by leaf chewing caterpillars and beetles was
only observed in the case of salicin (Fig. 5). Although there
is little doubt about the role of salicinoids as defense com-
pounds of Salicaceae plants (Boeckler et al. 2011), their in-
duction patterns after herbivore attack are highly variable.
While inductions of salicinoids are evident in some studies
(Clausen et al. 1989; Fields and Orians 2006; Rubert-Nason
et al. 2015; Stevens and Lindroth 2005) this is not always the
case (Boeckler et al. 2013). The variability of herbivore-
triggered salicinoid induction may arise because the levels of
these phenolic compounds are influenced by many other fac-
tors. The most prominent factor is the genotype, which has
been observed in many studies to cause much larger variation
in salicinoid concentration than defoliation by herbivores
(Osier and Lindroth 2001; Rubert-Nason et al. 2015). Other
factors are the availability of nutrients and water (Hale et al.
2005) as well as organ, developmental and seasonal variation
(Boeckler et al. 2011). Furthermore, individual salicinoids
may be differentially induced after herbivory. The lower con-
centration of salicin compared to the other salicinoids mea-
sured does not necessarily mean that its defensive role is less
important (Boeckler et al. 2016). In other species, inducible
anti-herbivore metabolites with comparatively low concentra-
tions but high impact on herbivores are known, such as indolic
glucosinolates (Jeschke et al. 2016; Tian et al. 2005). Future
studies should aim to investigate the toxicity and deterrency of
herbivore-inducible salicin in comparison to the other less-
inducible salicinoids.

When volatiles were measured, herbivory by two lepidop-
teran species and two leaf beetle species led to significant
inductions of almost all major volatile groups (Fig. 6). The
inducibility of plant volatiles after herbivory has been shown
in both herbacecous (e.g. Fontana et al. 2009; Kigathi et al.
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2013; Piesik et al. 2016; Skoczek et al. 2017) and woody
plants (e.g. Courtois et al. 2016; Giacomuzzi et al. 2017, Maja
et al. 2015) including poplar trees (Clavijo McCormick et al.
2014a; Philippe and Bohlmann 2007). In black poplar, nitroge-
nous volatiles released upon herbivory have been the focus of
attention because they play a major role in attracting natural
enemies of herbivores (Clavijo McCormick et al. 2014a). In
other plant systems, terpenoids and GLVs are well-known to be
involved in the attraction of natural enemies of herbivores
(Turlings and Erb 2018). The induction of most of the groups
of black poplar volatiles measured has been reported to be asso-
ciated with JA signaling (Luck et al. 2016; Martin et al. 2003;
Semiz et al. 2012). Herbivore-induced increases i protease in-
hibitor activity have also been connected with elevated jasmonate
levels (Haruta et al. 2001; Lomate and Hivrale 2012). These
reports are consistent with the JA induction measured in this
study where we showed that an assortment of leafchewing her-
bivores all trigger increases in JA.

Elevated JA levels were found both in herbivore damaged
leaves and in adjacent undamaged leaves (Fig. 3, Fig. S2) and
the effect in adjacent undamaged leaves was dependent on the
identity of the attacking herbivore species (Table 1). The sys-
temic induction of JA in adjacent undamaged leaves after
herbivory is a known phenomenon in herbs (Singh et al.
2016), but woody plants such as poplar have not always given
consistent results. While herbivory by Lymantria dispar
caused JA inductions exclusively in damaged poplar leaves
(Clavijo McCormick et al. 2014b). other studies found JA also
increased in the adjacent undamaged leaves (Babst et al. 2009;
Boeckler et al. 2013). In the present study, Lymantria dispar
feeding also led to significantly increased JA levels only in
damaged leaves. A trend for higher JA levels in damaged
leaves was also visible after feeding by the other generalist
caterpillar species, A. mogadorensis. However, feeding by the
beetle P vulgatissima resulted in significantly higher amounts
of JA in both the damaged and adjacent undamaged leaves
(Fig. 3). We also observed significant systemic induction of
salicin in the adjacent undamaged leaves of black poplar and
of monoterpenes and sesquiterpenes as has been reported pre-
viously for this species (Clavijo McCormick et al. 2014b;
Unsicker et al. 2015). In contrast the most prominent com-
pounds induced only in herbivore-damaged leaves were the
trypsin protease inhibitors and the nitrogen-containing vola-
tiles (Fig. 4, Fig. 6). In herbaceous plants, herbivory common-
ly increases protease inhibitor activity significantly in both
damaged and adjacent undamaged leaves (Arce et al. 2017;
Bozorov et al. 2017; Lomate and Hivrale 2012). This is not
true for poplar where induction in adjacent undamaged leaves
(Bradshaw et al. 1990) has been reported to be much weaker
and delayed compared to the induction in herbivore-damaged
leaves (Haruta et al. 2001). Nitrogen-containing volatiles have
previously been reported to be emitted only from herbivore-
damaged foliage of black poplar and not systemically (Clavijo

McCormick et al. 2014a; Unsicker et al. 2015). This may
explain their use by herbivore predators and parasitoids as
reliable cues to locate prey and hosts (Clavijo McCormick
ctal. 2014b).

The volatile bouquets released from black poplar upon her-
bivore damage differed between the lepidopteran and coleop-
teran species used in this experiment (Fig. 6, Fig. S3), espe-
cially for terpenoids, which were more abundant after coleop-
teran damage. Similar emission profiles of black poplar have
been shown previously (Clavijo McCormick et al. 2014a,
2014b; Unsicker et al. 2015), even though a different volatile
collection method was used here. In herbaceous plants, the
emission of specific volatile patterns by different herbivore
species is known (Cai et al. 2014; Danner et al. 2018; Hare
and Sun 2011; Pinto-Zevallos et al. 2018; Turlings et al. 1998)
and the pattern of stronger volatile induction after beetle her-
bivory was also observed (Hare and Sun 2011). At least one
other woody plant also showed stronger induction of terpene
emission after attack by coleopteran compared to lepidopteran
herbivores (Moreira et al. 2013). Several possibilities might be
responsible for herbivore species-specific defense responses
in plants, including the type of damage and presence of spe-
cific elicitors (Ali and Agrawal 2012; Cai et al. 2014; Dicke
ct al. 2009; Rowen and Kaplan 2016). Specialist herbivores
are thought to induce more total volatiles than generalists,
although these patterns are not the same for each chemical
class (Rowen and Kaplan 2016). One of the herbivore species
employed in the present study can be classified as a generalist
(Lymantria dispar) and the other three are specialists (Laothoe
populi, P vulgatissima, C. populi). However, the volatile pat-
tern observed after herbivory differed more based on taxo-
nomic grounds between lepidopterans and coleopterans than
based on the degree of specialization.

In summary, our investigation demonstrated that both direct
and indirect defenses are induced in black popular by a range of
different herbivores. However, the induction of protease inhib-
itor activity (only in damaged leaves) and salicin (in both dam-
aged and adjacent undamaged leaves) is not specific to the
attacking herbivore species. Moreover, the bulk of salicinoids
are constitutively present and do not change in concentration
with attack. In contrast, the induced volatiles, of which some
are known to play a role in indirect defense, do show specific
responses to herbivores. The emission pattern from damaged
and adjacent undamaged leaves differs between lepidopteran
and coleopteran herbivores. Whether this pattern is character-
istic of other woody plants requires further investigation.
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Abstract

Background: Protease inhibitors are defense proteins widely distributed in the plant kingdom. By reducing the
activity of digestive enzymes in insect guts, they reduce the availability of nutrients and thus impair the growth and
development of the attacking herbivore. One well-characterized class of protease inhibitors are Kunitz-type trypsin
inhibitors (KTls), which have been described in various plant species, including Populus spp. Long-lived woody
perennials like poplar trees encounter a huge diversity of herbivores, but the specificity of tree defenses towards
different herbivore species is hardly studied. We therefore aimed to investigate the induction of KTls in black poplar
(P. nigra) leaves upon herbivory by three different chewing herbivores, Lymantria dispar and Amata mogadorensis

caterpillars, and Phratora vulgatissima beetles.

Results: We identified and generated full-length cDNA sequences of 17 KTls that are upregulated upon herbivory in
black poplar leaves, and analyzed the expression patterns of the eight most up-regulated KTls via qRT-PCR. We
found that beetles elicited higher transcriptional induction of KTIs than caterpillars, and that both caterpillar species
induced similar KTi expression levels. Furthermore, KT/ expression strongly correlated with the trypsin-inhibiting
activity in the herbivore-damaged leaves, but was not dependent on damage severity, i.e. leaf area loss, for most of

the genes.

Conclusions: We conclude that the induction of KTls in black poplar is controlled at the transcriptional level in a
threshold-based manner and is strongly influenced by the species identity of the herbivore. However, the
underlying molecular mechanisms and ecological consequences of these patterns remain to be investigated.

Keywords: Kunitz-type trypsin inhibitors; herbivore specificity; woody plants; tree defenses, Lepidoptera, Coleoptera,

Salicaceae, Induced defenses, Proteinase inhibitors

Background

Over millions of years plants have developed numerous
strategies to defend themselves against plant-feeding ani-
mals. Apart from indirect defenses, which involve the re-
cruitment of an herbivore’s natural enemies, plants can
harm their attackers directly by producing mechanical
barriers, chemical toxins and deterrents, or by using bio-
chemical defenses that interfere with the herbivore’s
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(MPI-CE), Hans-Knoll-Str. 8, 07745 Jena, Germany
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enzymatic machinery. Among chemical defenses, most
emphasis has been placed on low molecular weight me-
tabolites, but defensive proteins exist, such as protease
inhibitors (PIs) that reduce the digestibility of plant tis-
sue for the feeding herbivore. By inhibiting proteolytic
enzymes in the midgut of the herbivore, PIs diminish
protein digestion and hence lower the availability of free
amino acids required for herbivore growth and develop-
ment [15]. The PIs found in plants are numerous and di-
verse, with 99 different inhibitor families currently
described [32]. Those PI families, as well as distinct
members within a family, vary in their activity towards

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
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licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commans
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit httpa//creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommans.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data
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the four types of proteases found in herbivore guts,
namely serine -, cysteine -, aspartic acid -, and metallo-
proteases. In herbivorous insects, the most abundant
protein-degrading enzymes are the serine proteases [15].
It is therefore not surprising that serine Pls are widely
distributed in the plant kingdom [20, 21]. One of the
best characterized classes of serine Pls are the Kunitz-
type trypsin inhibitors (KTIs; also Kunitz-type protease
inhibitors, KPI), of which some are also able to inhibit
cysteine proteases [2, 6]. KTIs are relatively small pro-
teins with a mass of 20 to 25kDa [39], with a p-trefoil
structure, consisting of a p-barrel and several loops, of
which one is binding to the active site of the target pro-
tease [42]. The biological activity of KTIs has been dem-
onstrated by using gut extracts in in vitro assays [16, 29],
as well as monitoring the fitness of herbivores feeding
on KTI-enriched diets [2, 6, 22, 25, 26, 30]. Since the
first description of a KTI in soybean [19, 24], most sub-
sequent studies have also focused on KTIs from legume
species [16, 17, 22, 30, 36, 43]. However, KTIs in trees
have gained more attention in past years. In species of
the genus Populus, several KTIs have been identified and
characterized (7, 27, 29, 37, 39], and some shown to be
inducible by mechanical wounding or insect herbivory
[27-29, 39]. For example, feeding by the forest tent cat-
erpillar, a generalist herbivore, increased KT/ transcript
abundance locally and systemically in hybrid poplar
leaves [28]. In fact, genes encoding for KTIs belong to
the most up-regulated ones in systemic poplar leaves
upon mechanical wounding [9]. In a study by Philippe
et al. [39] it was shown that the transcriptional induction
triggered by wounding varies among the KTIs and in a
time-dependent manner. So far, most studies used
Malacosoma disstria, a generalist lepidopteran species,
to investigate herbivore-triggered KTI responses in pop-
lar [27, 28, 39]. To our knowledge, the specificity of pop-
lar KTI induction towards other herbivore species has
not yet been investigated.

Specificity of response to different herbivores may be
especially important for large, long-lived woody peren-
nials like trees, which encounter a vast diversity of herbi-
vores in their lifetimes. For example, it is well known
that plants react differently to leaf-chewing herbivores
than herbivores feeding on phloem-sap [13, 23]. Specifi-
city of anti-herbivore defenses can also be observed
within the same feeding guild, and even within the same
species depending on the insect’s developmental stage.
For example, early instar generalist caterpillars induced a
stronger defense reaction in black poplar leaves than late
instar caterpillars of the same species [31]. The under-
lying mechanism might be explained by HAMPs or
DAMPS (herbivore- or damage-associated molecular
patterns, respectively) that plants perceive when being
attacked [13]. These are influenced by the physical
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attributes of herbivory, such as leaf area removal or the
timing of tissue damage, but also by chemical cues such
as salivary compounds of the herbivores [33]. All of
these traits can be herbivore species-specific and may
allow plants to distinguish among attackers and mount
adequate and effective defenses against specific herbi-
vores. In black poplar trees, such herbivore-specific reac-
tions could be shown for signaling molecules [14], as
well as chemical defense traits such as volatile emission
[14, 31, 47]. In a recent study by Fabisch et al. [14], total
PI activity against trypsin was more strongly induced by
beetle feeding than by caterpillar feeding on black poplar
leaves. However, to date, we do not know which specific
genes are responsible for the observed differences in PI
activity and whether or not transcription of PI-encoding
genes differs between beetle- and caterpillar-fed leaves.

In this study, we therefore tested the hypothesis that
different herbivore species induce K7I genes in a
species-specific manner. We identified 17 KTI genes
from a transcriptome of black poplar and generated full-
length ¢cDNA sequences of the most up-regulated ones.
Gene expression patterns of these K77 genes as deter-
mined by qRT-PCR upon herbivory by three different
insect species (Fig. 1) show striking differences among
the species.

Methods

Plants and insects

Populus nigra L. (Salicaceae) trees were grown from cut-
tings obtained from trees in a common garden near Jena,
Germany, These trees were originally derived from a sin-
gle female genotype from a P. nigra population (species
identified by Sybille Unsicker based on morphological
features) located in Kistrin-Kietz, Germany (52°34'1“ N,
14°38'3” E). Since cuttings for this study were taken from
trees in a common garden, no permission was necessary
for collecting plant material; a voucher specimen will be
deposited in spring 2021 in the Herbarium Haussknecht
(JE) in Jena, Germany. The cuttings were potted in 2L
pots, grown in the greenhouse (18/20 °C, night/day, rela-
tive humidity 60%, natural light with 9-14h photo-
period, supplemented light for 12 h) and transferred to a
climate chamber (18/20°C, night/day; relative humidity
60%; photoperiod 16 h) 2 days before the onset of the ex-
periment. Trees were either grown for 4 months to ap-
proximately 0.5 m (Transcriptome samples) or grown to
a height of 1.6 m (approximately 6 months) and pruned
back to 0.8 m 4 weeks before treatment (Gene expression
samples).

Lymantria dispar L. (Erebidae, Lepidoptera) caterpil-
lars are generalist feeders with a broad host range, pref-
erably deciduous trees. L. dispar caterpillars were
hatched from eggs kindly provided by the US Depart-
ment of agriculture (USDA, Buzzards Bay, MA, USA)
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Lymantria dispar

herbivore

damage pattern

Amata mogadorensis

&«

Fig. 1 Insects used in this study and their damage pattern after 2 d feeding on black poplar leaves. Amata mogadorensis and Lymantria dispar
(gypsy moth) remove large areas from the leaves, whereas Phratora vulgatissima (blue willow beetle) causes small, but numerous lesions

Phratora vulgatissima

and reared on artificial diet (MP Biomedicals LLC, IlI-
kirch, France) in a climate chamber (14/10 h, light/dark,
20-23°C, relative humidity 60%) until they reached the
third instar, the stage used for the experiments. This
species is reared continuously at the MPI-CE.

Amata mogadorensis Blachier (Erebidae, Lepidoptera)
caterpillars are also generalists with a preference for
woody plants and shrubs. A. mogadorensis caterpillars
were hatched from eggs provided by a private breeder
(www.entomologenportal.de) and reared on black poplar
foliage until they reached the third instar, the stage used
for the experiment. Individuals were reared until adult
stage to confirm the species identity.

Phratora vulgatissima L. (Chrysomelidae, Coleoptera)
beetles are specialists, feeding on a narrow range of
hosts within the Salicaceae. Beetles (taxonomically deter-
mined by Lars Mackel; individuals in alcohol available at
the MPI-CE) were reared in the laboratory on black
poplar trees.

Experimental designs and sampling

Plant material from two different experiments was used
to analyze the transcriptome (see Transcriptome sam-
ples) or the gene expression of Kunitz-type trypsin in-
hibitors (KTIs; see Gene expression samples).

Transcriptome samples

A leaf pool (8 leaves from the stem of a young black
poplar tree (n=4) was wrapped with gauze and then
infested with L. dispar caterpillars (4 individuals per
tree), adult P. vulgatissima beetles (6 individuals per
tree), or left untreated (control). Due to time differences
in the availability of the experimental insects, the beetle
treatment was conducted two weeks earlier than the cat-
erpillar treatment; both treatments had their own re-
spective control group (n=4), which was treated and
sampled at the same time as the herbivore-treated

plants, but was not exposed to herbivores. After 2 d, the
treated leaves were flash-frozen in liquid nitrogen and
stored at — 80 °C.

Gene expression samples

For gene expression analysis by qRT-PCR, leaf material
from an experiment described in Fabisch et al. [14] was
used, where further details on the methods are de-
scribed. In short, a leaf pool (5 leaves) of black poplar
trees (=10, but a random selection of 6 was used for
gene expression analysis) was wrapped with PET bags
(Bratschlauch, Toppits, Minden, Germany) and then
infested with L. dispar caterpillars (10 per tree), A.
mogadorensis (10 per tree), P. vulgatissima beetles (50
per tree), or left untreated (control). After 1 d, the num-
ber of caterpillars was reduced to prevent excessive leaf
loss. After a total feeding period of 2 d, the leaves were
photographed to assess the damage and subsequently
flash-frozen in liquid nitrogen and stored at - 80 °C. The
damage was quantified as leaf area loss from the photo-
graphs by reconstructing the original leaf area in the pic-
ture and counting the number of pixels representing the
total and the removed leaf areas (Photoshop, Version
15.0.0, Adobe Systems Incorporated, San Francisco,
USA). Pixels were converted to area (cm?) using a refer-
ence field in the photograph.

RNA isolation and cDNA synthesis

Frozen leaves were ground in liquid nitrogen and RNA
was isolated using the InviTrap Spin Plant Mini Kit
(Stratec Biomedical AG, Birkenfeld, Germany), including
DNase digestion. RNA concentration was measured with
a NanoDrop 2000c¢ spectrophotometer (Peqlab Biotech-
nologie GmbH, Erlangen, Germany). For transcriptome
samples, an additional quality check was conducted with
the RNA 6000 Nano Kit on a Bioanalyzer (Agilent, Santa
Clara, CA, USA). ¢cDNA was synthesized from RNA
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using SuperScript-1I1 reverse transcriptase and oligo-dT
primers (Thermo Fisher Scientific, Waltham, MA, USA).

Transcriptome analysis

Sequencing was done at the Max Planck-Genome-
Center (Koln, Germany) on a HiSeq 2500 (Illumina, San
Diego, CA, USA) with 9 Mio reads per sample. Detailed
information on quality control measures, the assembly
of the de novo transcriptome and the annotation can be
found in Eberl et al. [12], but the most relevant informa-
tion will be summarized here. The annotation was done
using, among others, BLAST, Gene Ontology (GO) and
InterPro terms (InterProScan, EBI). Contigs encoding
for potential KTI proteins were identified based on a
positive BLAST hit against a known KTI in the NCBI nr
database, GO terms associated with serine proteinase in-
hibitors and/or a hit against the Pfam domain PF00197
(Kunitz STI protease inhibitor), or InterPro domains
IPR0O11065 (Kunitz inhibitor STI-like superfamily) and
IPR002160 (Proteinase inhibitor I3, Kunitz legume). In
order to identify further KTI candidates, the P. nigra
transcriptome was uploaded in an internal database and
used for BLAST analysis of poplar KTI sequences from
NCBI (www.ncbi.nlm.nih.gov/) and Phytozome (https://
phytozome.jgi.doe.gov/pz/portal.html). Digital gene ex-
pression analysis was carried out using CLC Genomics
‘Workbench v9.1 to generate BAM (mapping) files, and
expression levels were then estimated using QSeq Soft-
ware (DNAStar Inc., Madison, WI, United States). The
log2 (RPKM) values (normalized mapped read values;
geometric means of the biological replicate samples)
were used to calculate fold-change values. Differentially
expressed genes were identified using the Student’s t-
test (as implemented in Qseq) corrected for multiple
testing using the Benjamini—-Hochberg procedure to
check the false discovery rate (FDR). With an FDR-
corrected p-value less than 0.05 a gene was considered
significantly differentially expressed.

In addition to the KT gene sequences in the transcrip-
tome of the herein described experiment, another K77
gene (PnKTI BI) was identified from an additional leaf
transcriptome from the same P. migra genotype and
comparable L. dispar herbivory treatment (unpublished).
Furthermore, another sequence encoding a KTI (PnKTI
A4, or SQ33325-2), which was not present in the tran-
scriptome, was identified during amplification from
cDNA (see below) with primers originally designed for
PuKTI A13 (SQ33325).

Cloning and sequencing of Pl genes

Full-length open reading frames (ORF) were amplified
from a mix of cDNA originating from herbivore-induced
samples in a PCR using Phusion High Fidelity polymer-
ase in HF-buffer according to the manufacturer’s manual
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(New England Biolabs GmbH, Frankfurt/Main,
Germany). Primers were designed based on the putative
ORF from the transcriptome whenever available, or with
the ORF of the homologous genes retrieved from the
NCBI data base (https://www.ncbinlm.nih.gov/). PCR
products were cloned into a PCR4-blunt TOPO vector
(Thermo Fisher) and fully sequenced using the Sanger
protocol and capillary sequencing with an ABI Prism-
Gene- Analyser 3130x] (Applied Biosystems).

Sequence alignments and phylogenetic analysis
Homologs of P. nigra KTI sequences were identified
using the BLAST-search of the NCBI data base (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) and the P. trichocarpa
genome v3.0 (https://phytozome.jgi.doe.gov/). Align-
ments and similarity calculations were done with Gen-
eious software (Biomatters, Auckland, New Zealand).

An amino acid alignment of poplar KTI proteins was
constructed using the MUSCLE algorithm implemented
in MEGA6 [46]. Tree reconstruction was done with
MEGAG6 using the Neighbor-Joining method and the
JTT matrix-based method. All positions with less than
80% site coverage were eliminated.

Gene expression analysis by qRT-PCR

cDNA (diluted 1:3 with water) from the Gene expression
samples was used for quantitative real-time PCR (qRT-
PCR), which was performed in a Brilliant III Ultra-Fast
SYBR reaction mixture (Agilent) on a CFX Connect
Real-Time PCR Detection System (Bio-Rad Laboratories,
Hercules, CA, USA) with 40 2-step cycles (95 °C, 30s +
60°C, 30s) and a melting curve from 53 to 95 °C. Primer
sequences can be found in Table S2. The PCR products
were verified by cloning and sequencing as described
above. Gene expression was calculated using CFX Man-
ager 3.1 (Bio-Rad) using the AAc, method and taking
primer efficiencies into account. Values were normalized
to Actin as a reference gene [41] and expressed relative
to a control sample.

Trypsin-inhibiting activity assay

In order to correlate gene expression with protease in-
hibitor activity, the trypsin-inhibiting activity assay was
performed as described in Fabisch et al. [14]. In short,
10 mg freeze-dried leaf material was extracted with
400 uL buffer (25 mM Hepes-KOH, pH7.2, 3% PVPP,
2% PVP, 1mM EDTA) and the extract tested for
trypsin-inhibiting activity in a colorimetric (cleavage of
N-acetyl-DL-phenylalanine beta-naphthyl ester) in-gel
diffusion assay.

Statistical analysis
All data were checked for statistical assumptions, i.e.
homogeneity of variances and normal distribution. Gene

43



Eberl et al. BMC Plant Biology (2021) 21:170

expression data for all KTT genes had to be log),-trans-
formed to meet the statistical assumptions for paramet-
ric testing. For gene expression data, a one-way
MANOVA (multivariate analysis of variance) coupled to
a Tukey's post-hoc test was applied. All statistical ana-
lyzes were conducted using SPSS 17.0 (SPSS, Chicago,
IL, USA).

Results

Identification of herbivore-induced Kunitz-type trypsin
inhibitors

The transcriptome of black poplar leaves with and with-
out herbivory by two different insect species, Lymantria
dispar (Lepidoptera) and Phratora vulgatissima (Coleop-
tera), was used to identify genes encoding herbivore-
induced Kunitz-type trypsin inhibitors (KTIs). Among
all sequences in the transcriptome, 45 were identified as
protease inhibitor genes (PIs), of which 30 were up-
regulated upon both caterpillar and beetle herbivory,
seven showed different regulation patterns depending on
herbivore identity, and eight were down-regulated upon
herbivory by either of the herbivores (Table S3). Among
the 45 PI genes, 15 belong to the KT7s, and were all up-
regulated upon herbivory (Fig. 2). These 15 KTI se-
quences, plus two additionally identified KTT genes, were
compared to previously described poplar KTIs (Table
S4) and named according to the nomenclature of Ma
et al. [27].

A phylogenetic analysis based on the amino acid align-
ment revealed that the KTIs cluster into 4 subfamilies
(Fig. 3). Most of the 17 KTIs belong to the subfamilies A
and C, whereas only one protein belongs to subfamily D.
Interestingly, all members of the C-subfamily showed a
low expression and were only marginally up-regulated
upon herbivory in comparison to members of the other
three subfamilies (Fig. 2). Therefore, KTIs from the sub-
family C were not considered in further analysis. Out of
the remaining K77 genes, those with the highest expres-
sion levels in herbivore-induced samples were chosen
for cDNA sequencing, yielding the full-length open read-
ing frames of ten PuKTI genes (Fig. 3).

Herbivore-specific induction of KTl gene expression

To study the specificity of K77 gene expression, we used
three different herbivore species that exhibit either simi-
lar (L. dispar, Amata mogadorensis) or different (P. vul-
gatissima) damage patterns on black poplar leaves (Fig.
1), but all cause similar leaf area loss (Table S1). In a
previous study, we showed that total trypsin inhibitor ac-
tivity in black poplar leaves is induced upon herbivory
by three different herbivores, especially by P. vulgatis-
sima [14]. To study this phenomenon at the transcrip-
tional level, the relative gene expression of nine
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Fig. 2 Expression of Kunitz-type trypsin inhibitor (K7) genes in black
poplar leaves after feeding by gypsy moth caterpillars (L. dispar) or
blue willow beetles (P. vulgatissima) compared to their respective
controls (Control 1 and 2), and compared to actin (ACT) and
elongation factor 1-a (EF1-a) as constitutively expressed ‘house-
keeping genes’. Shown are the mean RPKM (reads per kilobase of
transcript per million mapped reads; n =4) as result of the
transcriptome analysis

RPKM

candidate PnKTIs was analyzed by qRT-PCR, using ran-
domly selected samples from this previous study.

‘While PnKTI A2 could not be amplified in the qPCR
reaction and was therefore excluded from further ana-
lysis, all of the remaining eight PnKTI genes showed sig-
nificant up-regulation upon herbivory by all of the tested
insects (Fig. 4). A multivariate analysis including damage
severity as covariate revealed that the herbivory treat-
ment had the strongest effect on PrKTI gene expression
(Faa) = 7.230; P < 0.001).

Constitutive expression levels in undamaged leaves dif-
fered among the PnKTI genes, with members of the A
subfamily generally displaying higher expression levels
than those of the B and D subfamilies (Table S5). Upon
herbivory, however, the genes showed even more appar-
ent differences in their inducibility (Fig. 4). Caterpillar
herbivory by L. dispar and A. mogadorensis resulted in
an up-regulation of all K77 genes by approximately 10
(PnKTI A6) to 2000-fold (PnKTI D2) in comparison to
the constitutive levels. All KT1 genes were induced to
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similar levels by these two lepidopteran herbivores. Bee-
tle herbivory by P. vulgatissima, however, caused a much
stronger induction of KT/ gene expression than caterpil-
lar herbivory. Expression levels in beetle-damaged leaves
increased up to 40,000-fold (PrKTI D2) compared to
undamaged controls. Nevertheless, the induction levels
differed substantially among the individual genes, ran-
ging from approximately 40 (PnKTI A6) and several
hundred (PuKTI Al5, Bl, BS) up to several thousand-
fold (PnKTI Ai3, Al4, D2). Interestingly, PuKTI D2, a
gene with one of the lowest constitutive expression
levels, showed by far the strongest relative induction
upon both caterpillar and beetle herbivory (Fig. 4h).
When considering herbivore treatments only (exclud-
ing the undamaged control group), we found that the
damage severity (% leaf area loss) did not have a sub-
stantial effect on expression levels of most of the

PnKTIs. Only two genes, PuKTI A7 and PuKTI Bi, were
significantly influenced by this factor in their expression
(ANCOVA; PuKTI A7: F(yy=9.348, P =0.009; PnKTI BI:
Fy=5.012; P=0.042). Accordingly, the expression of
the PuKTIs also did not correlate with the damage sever-
ity, except for PnKTI A7, which showed a positive rela-
tionship with leaf area loss (Spearman’s rank correlation:
p=0.556, P=0.017). The total trypsin-inhibiting activity
(Table S1 [14];), on the other hand, strongly correlated
with the expression of all PuKTIs with a positive rela-
tionship (Table 1).

Discussion

Here we describe sequence analyses and expression pat-
terns of Kunitz-type trypsin inhibitors (KTIs) in black
poplar (Populus nigra), including ten full-length cDNA
sequences, of which six had not been described before in
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Fig. 4 Transcript accumulation of Kunitz-type trypsin inhibitor genes (KTis) of the a, b, and d subfamily in black poplar leaves after herbivory by
two caterpillar species (L. dispar, A. mogadorensis) and one beetle species (P. vulgatissima). Shown are the gene expression normalized to Actin
and relative to a control sample as boxplots (median with upper and lower quartile as bars; n = 6); results of the ANOVA are given in each graph.
Different letters indicate significant differences among groups (P < 0.05; Tukey's post-hoc test)

P. nigra. Eight of these PnKTIs were studied in the con-
text of herbivore species-specific induction patterns in
leaves and we could show that beetle herbivory elicits a
much stronger transcriptional response than caterpillar
herbivory of the same magnitude.

Expression levels and inducibility of individual black
poplar KTl genes

The up-regulation of protease inhibitor (PI) transcrip-
tion and activity has been described previously, also in
black poplar [27, 38]. However, both constitutive

expression levels and amplitude of induction vary be-
tween studies. In our study, members of the C-subfamily
generally showed low expression levels and little or no
up-regulation upon herbivory (Fig. 2). In contrast, Ma
et al. [27] observed stronger herbivore induction for
most of the genes in this subfamily. This suggests that
the regulation of KTI transcription depends on more
factors than herbivore feeding or wounding alone. Cer-
tain traits of the plants, such as age, genotype [44] or
previously experienced damage may play a role, but also
the experimental conditions such as abiotic conditions,
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Table 1 Correlations of individual PnKT! gene expression versus
total foliar trypsin-inhibiting activity (ug g~ ' DW: data from [14])
in all herbivore-treated (L. dispar, A. mogadorensis, and P.
wulgatissima feeding) samples of black poplar leaves. Spearman
rank-correlation, significant values are highlighted in bold font

PnKTI Spearman’s p P

PnKTIAG 0.707 0.001
PnKTI A7 0648 0.004
PnKTI A13 0646 0.004
PnKTI A14 0730 0.001
PnKTI A15 0.700 0.001
PnKTI B 0710 0.001
PnKTI BS 0597 0.009
PnKTI D2 0582 0.011

timing [27, 39] or damage severity could potentially in-
fluence expression levels. However, there are also con-
sistent patterns among the different studies. In our
study, PuKTI D2, the only member of the D subfamily,
showed the highest inducibility, i.e. relative change upon
herbivory (Fig. 4). The same gene was amongst the most
up-regulated K7Is upon herbivory and mechanical
wounding in another black poplar study [27]. Similarly,
the high herbivore-induced expression levels of PnKTI
Al4 in our experiments (Fig. 2; Table S5) match well
with the results obtained for the corresponding ortholog
in a hybrid poplar species (P. trichocarpa x deltoides)
after herbivory and mechanical wounding [39]. However,
this gene also showed relatively high transcript abun-
dance in undamaged controls, assuming also a role in
constitutive defense or primary metabolism. On the con-
trary, PuKTI D2, which displays minimal expression
levels in undamaged tissue in our and a similar study
[27], seems to act exclusively in induced anti-herbivore
defense.

There was no correlation between gene expression
for most of the PnKTI genes and damage severity,
which suggests a threshold-based activation of PnKTI
transcription rather than continuous control, in which
more damage would lead to higher KTI transcript
levels. Furthermore, we found a strong positive rela-
tionship between the trypsin-inhibiting activity in
poplar leaves and the transcription levels for all
PuKTI genes. This indicates that P. nigra KTI activity
is predominantly controlled at the transcriptional level
and hence by de novo biosynthesis. The importance
of de novo biosynthesis of stress-induced Pls has
already been demonstrated in rice [40].

Herbivore specificity in PnKTI induction

When we analyzed the transcription of KT7s in leaves
damaged by different insect herbivores, it became evi-
dent that beetles elicited a much stronger induction of
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all tested KTIs than caterpillars (Fig. 4). Similar observa-
tions come from pine trees [35] and milkweed [1, 48],
where beetle herbivory induced stronger defense re-
sponses (resins and terpenes, or latex, respectively) com-
pared to caterpillar herbivory. Species-specificity has
been reported for the induction of Pls in other systems,
though not in poplar trees. In soybean, damage by fall
armyworm caterpillars increased the activity of Pls,
whereas thrips damage did not [43]. De Oliveira et al.
[11] even observed varying response of tomato Pls to
damage by herbivores of the same genus. They showed
that PI activity was induced by the spider mite Tetrany-
chus urticae, but was suppressed by T. evansi [11]. Inter-
estingly, feeding damage by lepidopteran and
coleopteran herbivores in tomato yielded opposite re-
sults to our study in black poplar. Here, gene expression
and trypsin inhibiting activity was more strongly induced
by the tobacco hornworm than by the Colorado potato
beetle [10].

The difference in PuKTI expression between beetle
(Phratora vulgatissima) and caterpillar (Lymantria dis-
par and Amata mogadorensis) herbivory might be based
on the different damage pattern these insects cause, even
though all three of them are leaf chewers and removed
the same total leaf area. While caterpillars removed large
chunks of the leaves, the beetles caused small but nu-
merous lesions in the leaves (Fig. 1). The number of le-
sions was found to be a key factor determining the
emission of volatiles, another important anti-herbivore
defense trait in black poplar [31]. Other factors, such as
the duration of damage or the chemical compounds de-
posited on the plant may also be important. When artifi-
cial damage was administered to lima bean with a
mechanical caterpillar, changes in the amount of time
that damage lasted as well as the area damaged affected
the emission of volatiles [34]. Furthermore, species-
specific compounds in the saliva could trigger distinct
defense responses or the magnitude of response as re-
ported here. The importance of insect-derived elicitors
for PI induction has been demonstrated in another pop-
lar species, where mechanical wounding and simultan-
eous application of oral secretions from forest tent
caterpillars suppressed the induction of Pls [39]. It is
likely that oral secretions of the insects used in this
study also exhibit a suppressive effect, maybe with vary-
ing efficacy on PI induction. Whether herbivore host
range, comparing generalists such as L. dispar and A.
mogadorensis versus specialists such as P. vulgatissima,
plays a role in the induction of Pls, is not clear. Special-
ists usually possess a higher tolerance towards specific
chemical defenses of their hosts, such as salicinoids in
black poplar trees [3]. An increased induction of a
defense, such as the Pls, to specialist herbivores could
therefore be a more effective way to defend against these
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insects. Future studies using more herbivore species, or
generalists and specialists that are more closely related
to each other and cause similar feeding patterns, are ne-
cessary to determine if herbivore host range influences
PI induction.

Whether the herbivore specific induction patterns of
PuKTlIs have ecological relevance is another open ques-
tion. One factor that plays an important role in this con-
text is ‘effect specificity’ [20]. PIs possess varying
effectiveness in defense against different herbivores, as
could be observed in the performance of five different
herbivores that had been reared on PI-supplemented di-
ets [8]. Similarly, the cotton bollworm exhibited distinct
preference and performance towards different classes of
protease inhibitors [25]. This can be explained by the
fact that PIs, on the one hand, vary in their ability to in-
hibit different proteases, i.e. trypsin, chymotrypsin and
elastase [29], and that insects, on the other hand, vary in
their gut protease activities [8, 20]. Additionally, the gut
pH, which differs substantially between Lepidoptera and
Coleoptera [20], also influences the inhibitory activity of
PIs [49]. It would therefore be interesting to dissect the
role of individual KTIs in black poplar towards different
insect herbivores, for example by using transgenic trees
or diet supplementation of recombinant KTIs. ‘Response
specificity’ towards herbivore species is believed to be
more cost-effective for a plant than a similar response
to all herbivores [20]. Keeping in mind the fitness
costs that are linked to the biosynthesis of Pls [18], a
plant might aim to induce a subset of Pls to which a
herbivore is most sensitive. In this context, PI activity
should not be evaluated independently of other plant
defense compounds. In tobacco, PIs function synergis-
tically with the chemical defense compound nicotine,
which becomes more toxic when herbivores have to
compensate for nutritional deficits by increased feed-
ing activity [45]. Black poplar contains toxic defense
compounds called salicinoids, which have been shown
to negatively influence herbivore performance and
survival [4, 5]. Therefore, possible synergistic effects
between salicinoids and Pls, the two main compo-
nents of direct defense in this tree should be investi-
gated in future studies.

Conclusion

Our major conclusion is that PI induction in black pop-
lar leaves depends on the identity of the feeding herbi-
vore, with beetles inducing a stronger response than
caterpillars. Furthermore, PI activity is regulated at the
level of transcription and most likely in a threshold-
based fashion. However, most of the molecular mecha-
nisms underlying the patterns observed and their eco-
logical consequences remain to be elucidated.
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Abstract

In recent years evidence arose that herbivore-induced plant volatiles (HIPVs) can prime neighboring
plants for increased defense upon possible future attack. However, the actual ecological consequences
are not well studied for woody plants. The goal of this study was to elucidate whether volatile-mediated
defense priming in black poplar would increase plant fitness. We analyzed phytohormones,
transcriptional changes and multiple defense compounds in HIPV exposed poplar leaves. Additionally we
conducted a food choice and a performance assay with gypsy moth caterpillars. HIPV exposure had no
effect on phytohormones, transcriptional changes or protease inhibitors. Caterpillars avoided HIPV
exposed leaves and showed an increased mortality and decreased performance when feeding on
exposed leaves. We show that salicinoids are primed upon HIPV exposure and argue that the increase in
salicinoids is responsible for reduced larval performance. Our results suggest that volatile mediated

defense priming leads to increased fitness in black poplar.
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Introduction

Upon herbivore attack plants release herbivory-induced plant volatiles (HIPV) for direct and indirect
defense (reviewed in Unsicker et al., 2009). Additionally those volatiles can function as signals between
undamaged parts of the same plant or neighboring plants (Heil and Silva Bueno, 2007). The volatile
receiving tissue or plant, which is now aware of a possible danger close-by, can prime their defense for a
potential attack (Li et al., 2012). Volatile-mediated defense priming does not lead to phenotypical
changes. It will only become aware after a subsequent herbivore attack through a more rapid and/or
intense reaction compared to a normal non-primed plant. Therefore priming is believed to increase
plant fitness since it would decrease the level of damage and additionally it is argued that the costs of

priming are lower compared to induced defenses (van Hulten et al., 2006; Kost, 2006; Douma, 2017).

Volatile-mediated priming can lead to an increase in terpenes (Engelberth et al., 2004), an increase in
non-volatile plant defenses like protease inhibitors (PI) (Tscharntke et al., 2001) and/ or an upregulation
of defense related genes, shown in most of the studies mentionend below. This phenomenon has been
described mainly for herbaceous plant like lima bean (Heil and Silva Bueno, 2007; Kost and Heil, 2006; Yi
et al., 2009), Arabidopsis (Godard et al., 2008), maize (Engelberth et al., 2004; Ton et al., 2007; Erb et al.,
2015), wheat (Ameye et al., 2015) and tobacco (Paschold et al., 2006). The literature for woody plants is
sparser in general but there are some reports of priming in trees like alder (Tscharntke et al., 2001) and

aspen (Li et al., 2012).

It has been shown for birch that inter- and intra-plant signaling is possible even at the same time (Girén-
Calva et al., 2014). For perennial plants intra-plant priming might be of a greater ecological importance
due to the short-lived nature of most volatile organic compounds under natural conditions and the fact
that volatiles can move freely were there a restrictions in the vascular system (Karban et al., 2006; Frost
et al., 2007 and 2008; Li and Blande, 2017).

However many open questions remain regarding the priming phenomenon like which are the priming
volatile compounds? What is the mechanism of the signal transduction and does priming have an actual
consequence on feeding herbivores? Here we show that in black poplar (Populus nigra) the exposure to
HIPVs does not influence phytohormones, transcriptional changes, Pls, free sugars nor total protein
content but primes salicinoids only. We demonstrate that gypsy moth (Lymantria dispar) caterpillars
actively avoid primed leaves and show higher mortality and reduced performance when forced to feed

on primed leaves. Furthermore we argue that the increase in salicinoids causes the reduction in larval
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performance.

Materials and Methods

Tree and insect rearing

Black poplar (Populus nigra) trees were grown monoclonal from stem cuttings of two genotypes growing
in a common garden near Jena. All greenhouse experiments were carried out with the genotype “f65”,
only the performance assay was carried out with a different genotype (f169). Stem cuttings were grown
in 2 | pots filled with substrate mixture (55 % Klasmann-Tonsubstrat, 25 % Klasmann S1 [Klasmann-
Deilmann GmbH, Geeste, Germany], 15 % sand and 5 % expanded shale) were grown and maintained in
a greenhouse under summer conditions (24 °C, 60 % relative humidity, 16 h / 8 h light cycle) up to 1 -
1.20 m height until the start of the experiments.

Gypsy moth (Lymantria dispar) caterpillars were hatched from egg clutches and reared on artificial
wheat germ diet (MP Biomedical, Eschwege, Germany) in a climate chamber (25 °C, 60 % humidity,

14:10 L:D period) until the start of the experiments.

Volatile exposure of receiver trees

The trees, both emitters and receivers, were cloaked in a PET bag (perimeter 62 cm, height according to
tree height; Bratschlauch, Toppits, Minden, Germany). At 1.8 | min air was pushed over an air purifying
charcoal filter into the emitter bag (poplar infested with 10 4™ instar L.dispar caterpillars). Via a
diaphragm pump (Laboport, KNF Neuberger, Freiburg, Germany) the headspace was then transported
from the bottom of one emitter to the top of three receivers using a three-way split at 0.5 | min' each.
In total 1.5 | mint was pulled from the emitter resulting in a slight overpressure in the bags to avoid
contamination from the outside. The PET bags and all hoses (Teflon tubing, 4mm in diameter) required
for the air transport were fixed with cable ties. Receiving trees were exposed to emitter volatiles for 48

h. Control treatments were treated accordingly.

Volatile collection of the emitters and analysis

After the first 24 h of the 48 h of volatile transmission from emitting to receiving trees, volatile
emissions from the emitter trees were collected for 2 h with Poropak traps (Alltech, Florida, USA).
Following the collection the traps were eluted twice with 100 ul dichlormethane containing an internal
standard (nonyl acetate, concentration = 10 ng pl?, Sigma Aldrich, Seelze, Germany). For identification

and quantification of compounds we used GC-MS and GC-FID, for more detailed information see
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supplementary material.

Subsequent herbivore treatment of HIPV exposed receiver trees

Directly after the 48 h of HIPV exposure the air connection was removed and 10 4™ instar L. dispar
caterpillars were allowed to feed on the caterpillar and the HIPV exposed + caterpillar treatment (Fig. 1)
for an additional 24h. Control and HIPV exposed treatments were resting for 24 h, resulting in total 72 h
of experiment After 72 h the caterpillar food choice assay was carried out and 5 middle-aged leaves

were harvested and stored for analyses.

Salicinoid and Catechin analyses

Phenolic compounds were extracted from 10 mg of freeze-dried P. nigra leaf material with 1 ml
methanol containing an internal standard (0.8 mg ml? phenyl-B-glucopyranoside, Sigma Aldrich, Seelze,
Germany). Extracts were diluted 1:2 with Milli-Q water before separation by an HPLC (1100 Series,
Agilent Technologies, Santa Clara, CA, USA) equipped with a reversed phase column (EC 250/4.6
Nucleodur Sphinx, RP 5um, Macherey-Nagel, Diren, GER). The mobile phases consisting of two solvents,
solvent A (Milli-Q water) and solvent B (acetonitrile), were run with solvent B in gradient mode. The
time/concentration (min/%) of the gradient was set to 0/14; 22.00/58; 22.10/100; 25.00/100; 25.10/14;
30.00/14 with a constant flow rate of 1 ml min™. The column oven temperature was set to 25 °C. The
signal was detected with Photo Diode Array (PDA) and Evaporative Light Scatter (ELSD) detectors
(Varian, USA). Concentrations were calculated on the basis of the peak areas as described in (Boeckler et

al., 2013).

Other analyses

Phytohormones, phenylacetaldoxime and free sugars were extracted in parallel with the phenolic
compounds and analyzed on HPLC-MS (for more information see Vadassery et al., 2012; Irmisch et al.,
2013 and Eberl et al., 2020; respectively). For more details on RNA extraction and transcriptome analysis
see supplemental. Protease inhibitor concentration was determined via a radial diffusion assay as

described in (Lackner et al. 2019).

Caterpillar food choice assay
In a choice assay 19 2" instar L. dispar caterpillars were offered leaf discs from either control or HIPV

exposed plants to see whether they can distinguish between the treatments. Four leaf discs (16 mm @)
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of each treatment were stuck alternatingly on pins glued to a 90 mm petri dish equidistantly. A moist
filter paper was placed at the bottom of each arena to avoid a drying of the leaf discs. One caterpillar
per arena was then allowed to feed on the leaf discs for 24 h. Afterwards, the discs were photographed
and herbivore damage was determined using Adobe Photoshop CS5 (Adobe, San Jose, CA, USA) as
described in Boeckler et al. (2013).

Caterpillar performance assay

To investigate whether HIPV exposure affects caterpillar development, a performance assay was
conducted. Therefore, groups of 7 2" instar L. dispar larvae were forced to feed on either HIPV exposed
or control leaves, 12 groups each. Caterpillar groups were monitored and weighed over ten days. Dead
larvae, if traceable, were removed before weighing. Each group was held in a 135 mm petri dish. Offered
leaves were cut from pretreated trees and supplied with water. Leaves were removed from experiment,
harvested for analysis and exchanged with fresh leaves simultaneously according to larval feeding
behavior, namely after 4, 6 and 9 days. Prior to the assay trees treatment were exposed to HIPVs for 48
h, as described above. The performance assay was then started directly after the 48 h of exposure. So at

the time of leaf harvest, the exposure was respectively 4, 6 or 9 days ago.

Common garden caterpillar performance experiment

The effect of salicinoid concentration on the performance of young L. dispar larvae was studied in a
common garden experiment under natural conditions in June 2016. The trees originally derived from
monoclonal stem cuttings of a natural black poplar population located in a floodplain forest along the
Oder River of northeastern Germany (52°34’1” N, 14°38’3” E). Nine trees of different genotypes, which
vary naturally in salicinoid concentration, were selected for the experiment. On each tree one branch
was selected. Starting from the youngest fully developed leaf and counting in basal direction 8 young
leaves were enclosed with a net bag, fixed on both ends with cable binders. Subsequently, twenty 2™
instar L. dispar larvae were released into the leaf pool. The larvae were allowed to feed for 14 days.
After 14 days caterpillars were weighed. Dead larvae were not considered in the analysis. Afterwards all
leaves were harvested and shock-frozen in liquid nitrogen. In the lab all leaf material was lyophilized

(ALPHA 1-4 LDplus, Christ, Germany) and stored at -20 °C until further analysis.

Statistical analysis

Random forest analysis was carried out using the metaboanalyst webservice (Chong, J. and Xia, J. 2018)
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with following parameters: number of trees = 5000, number of predictors = 5. The OOB error was 0.125.
All other statistical analyses were done with IBM SPSS Statistics version 25 (SPSS, Chicago, IL, USA). All
data were checked for statistical assumptions such as normal distribution, heterogeneity of variances
and sphericity. In case of two group comparisons t-tests or related samples Wilcoxon rank tests were
performed. ANOVA followed by Tuckey post hoc comparison was performed in case of normally
distributed data with homogeneous variances. In case of non-parametric data, Kruskal-Wallis tests
followed by Dunn’s post hoc tests were carried out. Data from the performance assay was analyzed
using a repeated measures ANOVA. To check whether phenolic compounds could explain the observed
patterns of the performance assay, the analytes were one-by-one implemented as a co-variable into the
repeated measurements model. Furthermore to compare survival of the caterpillars in the performance

assay a Kaplan-Meier analysis was conducted.

Results

Emitter volatile emissions vastly increase by herbivore feeding

To evaluate the volatile signaling from emitter to receiver trees, volatile emissions from the emitting
trees were collected. Altogether 27 volatile compounds could be identified (Table S1). Due to the
herbivore treatment emissions of most volatile compounds increased drastically compared to levels
constitutive emissions. Sesquiterpene emissions increased 4-fold, emission of aromatic compounds and
monoterpenes increased about 8-fold, green leaf volatile emissions increased by 10-fold and E-DMNT
emission increased by 65-fold. Nitrogenous compounds and isoamylacetate are exclusively emitted after
herbivore feeding. A random forest analysis was run to elucidate the volatile compounds that
differentiate the herbivore induced blend from constitutive emissions. Among the top ten differing
compounds are the green leaf volatiles Z-3-hexenylacetate and Z-3-hexenol, the nitrogenous
compounds Z-2-methylbutyraldoxime and E/Z-3-methylbutyraldoxime, the aromatic compound

salicylaldehyde and the homoterpene E-DMNT (Table 1).

Phytochemical analyses in the receiver trees

Phytohormone levels are not affected by HIPV mediated signaling

To see whether HIPV signaling influences well-known plant hormones, salicylic acid, abscisic acid and
jasmonic acid and its derivatives (referred to as jasmonates) were measured. All of the measured
phytohormones showed a significant increase upon herbivore damage (Figure S1). The volatile signal,

however, had no significant effect on any of the hormones.
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Transcripts are not affected by HIPV mediated signaling
We used next generation sequencing to elucidate whether HIPV signaling is regulated at the
transcriptional level. No annotated sequences were significantly expressed differentially comparing

control leaves to HIPV exposed leaves (for data and more information see supplementary data).

Free sugars and total protein content are not affected by HIPV signaling

To check whether HIPV signaling has an effect on the nutritional value of a leaf, total protein content
and free sugars were measured. The total protein content was not influenced by any treatment (Table
2). Similar the concentrations of sucrose, trisaccharides and tetrasaccharides were not significantly
affected by any treatment (Table S4). In contrast glucose significantly increased after caterpillar feeding
alone and fructose significantly increased upon herbivory (caterpillar treatment and HIPV exposed +
caterpillar treatment) (Table S4). But, neither glucose nor fructose levels were influenced by HIPV
signaling. Additionally we observed that the caterpillars dealt the same amount of damage to receiver
trees that were exposed to constitutive black poplar emissions (caterpillar treatment: 7.49 + 2.73 % leaf
area loss) as to receivers that were exposed to HIPVs (HIPV exposed + caterpillar treatment: 8.36 £ 2.38

% leaf area loss; t-test showed no significant difference compared to caterpillar treatment).

Protease inhibitor content is not affected by HIPV mediated signaling
To test whether HIPV signaling influences the plants protease inhibitors, the level of all trypsin inhibitors
was determined. Trypsin inhibitor concentration increased significantly upon herbivory but there is no

additive (priming) effect upon previos HIPV exposure (Table S2).

Phenylacetaldoxime concentration is not affected by HPIV mediated signaling
Phenylacetaldoxime was measured to elucidate whether HIPV signaling affects the leaf storage of said
compound. Herbivory significantly induced phenylacetaldoxime but no additional volatile signaling

effect was observed (Table S3).

Salicin is primed by HIPV exposure with subsequent herbivore feeding
To check whether HIPV signaling influences the salicinoids, salicin and salicortin concentrations were
measured. Salicin significantly increases after exposure to HIPVs and subsequent caterpillar feeding

(Figure 2A). There is also a trend of slightly higher salicin concentrations after HIPV exposure alone and
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caterpillar feeding alone. This trend is also apparent for salicortin. There are slightly higher

concentrations after HIPV exposure and caterpillar feeding alone and in combination (Figure 2B).

Catechin is not affected by HIPV mediated signaling
Catechin was measured to see whether it was affected by HIPV exposure. None of the treatments had a
significant effect on catechin (Figure 2C). However, there is a trend of lower catechin levels after

exposure to HIPVs without subsequent feeding.

Caterpillars avoid HIPV exposed leaf discs
A caterpillar choice assay was performed to elucidate whether L. dispar caterpillars can distinguish
between leaf tissue that was exposed to HIPVs and control leaves. Second instar L. dispar caterpillars fed

significantly more on control leaf discs than on leaf discs that were exposed to HIPVs (Figure 3B).

Caterpillars performed worse when feeding on HIPV exposed leaves

To test whether feeding on HIPV exposed leaves affects L. dispar caterpillars, a performance assay was
conducted. Caterpillars that were forced to feed on HIPV exposed leaves grew significantly slower
compared to caterpillars feeding on control leaves (Figure 3A). Additionally a higher mortality was
observed for caterpillar groups feeding on HIPV exposed leaves. Of all caterpillars of the respective
group 9.41 % died in control treatment whereas 23.81 % caterpillars died in groups that were forced to
feed on HIPV exposed leaves. A log rank test was run to determine if there were differences in the
survival distribution for caterpillar groups feeding on control or HIPV exposed leaves. The survival
distributions were significantly different, x*(1) = 6.24, p= 0.012. Furthermore occasional cases of

cannibalism were noticed in groups that fed on HIPV exposed leaves (S. Lackner, personal observation).

Analyses of leaves originating from the performance assay

Salicinoids are primed by HIPV exposure and subsequent herbivore feeding

To monitor whether the previously observed patterns can be found again in a different black poplar
genotype, salicin and salicortin were measured in the leaves of performance assay after caterpillars had
been feeding on them. Salicin and salicortin both increase significantly after HIPV exposure and
subsequent herbivore feeding at time point 5 (Figure 4A+B). Furthermore, there is a trend of an increase
of salicin upon HIPV exposure and herbivory at time points 3 and 8 (Figure 4A) and trend of an increase

of salicortin at time point 3 (Figure 4B).
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Catechin decreases upon HIPV exposure and subsequent herbivory

To check whether the previously observed trend can be found again in a different black poplar
genotype, catechin was measured in the leaves originating from the performance assay. At harvest time
point 3 catechin levels are not influenced by the treatment. However, at the two later time points

catechin concentrations decrease significantly after HIPV exposure (Figure 4C).

Field data suggests that there is a negative correlation between salicortin concentration and L. dispar
larval weight

In a common garden setting L. dispar caterpillars were reared on nine black poplar genotypes, which
vary naturally in salicinoid content, to monitor the effect of different levels of salicinoids on larval
development. Therefore salicin, salicortin and catechin were measured after the caterpillars fed on the
trees for 14 days and larval weight was recorded. The salicin levels varied from a minimum of 1.66 mg g*
DW to a maximum of 6.50 mg g DW and salicortin levels varied from a minimum of 32.74 mg g DW to
a maximum of 115 mg g! DW. We found a significant logarithmic connection between salicortin and
average caterpillar weight (y =0.342 —0.06 * log (x), F = 8.139, P < 0.05, R? = 0.546, Figure 5). There was

no connection between neither salicin nor catechin content and larval weight (data not shown).

Discussion

For this study we wanted to investigate whether there is interplant volatile mediated signaling in poplar.
Here we show that L. dispar caterpillars avoided feeding on primed leaves and performed worse when
forced to feed on primed tissue. Furthermore, the salicinoids are primed and might serve as an

explanation for the caterpillar behavior.

Black poplars herbivore-induced volatile blend has a huge signaling potential

The emitter volatile emissions of all major groups (green leaf volatiles, monoterpenes, sesquiterpenes,
aromatic and nitrogenous compounds) highly increased after herbivory. Nitrogenous compounds were
even completely absent on constitutive emissions (Table S1). It is well known that volatiles are inducible
through herbivory. Green leaf volatiles are universally induced upon herbivore damage, there are
numerous reports for herbaceous plants (Kigathi et al., 2009; Aharoni et al., 2003; Allmann and Baldwin,
2010) as well as for perennial species (Schmidt et al., 2011; Gossner et al., 2014; Arimura et al., 2004;

Clavijo Mccormick et al., 2014; Frost et al., 2007). Additionally several monoterpenes, sesquiterpenes,
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DMNT, aromatic and nitrogenous compounds are reported to be typically induced by herbivory (Arimura

et al., 2004; Clavijo Mccormick et al., 2014; Danner et al. 2011).

Priming leads to higher mortality and lower performance of L. dispar caterpillars

We conducted bioassays with L. dispar caterpillars to elucidate whether HIPV exposed leaves would
influence the caterpillars’ behavior. In a choice assay the caterpillars fed significantly more leaf area of
the control leaves (Figure 3 B). Apart from test bites the larvae avoided leaves that were previously
exposed to HIPVs. So it is very likely that they perceived a gustatory signal. Since the fed on HIPV
exposed leaf disc resembles the HIPV exposed + caterpillar treatment we hypothesize that salicin, which
was the only primed compound we could measure, might be responsible for the feeding decision as it
has been reported to be repellent to caterpillars before (reviewed in Boeckler et al., 2011). We also
conducted a performance assay to check whether the observed patterns of the food choice assay has an
impact on larval fitness. Significantly higher mortality was observed for caterpillars feeding on HIPV
exposed leaves as well as significantly reduced larval weight gain (see results section and Figure 3 A).
These findings lead to the conclusion that the poplar is better defended due to HIPV exposure. It has
been reported that tobacco plants are more resistant to herbivores after receiving volatiles from a
mechanically wounded sage bush (Karban et al., 2003). The increased mortality was most likely due to
cannibalism. L. dispar is known to show cannibalism in populations with high density or when their
nutrition is of poor quality (J. Mason et al., 2014). Since the density is constant during the performance
assay it is very likely that the nutritional quality of the leaves decreased due to HIPV exposure. However,
we could not measure any changes in free sugar concentration or total protein content (Table S2 + S4).
Therefore the change in food quality could very well arise from increased defensive compounds like the
salicinoids. We saw a priming of salicin (Figure 2) but the increase is very marginal and the abundance of
salicin is in general very low compared to the abundance of salicortin which was not affected by HIPV

exposure.

The leafs chemistry is mostly unaffected by priming

All of the measured phytohormones, namely SA, ABA, JA and its conjugates (referred to as jasmonates),
were induced upon herbivory (Figure S1) but no effect was observed when the trees were exposed to
HIPVs. It is well known that jasmonates are inducible through herbivory (reviewed by Wasternack and
Hause, 2013). Furthermore it has been shown that ABA increases after herbivory as it is an important

regulator for herbivore induced resistance via JA dependent defenses (Vos et al., 2013). SA on the other
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hand is most often thought to play an important role in plant pathogen defense (Dempsey et al., 1999)
but it has also been shown that SA is inducible upon sucking (Moran and Thompson, 2001) and chewing
insects (Bi et al., 1997). However since none of the hormones reacted to HIPV exposure it is very likely
that priming in black poplar is not regulated by SA, ABA or the jasmonates. Another possible way of
regulating priming is a modification on the transcriptome level therefore we analyzed our samples with
next-generation sequencing. We hypothesized that transcriptional changes, if applicable, should be
visible after HIPV exposure but before the subsequent herbivore attack, thereby functioning as the
memory for the initial herbivore attack, the priming stimulus. Therefore we compared the RPKMs of
control and HIPV exposed treatment for all sequences but no significant differential regulation was
found for an annotated sequence (supplementary material). There was also no difference between
caterpillar and HIPV exposed + caterpillar treatment (data not presented). However if there were a
difference between said two treatments it would much rather hint at enhanced gene expression by
chromatin modification which is very common in systemic acquired resistance against pathogens (van
den Burg and Takken, 2009; reviewed in Conrath, 2011). Now one could make the argument that the
low replicate number might be the reason that we cannot find a pattern but we are convinced the
method worked because we can find statistically significant differences between control and caterpillar
treatment for sequences that are related to wounding and/or defense via JA (Figure S2). Therefore we
conclude that in black poplar priming is regulated on a different level. There are numerous possible
signal transduction ways like changes in cytosolic calcium, tricarboxylic acids, reactive oxygen species,
membrane depolarization, hormone conjugates, amino acids, sugars or post transcriptional

modifications (Mauch-Mani et al., 2017).

In Addition we checked whether HIPV exposure would influence levels of free sugars or total protein
content, since as mentioned before they are possible signal transduction ways (Mauch-Mani et al.,
2017) and would maybe alter the nutritional quality of a leaf from an herbivores perspective. However
the total protein content was not influenced by any of our treatments (Table S2). As for the free sugars,
glucose and fructose significantly increases after caterpillar feeding but again there is no effect of HIPV
exposure (Table S4). We therefore concluded that the nutritional value of the poplar leaf does not
change due to volatile priming. In addition to phytohormones and the transcripts, exposure to HIPVs did
also not influence well-known defense compounds. We measured protease inhibitor concentrations
since it has been proposed that Pls are affected by volatile defense priming (Farag et al., 2005; Kessler et

al., 2006) but this is not the case in black poplar. We observed a significant induction of Pls after
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herbivory but there is no significant effect of HIPV exposure (Table S2). We also measured
phenylacetaldoxime, a semi volatile which accumulates in poplar leaves upon herbivory, that decreases
the performance of L. dispar caterpillars (Irmisch et al., 2013). Furthermore it is a precursor of benzyl
cyanide and other HIPVs (Irmisch et al., 2015). There was a significant induction of phenylacetaldoxime
upon herbivory but again there is no significant influence of HIPV exposure (Table S3). We measured
catechin, a precursor on condensed tannin biosynthesis that is connected to salicinoid biosynthesis as
well. It is known that an overexpression of the condensed tannins pathway leads to reduced
concentrations of salicinoids (Mellway et al., 2009; Boeckler et al., 2014). Catechin and the salicinoids
therefore are believed to behave antagonistically. We observed a trend of decreased catechin levels in
HIPV exposed leaves but none of the treatments caused a significant change to catechin levels (Figure
2). Additionally we measured catechin in leaves originating from the performance assay to confirm our
results from the initial experiment. Interestingly catechin levels decreased significantly after six and nine
days post HIPV exposure (Figure 4C). Now this decrease could be explained by the previously mentioned
antagonism of salicinoid and c