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Summary

Knowledge of plant defense responses and how they interact with biotic (e.g.,
herbivores) and abiotic (e.g., temperature) factors is of fundamental importance for
understanding ecosystem functioning. Increases in temperature can dramatically weaken plant
immune systems, and thereby cause elevated herbivory rates. On the other hand, rising
temperatures can make plants more alert, and consequently result in investment in more
effective defense strategies. Such adaptation can potentially influence plant-animal and plant-
plant interactions. The effects of climate change on plant defenses can have particularly strong
impacts on biodiversity and ecosystem functioning of vulnerable high-latitude systems. The
boreal forest is the dominant biome in Fennoscandia (the Scandinavian peninsula and Finland),
where bilberry (Vaccinium myrtillus L.), a widely distributed dwarf shrub, is considered to be
a key food source for many species, and an excellent model organism for ecological studies in
the boreal system.

The main objective of this thesis is to explore bilberry defense responses through plant-
herbivore and plant-plant interactions, as well as investigate how these relationships are
affected by environmental variation. To investigate this, we experimentally treated bilberry
ramets with methyl jasmonate (MeJA) to simulate herbivory and induce plant defenses.
Subsequently we observed ecological and molecular responses in relation to growth,
reproduction and defense along an elevational gradient in a boreal system in Western Norway.
The elevational gradient design mainly reflected variation in temperature and snow cover, and
included optimal growing conditions for bilberry (ca. 500 m a.s.l.; mid-montane zone), as well
as the plants’ range limits at low (ca. 100 m a.s.1.; submontane zone) and high (ca. 900 m a.s.l.;

subalpine zone) altitudes.
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We observed that MeJA-induced defenses in bilberry plants effectively reduced insect
and mammalian herbivory, as well as growth and reproduction across the three years of study.
Such findings provide evidence for an effective ecological trade-off between
growth/reproduction and defense over multiple seasons. Interestingly, bilberry induced defense
systems occurred in a delayed manner, with the strongest effects from one (insect herbivores)
to two (mammalian herbivores) years after induction. We also provide evidence of long-term
effects on plant-plant communication, indicating that MeJA-induced bilberry plants are “good”
neighbors, due to ecological facilitation with conspecifics in the boreal system (Paper I).
Subsequently, we reported such a trade-off at transcriptional level, which I termed a ‘genetic
trade-off’, highlighting molecular mechanisms underpinning and supporting our previous field
observations (Paper II).

We found that bilberry defense responses are modulated by the altitudinal variation in
climate and herbivory at both molecular and ecological levels. High-altitude plants living under
cooler temperatures and limiting resource availability invest more in constitutive defenses,
whereas low-altitude plants growing under higher temperatures and herbivory pressure rely
strongly on induced defenses (Paper III). Environmental variation along the elevational
gradient also affected plant-plant communication. Suboptimal lower (warmer submontane
zone) and optimal medium-altitude (mid-montane zones) environments in the boreal system
favored the facilitation of defense-induced plants with long distanced conspecifics; as compared
to the suboptimal upper elevation (colder subalpine zone) (Paper IV). The greater prominence
of this inducible plant defense system at lower altitudes may presage the kinds of change
expected in plant-plant communication systems and associated VOC emissions in a warmer
world, which will likely feedback to further influence ecological functioning. Such findings

support previous observations that under increasingly warmer conditions and higher herbivory



pressure, bilberry plants are more responsive to herbivory by strongly relying on induced
defenses against future attacks.

In this thesis we document that multiannual induced defenses in bilberry plants cause
resource allocation from growth and reproduction to defense (trade-off), also seen at gene level,
with its strongest effect delayed. We also report that altitudinal variation modulated defense
capacity, where plants from warmer low/medium altitudes were more responsive to induced
defenses in terms of plant-herbivore and plant-plant interactions. Due to rapid global warming,
higher elevations are likely to become the new optimal growing environment for bilberry in the
near future. Therefore, if low-altitude plants migrate to higher elevations, they will need to re-
adapt to novel biotic (e.g. less diversity and herbivory pressure) and abiotic (e.g. harsher
environment and less resource availability) conditions. Furthermore, abundance of ‘more-
defended’ plants in subalpine zones can affect herbivore population dynamics, by limiting cycle
amplitude due to higher levels of defense during the growing season. Such a combination of
events in response to climate change might catalyze new ecological and co-evolutionary

dynamics in the boreal system.
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1. INTRODUCTION

Climate is changing at an unprecedent way due to human-induced climate change (IPCC
2018). Atmospheric temperature, precipitation, snow cover and distribution, are all changing
faster than expected (Loarie et al. 2009). Evidences from across the globe shows that many
ecosystems are being affected by such changes in climate (IPCC 2018). As a consequence, one
of the biggest challenges for human society today is to slow the rate of global warming and
adapt to climate change. The distribution, abundance, and phenology of plants and animals are
already changing by environmental changes, of which climate warming is one of the most
important (Parmesan 2006). For example, over the next century, climate change is projected to
considerably alter soil and air temperatures in temperate forest ecosystems, where high-latitude
forests are particularly at risk (IPCC 2018; Serreze et al. 2000). It is generally accepted that the
largest temperature increases are currently found in the Northern Hemisphere upper latitudes,
where the boreal forest resides (Serreze et al. 2000). Increases in mean annual air temperature
during the growing season will reduce snow depth and alter timing of snow melt in high-latitude
ecosystems (Fan et al. 2014; Hayhoe et al. 2007).

For many species, the main impact of climate change may be mediated through effects on
synchrony with that species’ food and habitat resources (Parmesan 2006). The most crucial is
the potential disruption of coordination in timing between the life cycle of predators and their
prey, herbivorous insects and their host plants, parasitoids and their host insects, and insect
pollinators with flowering plants (Harrington et al. 1999; Visser and Both 2005). Small changes
in climate can have profound impacts for the ecosystem if species that depend on one another,
react differently to an increase in temperature, thus leading to asynchrony (Hegland et al. 2009).
Furthermore, altered environments are also expected to influence plant phenology (e.g.,

differences in growth and maturation), physiological factors (e.g., physicochemical properties



of volatiles compounds and stomatal function in plants) and allocation of resources (e.g., trade-
off between growth, reproduction and defense) (Bale et al. 2002; Stenseth and Mysterud 2002;
Visser and Both 2005). Estimate possible consequences of current and further climate change
in ecosystems dynamics and species interactions is becoming increasingly urgent (Schroter et
al. 2005; Wu et al. 2011). For instance, increases in temperature can dramatically affect the
ecosystem by weakening plant immune systems and thereby cause spreading of plant diseases,
elevate herbivory rates, and reduce pollinator populations (Cheng et al. 2013; Velasquez et al.
2018). On the other hand, temperature rising can also make plants more alert, so that they can
invest in effective defense strategies and better defend themselves (Bidart-Bouzat and Imeh-
Nathaniel 2008). Despite all information that exist on global climate change, still little is known
about how these changes may affect ecosystem functioning, particularly interactions among
living organisms. If plant defense systems, consequently plant-herbivore and plant-plant
interactions are substantially affected by global warming, important indirect consequences on
ecosystem functioning can occur in the near future. Moreover, studies on ecological
consequences of climate change in ecosystem dynamics must be dependent on how dominant

and widespread species is affected, and how many species that live on them may be affected.

1.1. Plant defense responses: plant-herbivore and plant-plant interactions

Knowledge on plant defense responses and how these are affected by biotic (e.g.,
herbivores, pathogens, disease) and abiotic factors (e.g., temperature) is of fundamental
importance for understanding ecosystem functioning. Plants protect themselves against
herbivory by spreading a wide range of chemical defenses (Agrawal 1999). Green and Ryan
(1972) were the first to demonstrate that plants under attack from herbivores produce chemical
defense compounds that help to protect them from further damage. Wounding-induced plant

responses can directly target herbivores by stimulating the synthesis of toxic or antifeedant



metabolites, as well as by activating antinutrient enzymes such as proteinase inhibitors or
polyphenol oxidases (Felton et al. 1994; Stout et al. 1996). The role of chemical defenses is
mainly regulated by jasmonic acid (JA) and related hormones, which is a key compound on the
activation of plant defense response process. The involvement of JA in regulating gene
activation subsequent to wounding has been established in several plant species (Staswick and
Lehman 1999; Wasternack et al. 1998). There are evidences that plant defense systems can be
also activated experimentally by exogenous application of methyl jasmonate (MeJA), a
ubiquitous defense signal in plants released in response to tissue damages (Koo and Howe 2009;
Pieterse et al. 2012).

As part of chemical defense system, plants are known to emit volatile organic
compounds (VOCs) from both above ground vegetative and reproductive tissues (i.e., leaves,
flowers and stems) and below-ground roots (Dudareva et al. 2004). Once emitted by the plant,
VOC:s can be also perceived by surrounding organisms, which play various ecological roles in
interactions between plants and other co-existing organisms (i.e., pollinators, pathogens,
predators, herbivores and parasitoids). Indeed, constitutive (that are always expressed) and
induced (expressed in response to herbivory) plant volatiles play important ecological roles in
plant-plant and plant-animal interactions. Constitutive VOCs serve as constant barriers to
herbivore attack by deterring colonization through their antixenotic function, as well as
inhibiting growth, reproduction, development, and survival through their antibiotic function
(Paiva 2000; Walling 2000). These characteristics are referred as ‘bottom-up’ defenses, as they
directly impact herbivore performance. On the other hand, induced VOC:s is the activation of
chemical defense system in response to attack or perceived herbivore presence. Induced VOCs
can serve as direct defense, affecting the herbivore through immediate toxicity (‘bottom-up’
defense) or as an indirect (‘top-down’) defense, affecting the herbivore via recruiting its natural

enemies (Kessler and Baldwin 2001).



The role of VOCs in mediating signaling between plants has also been explored, and
these interactions are frequently referred to as plant-plant interaction or communication. Plants
are capable of detecting and responding to neighboring plants, generating consequences for
plant performance and playing important roles in ecosystem functioning (Callaway 2002; de
Wit et al. 2015; Genung et al. 2012). Plant—plant interactions can occur both above and
belowground and are mediated through internal signals driven by specific compounds moving
within interconnected ramets in some clonal species (Gomez et al. 2010), or by external VOCs
emitted by neighboring plants (Rodriguez-Saona et al. 2009). Karban (2008) proposed three
criteria for recognizing that plants “communicate”: First, the cue (signal) should cause a rapid
response in the receiving plant; second, the cue needs to be plastic and the response to be
conditional on receiving the cue; and third, the emission of a cue needs to be “intentional” and
beneficial. Some plants “eavesdrop” VOCs emitted by other plants; that is, neighboring plants
receive and utilize chemical signals that may have originally been released to repel herbivores
(direct defense) or attract natural enemies (indirect defense) by nearby infested plants (Bruin
and Dicke 2001). This phenomenon suggests that undamaged plants, utilize VOCs from
damaged neighbors as cues to prepare for future herbivore attacks (Kobayashi and Yamamura
2003). Furthermore, some studies suggest that undamaged eavesdropper plants turn into
signalers, referred as “cooperative signal”, because undamaged and damaged individuals signal
together to call natural enemies (Chamberlain et al. 2001; Dicke and Bruin 2001; Kobayashi
and Yamamura 2003).

Although plant response to external signals from damaged neighboring plants have been
discussed during the last years (Arimura et al. 2002; Farag and Pare 2002; Ruther and Kleier
2005), it’s still not clear whether amounts of airborne signals emitted from damaged plants are
abundant enough to efficiently trigger defense responses from neighbors at long distances, as

well as how abiotic factors can affect this interaction under natural system. Moreover, if plant



defense systems, as well as plant-herbivore and plant-plant interactions are affected by
environmental variation, important indirect consequences on ecosystem functioning (e.g.,
outbreaks in herbivore populations) can occur in further changes in climate of high-latitude

environments.

1.2. Climate effects on plant defenses

Plant defense responses to herbivory are dependent on the plants’ life history (e.g., past
exposure to herbivory), as well as the environment, affecting plant-herbivore interactions
(Tollrian and Harvell 1999). Human-induced changes in important environmental factors, such
as atmospheric CO», ultraviolet (UV) light, precipitation patterns and temperature may directly
affect the concentration of secondary metabolites in plants, which in turn may influence
herbivory rates or pathogen attack. Variation in plant chemical induction caused by changes in
climate can have significant ecological and evolutionary implications for plants and their
interactions with herbivores. Bidart-Bouzat et al. (2005) were the first to report that herbivore
induction of plant secondary metabolites (glucosinolates) can be affected by changes in climatic
factors, like CO2 concentrations. This has been corroborated by Himanen et al. (2008) showing
that inducibility of secondary metabolites can be altered not only by elevated CO2 but also by
changes in O3 levels. Exposure to elevated temperature stimulates the plant defense hormone
JA, as well as ethylene (ET), and salycilic acid (SA), enhancing defenses (DeLucia et al. 2012).
Temperature increase has also been associated with increases in VOCs production (Helmig et
al. 2007; Loreto et al. 2006), which could in turn affect their own ecological functions (Pinto et
al. 2007). Higher VOC production and volatility under elevated temperatures are expected to
change plant-herbivore interactions by altering the ability of specialist herbivores to locate their
hosts, and increasing antiherbivore defense responses and/or altering plant-plant interactions

(Yuan et al. 2009).



Plants and insect herbivores together comprise more than half of the terrestrial macro-
biodiversity (Strong et al. 1984) and display a complex network of interactions that are expected
to be affected by changes in climate (Visser and Both 2005). For instance, plant defense
strategies against herbivores (i.e., direct and indirect; constitutive and induced) have been
shown to vary along ecological gradients in different ecosystems (Moles et al. 2011; Pellissier
et al. 2012; Rasmann and Agrawal 2011) and to be adapting to climate change (DeLucia et al.
2012). Classical predictions indicate an overall decrease in plant defenses at higher altitudes
due to a reduction of herbivory pressure along elevational gradients (Coley and Barone 1996;
Schemske 2009). However, contrasting findings have suggested that reduction in herbivory
pressure in harsher environment does not necessarily lead to decrease in plant defenses
(Pellissier et al. 2012; Rasmann et al. 2014a; Scheidel and Bruelheide 2001), which demonstrate
that variation of plant defense strategies along elevational gradients is complex and not
exclusively a result of herbivory pressure. Indeed, several abiotic factors may contribute to
adaptation and selection of specific plant traits which in turn will can be used as part of defense
strategy against herbivore attack (Rasmann et al. 2014b). If this adaptation process occurs, the
effects (additive or synergistic) of climate change on plant defense systems, consequently on
plant-herbivore and plant-plant interactions, can have strong impacts on ecosystem functioning.
A deeper understanding of how variation in environmental factors, singly or in combination,
modulate plant defense mechanisms and strategies, promises to increase our knowledge of how
climate change will affect interactions between plant and herbivores at vulnerable biomes.

Elevational gradient has often been used to investigate the effects of climate change on
plant-herbivore interactions (Beier et al. 2012). It serve as ‘natural experiments’ that surrogates
for inferring global change-driven effects (Garibaldi et al. 2011; Rasmann et al. 2014a) because
it provides variation in abiotic factors under which its effects on interactions between living

organisms can be evaluated (Rasmann et al. 2014b; Salmore and Hunter 2001; Schemske 2009;



Yarnes and Boecklen 2005). Unlike latitudinal gradients, elevational gradients avoid several
confounding effects that occur over a much larger spatial scale of latitude, such as plants and
herbivores species pools (Hodkinson 2005; Moreira et al. 2018). Besides that, elevational
gradients are independent of regional variation in other abiotic factors such as day length and
inter-annual climatic variation. By recapitulating much of the latitudinal variation in abiotic
conditions over much smaller geographical scale, elevational gradients provide research
opportunities for understanding how environmental changes drives variation in species

composition, traits and interactions (Moreira et al. 2018).

1.3. MeJA and its application in induced defense studies

Jasmonic acid (JA) and its derivatives are cyclic fatty acid-derived regulators which
function as phytohormones important for plant defense against herbivorous insects and
necrotrophic pathogens (Zhu and Zhu 2013). They also participate in the regulation of plant
growth and development, including fertility of reproductive organs, root growth, anthocyanin
accumulation, and trichome initiation (Wasternack and Hause 2013). Induced plant defense
system depends on a complex signaling and regulatory network of plant hormones where
jasmonic acid (JA) and its derivate methyl jasmonate (MeJA) are one of the important elicitors
against biotic and abiotic stresses (Moreira et al. 2018; Pieterse et al. 2012). Once the plant
perceives JA signals, a considerable reprogramming of gene expression occurs. Consequently,
changes in the regulation of important pathways are made, including the induction of defensive
genes and their associated biosynthetic pathways (Pauwels et al. 2009).

Specifically, MeJA plays central role in plant defense systems, which through
exogenous application can trigger the allocation of energy from plant primary metabolism to
the activation of plant defense genes (Howe and Jander 2008). Plant defense responses to

exogenous MeJA include production of a range of toxic metabolites and anti-digestive proteins,



such as proteinase inhibitors, which harm both specialist and generalist herbivores (Baldwin
1999). Also, activation of octadecanoid pathway by MeJA treatment have been shown to affect
herbivore performance and preference on plants (Bruinsma et al. 2008; Kessler and Baldwin
2001; Thaler et al. 2001). MeJA also showed to induce the emission of plant volatiles that
affecting the same and other trophic levels, such as attracting predators and interacting with
neighboring plants (Dicke et al. 1999; Gols et al. 2003; Rodriguez-Saona et al. 2013). As MeJA-
induced responses are generally similar to those induced by insect herbivory (Van Dam and
Baldwin 2001; Yang et al. 2013), the application of exogenous MeJA is a useful tool to
stimulate plant resistance in studies of plant-herbivore interactions at multiple organismal

levels.



2. OBJECTIVES

The main goal of this thesis is to explore bilberry (Vaccinium myrtillus L.) defense response
system through plant-herbivore and plant-plant interactions, as well as investigate how these
relationships are affected by environmental variation on this key boreal plant species. This main

goal will be achieved through the following specific objectives:

2.1. Explore multiannual plant defense responses, through plant-herbivore and plant-
plant interactions in wild bilberry plants (Paper I).
2.2. Study the transcriptional profiling of induced defense responses in bilberry plants
(Paper II).
2.3. Investigate the effects of altitudinal variation in climate (e.g., temperature and
timing of snow melt) on plant defense response system at:
e Ecological level: resource allocation from growth and reproduction to
defense means (Paper II),
e Molecular level: changes in expression of key target genes involved in
defense, photosynthesis, and nitrogen metabolism (Paper III).
e Neighborhood level: effects on neighboring bilberry ramets through plant-

plant communication (Paper IV).



3. MATERIAL & METHODS

3.1. Study species and system

Bilberry (Vaccinium myrtillus L.), our study species, is a long-lived deciduous dwarf
shrub with evergreen aerial shoots (stems) that are usually between 10-60 cm in height, arising
from underground rhizome (Flower-Ellis 1971). New ramets are produced through clonal
reproduction by the spreading rhizome, which is a ramet being a primary stem and its associated
branches. Its clone size and distribution can vary according to the area of occurrence, rhizome
length can reach from 90 cm to 200 cm depending on age, and the proportion of genetic
variation within population is usually high (Albert et al. 2003, 2004; Flower-Ellis 1971).
Although vegetative reproduction predominates, sexual reproduction involves small, pink,
campanulate flowers that produce nectar (Fig. 1). The main pollinators of bilberry are
bumblebees, honeybees, and syrphid flies (Jacquemart 1993; Jacquemart and Thompson 1996).
Mature fruits are fleshy berries (Fig. 2) with a variable number of seeds, which are dispersed
via ingestion by birds and mammals (Pato and Obeso 2012). Bilberry occurs throughout Europe
on acid soils (Flower-Ellis 1971; Ritchie 1956) and have an important ecological role as food
source for many vertebrate and invertebrate herbivores in the boreal ecosystem (Hegland et al.
2010). Its shoots, leaves, and fruits are among the most important food resources for insects
and large mammals, since it is an abundant species in many forest areas which produces large
amounts of flowers and subsequently berries. The most common insect herbivores are
Geometridae larvae (Atlegrim 1989), whereas the main mammalian herbivores feeding on
bilberry in the Norwegian part of the boreal forest are red deer (Cervus elaphus L.) and various
rodent species (Hegland and Rydgren 2016). Because it is abundant, widely distributed and
have interactions with many groups of species, bilberry is an ideal organism for studies on plant

defense responses, as well as how it is possibly affected by environmental changes.
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The boreal forest is the dominant biome in Fennoscandia (the Scandinavian peninsula
and Finland), and has a latitudinal extension from 56°N to 69°N (Esseen et al. 1997). The total
forested area amounts to more than 50 million ha, of which about 13% occurs in Norway, 40%
in Finland, and 47% in Sweden. The Norwegian boreal forest is relatively homogenous due to
low plant species diversity, mainly composed by conifer and shrub species. The field
experiments for this study were conducted within a pine-bilberry boreal forest in Kaupanger,
inner Sognefjord, western Norway (61.2°N, 007.2°E) (Fig. 3). The area has annual precipitation
of 700-900 mm, and a mean summer temperature range of 12—16°C (Moen et al. 1999). The
most abundant vascular plant species in the field area are bilberry, Scots pine (Pinus sylvestris
L.), birch (Betula pendula Roth and B. pubescens Ehrh.), lingonberry (Vaccinium vitis-idaea
L.), and crowberry (Empetrum nigrum L.) (Rydgren K., unpublished data). The area has a dense
winter population of red deer (Cervus elaphus L.) (pers. obs. S.J. Hegland), which is the most
abundant wild ungulate in Norway (SSB 2018). The inner part of Sognefjord offers marked
topographical variation representing climatic gradients within rather short distances that are

ideal for climate research, making it practical and convenient for ecological experiments.
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Figure 1. Photo of a bilberry plant flowering from our study area in Kaupanger, Western

Norway. Photo: R. F. Benevenuto

Figure 2. Photo of a bilberry plant with mature fruits, from our study area in Kaupanger,

Western Norway. Photo: R. F. Benevenuto
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Figure 3. Photo of the study area, Kaupanger, Western Norway, taken from the other side of
the Sognefjord. The tower (middle left) at the top of the Storehaugen mountain is at 1169 meters
above sea level. All studies in this thesis where done in open sites in the area that is dominated

by pine-bilberry forest (e.g., the middle of the picture). Photo: S. J. Hegland.
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3.2. Experiment I: Multiannual effects of plant defense responses in bilberry

A start-up experiment was conducted over three consecutive years aiming to explore
multiannual effects of plant defense activation in bilberry plants and its possible effects on
untreated neighboring ramets under natural field conditions (Paper I). We performed a study
of induced plant defense from 2013 to 2015 in a ca. 20-year old clear-cut in a pine forest at 350
m above sea level (m a.s.l.), in Kaupanger, Western Norway. In June 2013, we established ten

blocks of 350 m? (10 m x 35 m), containing four transects, with five individually marked

bilberry ramets in each. The five ramets were located 10-40 cm (dist. 1), 40-80 cm (dist. 2),
80—150 cm (dist. 3), and 400-530 cm (dist. 4) from ramet one (dist. 0) in each of the transects
(Fig. 4). Transects were subsequently randomly assigned and exposed to two treatments with
two replicates in each block. In 2013, we treated the first ramet (dist. 0) in each transect with
either 10 mM MeJA (experimental transects) or water (control transects). The ramets were not
exposed to further treatments in 2014 and 2015 to evaluate possible multiannual effects on
growth, reproduction, and herbivory. We treated only the first ramet in each transect to evaluate
possible effects of plant—plant interaction between MeJA-treated and its untreated neighboring
ramets.

In each transect, before the start of the treatments, we measured ramet height from the
ground to crown with a ruler and stem diameter at ground with digital calipers. We also counted
the number of annual shoots, flowers, leaves, browsed shoots, and insect-chewed leaves. We
repeated recordings of these variables 30 and 72 days after the initial treatment in 2013 (Fig.
5). In these subsequent recordings, we also counted the number of berries. We repeated the
measurements in 2014 and 2015.

We analyzed how exogenous MeJA application of bilberry ramets affected growth (dry
mass), reproduction (number of flowers and berries), and herbivory (proportion of grazed

leaves by insect herbivores; number of browsed shoots by large herbivores) by comparing
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untreated control ramets at dist. 0 with corresponding ramets in the experimental transects
(MeJA dist. 0 = MeJA-treated ramets; MeJA dist. 1-4 = untreated ramets with increasing
distances from the treated ramet). For each response variable, we parameterized a generalized
linear mixed-effects model under Bayesian inference with intercepts and seasonal time slopes
(three seasonal censuses) for each treatment (control, MeJA dist. 0—4) in every year (2013—
2015). All models were run using the “rjags” library (Plummer 2013) in R (RDevelopment

2012).

dist. 0

f————> 10-40cm

40-80 cm

80-150 cm
400-530 cm

Figure 4. Experiment I: Transect design with the distances between the treated bilberry ramet
and its untreated neighbors. C: control transect; E: experimental transect; MeJA: methyl

jasmonate.
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Amnnual shoot

— Height of ramet

O= Start of the experiment and recordings of plant features
Diameter of stem —>
wm Cotton wad

—

A= MeJa application
@ = Recordings of plant responses

—J’— Rhizome network

>
Ok .. 4 A ______A @ T e
0ds 7 ds 14 ds 30 ds o e
Induction period (==--) Response period (—)
6% to 20 June (7% July 17" August)

Figure 5. Experiment I: A bilberry ramet including size recordings, and timeline for the
induction and response period when the measurements were recorded. MeJA = Methyl

jasmonate; ds = days.

3.3. Experiment II: Transcriptomic profiling of defense-induced bilberry

A second experiment was conducted aiming to report a comprehensive transcriptome
profile of MeJA-induced bilberry plants, as well as provide a catalog of the primary genes,
involved in growth, reproduction and plant defense pathways (Paper II). This experiment was
conducted in a ca. 20-year old clear-cut area at 500 m a.s.l., in Kaupanger, Western Norway. In
June 2016, two groups of 15 bilberry plants each were randomly selected and exposed to two
treatments: 10 mM MeJA application (treated) and water/ethanol application (control). The
applications were repeated three times at one-week intervals (Fig. 6) to simulate attack by
herbivores, following the protocol used in previous studies on bilberry in the field (Benevenuto
et al. 2018; Seldal et al. 2017). One day after the last treatment application, leaves from the

apical part of all plants were collected and immediately frozen in liquid nitrogen and stored at
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-80°C. Samples were then transferred to RNA/ater-ICE (Life Technologies, Carlsbad, CA) and
allowed to thaw at 20°C before RNA isolation and further transcriptomic analysis (Fig. 6). The
15 plants in each treatment were randomly separated into five groups of three plants each. The
three plants of each group were pooled and considered as one biological replicate (sample) for
a total of five biological replicates per treatment for the RNA sequencing analysis. Methods
used for RNA isolation, library construction, sequencing and de novo assembly are detailed in
Paper II. The assembled transcriptome was annotated using BLAST for NR, NT, SwissProt,
and KOG databases. Differentially expressed genes (DEGs) between MeJA-treated and

untreated control bilberry plants were identified using DESeq (Anders and Huber 2010).
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3.4. Experiment III: Climate effects on plant-herbivore and plant-plant
interactions

In the third field experiment, a natural elevational gradient ranging from just above sea
level to subalpine areas was used to investigate the effects of environmental variation, mainly
climate variables (e.g., temperature and time of snowmelt), on plant-herbivore (Paper III) and
plant-plant interactions (Paper IV). Our system spanned the boreal zone and the experiment
was conducted at three different elevational sites: ‘Low’ elevation = ca. 100 m a.s.L
(submontane zone); ‘Medium’ elevation = ca. 500 m a.s.l. (mid-montane zone); ‘High’
elevation = ca. 900 m a.s.l. (subalpine zone) (Fig. 7C). The middle part of the range, at mid-
montane zone, is considered as the optimal elevation for bilberry growing conditions. The
submontane zone is considered as suboptimal conditions because of the warmer temperatures
and heavy herbivory, while the subalpine zone mainly because of the cooler average
temperatures and exposure. Low and Medium sites consisted of more than 15-year-old clear-
cuts with small pines, birches and alders that produced negligible shadow effects. The High site
was a naturally open subalpine area just below the tree line. Vegetation structure was similar
among the sites, with a field layer and scattered tree layer up to ca. 5 m. Anorthosite bedrock
and moraine material dominate the whole gradient (NGU 2019) and there was no latitudinal or
longitudinal influence. The study area and the study sites, comprising the elevational gradient,
was selected to increase the possibility to link findings to climate effects, and to reduce the
probability for confounding effects. Unpublished data from 2016 showed that there was
relatively small variation in pH (mean, 4.19) and slope (16.4 degrees) among sites, although
soil organic matter (mean, 60.4%) was slightly lower at the low altitude (Rydgren K.,
unpublished data). Aiming to avoid variation in light, the experiment was conducted in clear-
cut sites across all elevations with almost no shading effects. Information provided by the

weather report services indicate little variation in UV-radiation index between Norwegian low-
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altitude (~25 m a.s.l.) and high-altitude locations (~1200 m a.s.l.) during the summer (NILU
2019). Based on the careful study design, the recordings taken, and additional data available, I
believe that the elevational gradient used here reflects a gradient in climate, mainly through
changes in temperature and snow cover (Fig. 7C). Experimental design and sampling
methodology for Experiment I1I was conducted in a similar manner as Experiment I, with minor

modifications regarding untreated neighboring ramet distances and sampling times (Fig. 7 and

8).

e Ecological responses

We investigated how environmental variation along a natural elevational gradient,
affected plant defense activation of MeJA-treated bilberry plants (Paper III), as well as
untreated neighboring bilberry ramets at different distances from the induced plant (Paper IV).
Following similar sampling procedure of ecological variables conducted in Experiment I,
before the start of treatment in all elevational sites, in May/June 2016, sampling time 1 (ST1),
we measured: ramet height, stem diameter, number of annual shoots, flowers, leaves, browsed
shoots, and insect-chewed leaves for all experimental ramets. We recorded the same variables
6 weeks (42 days) later, at sampling time 2 (ST2). At this subsequent recording, we also counted
the number of berries. The same sampling procedure was repeated one year later (2017). These
ecological measurements were used to analyze how MeJA induction of wild bilberry affected
the seasonal changes in herbivory (proportion of insect-chewed leaves and proportion of
browsed shoots), growth (changes in biomass through dry mass calculation), and fruit set
(proportion of berries to flowers), of treated and untreated neighboring ramets at different
distances, across an elevational gradient over two consecutive seasons (2016 and 2017). For
each response variable, we used the /me4 (Bates et al. 2014) and mix/m (Liland and Saebe 2014)

libraries in R (RDevelopment 2012) to fit generalized linear mixed effect models with Gaussian
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error distribution and identity link and to perform posterior ANOVA, respectively. For all
models, we entered Treatment (MeJA-treated vs. Control [Paper III]; MeJA dist. 0-500 vs.
Control [Paper IV]), Site (Low, Medium and High), and Year (2016 and 2017), with interaction

terms, as fixed effects. Detailed data analyses description can be found in the respective papers.

e Molecular responses

In Paper III, we also investigated effects of environmental variation on plant defense
responses of MeJA-induced bilberry plants at gene expression level, aiming to find molecular
mechanisms underlying ecological responses. To analyze gene expression of key target genes
involved in plant defense responses, one day after the last treatment application, at 10:00 am,
we collected 10 leaves from the apical part of MeJA-treated and Control ramets in each block,
and they were immediately frozen in liquid nitrogen and stored at —80°C to avoid degradation.
One year after treatment (June, 2017), leaf samples were collected in the same manner at the
three elevational sites. Samples were subsequently transferred to RNAlater-ICE (Life
Technologies, Carlsbad, CA) and allowed to thaw at —20°C prior to RNA isolation. For each
treatment (MeJA and control), samples were collected along the elevational gradient in 2016
and 2017, and randomly separated into three biological groups, each containing a pool of five
plants. Total RNA from each biological group was extracted using the RNeasy plant mini kit
(Qiagen, Valencia, CA, USA) for posterior real-time PCR reactions aiming to assess relative
expression level of the target genes.

A selection of eight target genes involved in bilberry defense and growth-related
pathways was based on results from our previous transcriptomic profiling study (Paper II). The
selected defense target genes, involved in circadian rhythm, phenylpropanoid, tyrosine,
flavonoid, and  anthocyanin  biosynthesis = pathways  were:  shikimate  O-

hydroxycinnamoyltransferase (SHIKIMATE);, tyrosine  aminotransferase  (7YR);
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leucoanthocyanidin dioxygenase (LDOX), UDP-glycosyltransferase (UDP); MYB-related
transcription factor LHY (LHY); and flavonoid 3',5'-hydroxylase (FLAV). Growth-related
target genes involved in photosynthesis and nitrogen metabolism were: photosystem II PsbW
(PHOTO); and glutamine synthetase chloroplastic (GLU).

To analyze gene expression levels, normalized relative expression values were log
transformed and fitted to linear models with the /me4 package (Bates et al. 2014) in R.
Subsequently, factorial ANOVA was conducted with the mix/m package (Liland and Sabe
2014). Differences and means within each target gene were analyzed by Tukey post hoc
comparisons (p < 0.05). We presented fold change values as a measure of describing how much
the expression of specific gene changes from control to MeJA-treated plants. It is defined as
the ratio of MeJA-treated expression value in relation to control expression value. Fold changes
are presented in logarithm base 2 (Log2FC) for comparisons of MeJA-treated and control plants
in the same site and year. A positive Log2FC value indicates that the respective gene was
significantly up-regulated for the MeJA-treated plant. A negative Log2FC value means that the
respective gene was significantly down-regulated for the MeJA-treated plant. Detailed data

analyses description can be found in Paper IV.
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Annual shoot

% =5 = Height of ramet
Diameter of stem —> |/~

O-= Ecological sampling time 1 (ST1) T’
A = Treatment application
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Figure 8. Experiment III: A bilberry ramet including size recordings, and timeline for the

induction and response period when the measurements were recorded. ds: days.
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4. RESULTS & DISCUSSION

4.1. Multiannual effects of plant defense responses in bilberry (Paper I)

In this study we explored multiannual plant defense activation in MeJA-treated bilberry
plants and on untreated neighboring ramets under natural field conditions. We found
significant reductions in growth and herbivory rates of MeJA-treated ramets, suggesting a
rapid and efficient allocation of resources from growth to defense during the first growing
season (2013), when the treatments were conducted (Paper I: Fig. 3). These results agree
with previous studies showing that MeJA-induced bilberry ramets reduces herbivory rates
at the expense of growth and reproduction (Hegland et al. 2016; Seldal et al. 2017).

We also showed that this defense state varies in strength and is capable to persist across
subsequent years, what we called ‘multiannual effect’. Total insect herbivory was
significantly reduced in MeJA-treated ramets for two subsequent years (2014 and 2015).
Besides that, we found that induced defense responses occurred in a delayed manner with
strongest effects one and two years after induction, against insect and mammalian
herbivores respectively (Paper I: Table 1). Generally, rapidly induced plant defenses affect
the performance of short-lived invertebrate herbivores, whereas delayed induced defense
responses affect the next generation of short-lived invertebrate and long-lived vertebrate
herbivores (Haukioja and Hanhimaki 1985). In addition, delayed induced resistance
involves ‘quantitative defenses,” which are effective against both specialists and generalists,
in contrast to rapid induced resistance which involves ‘qualitative defenses’ that are more
efficient against generalists but not specialists (Rhoades 1979). According to the plant
apparency theory, plants that are easily found by herbivores, such as trees and shrubs,

should invest heavily in quantitative defenses that are effective against a broad spectrum of
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herbivores (Feeny 1976). Bilberry is an ‘apparent’ deciduous shrub which store reserves of
carbon in stems and roots, enabling it to produce quantitative carbon-based defenses (e.g.,
flavonoids and tannins), which are efficient against specialist mammalian herbivores
present in the boreal forest, such as red deer (Gallet 1994). As a result, we hypothesize that
bilberry plants may use multiple induced defensive tactics against herbivores: some are
rapidly induced and more efficient against insect herbivores (likely qualitative defenses),
while others are delayed induced and more efficient against mammalian herbivores (likely
quantitative).

Our plant-plant interactions results indicated the effective long-distance signaling
transfer between MeJA-treated ramets and its untreated neighbors in distanced between ten
centimeters to five meters. These findings are consistent with results from studies involving
other species where above- and belowground signaling activate the defense system and
reduce herbivory of untreated neighbor plants (Baldwin et al. 2002; Dicke and Bruin 2001;
Heil and Karban 2010; Pickett et al. 2003). The elevated resistance to herbivory found in
untreated neighbor ramets lasted for several growth seasons, although this varied in time
and space. Consistent with the patterns found in MeJA-treated ramets, effects on untreated
neighboring ramets were also multiannual with its highest effect delayed. We found the
strongest resistance against herbivorous insects in untreated neighbor ramets one year after
the MeJA treatment (Paper I: Table 2; 2014), where ramets distanced from 10 to 150 cm
showed on average four times less insect herbivory compared to control ramets. However,
browsing by large mammalian herbivores was lowest in untreated neighbor ramets in 2015,
two years after the MeJA treatment (Paper I: Table 2; 2015).

We documented that induced defense in bilberry reduces both insect and mammalian
herbivory, as well as growth, over multiple seasons. Additionally, our findings provide

evidence for long-term effects of plant—plant signaling mediated by jasmonate-induced
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responses in bilberry, indicating that induced plants are “good” neighbors due to ecological
facilitation with conspecifics under natural conditions. In summary, this study shows that
induced defenses are important ecological strategies not only for the induced individual
plant but also for neighboring plants across multiple years. Such findings may have
important implications of our understanding on the effects of bilberry defenses on the

dynamics of herbivore populations in the boreal ecosystem.

4.2. Transcriptomic profiling of defense-induced bilberry (Paper II)

As shown in Paper I and previous studies (Benevenuto et al. 2018; Seldal et al. 2017),
because defense-induced bilberry plants display an effective ecological trade-off between
growth/reproduction and defense, we predict finding supporting evidences at the
transcriptional level. In Paper II we conducted an RNA sequencing study aiming to report,
for the first time, a comprehensive transcriptome profile of wild MeJA-induced bilberry
plants, as well as understand molecular mechanisms that underpin ecological responses
previously found.

We found significant transcriptional changes in MeJA induced bilberry and provided
evidence for allocation of resources from growth, development, and reproduction, to
defense related pathways. Transcripts of receptor and response-related genes of important
plant hormone signal transduction responded to MeJA treatment through cross talk, and
regulation of genes involved in growth/development (e.g., ABA and AUX) and defense
(e.g., ET and SA). Our data also showed significantly up-regulation of genes encoding key
enzymes in metabolic pathways involved in biosynthesis of flavonoids (e.g., anthocyanins,
flavones/flavonols), lignin compounds (e.g., syringyl, guaiacyl and p-hydroxyphenyl), and

deterrent/repellent VOCs (e.g., phenylpropenes, sesquiterpenes) in MeJA-treated plants.
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We showed that defended bilberry plants synthesized a range of phenolic compounds,
from lignin to more complex flavonoids, aiming to interfere in the digestion and palatability
of potential herbivores. The activation of defense-related pathways appeared to be costly as
evidenced by the significant down-regulation of important genes involved in primary
metabolism, such as those associated with photosynthesis, circadian rhythm, carbohydrate
and nitrogen metabolism, presumably to optimize the allocation of resources towards
defense. For instance, genes involved in carbohydrate anabolism were repressed, while the
ones linked to carbohydrate catabolism were induced, as a possible means to allocate C
resources from primary to secondary metabolism (Broeckling et al. 2005; Cheng et al. 2011;
Frenkel et al. 2009; Sanchez-Sampedro et al. 2007). Genes responsible for the
remobilization of N sources were up-regulated, while key enzymes playing crucial roles in
glutamate metabolism through ammonium assimilation, mostly invested in photosynthesis
(Makino et al. 2000; Makino et al. 2003; Nunes-Nesi et al. 2010), were down-regulated.
Circadian clock genes were also affected by MeJA, inducing arrhythmicity in bilberry
plants via altering the expression of clock-regulated genes related to flowering time.

Some variation in gene expression among replicates was evident (Paper II: Fig. 5-9).
This was expected since the experiment was conducted with wild plants under natural
environment. Nonetheless, the changes in the transcription regulation associated with MeJA
treatment highlighted in this paper are statistically significant and support the concept of
‘genetic trade-off”. While previous studies (including our results from Paper I) provided
ecological evidences of resource allocation from growth and reproduction to defense in
bilberry (Benevenuto et al. 2018; Seldal et al. 2017), our molecular results presented in this
study highlights the occurrence of ‘genetic trade-off” at the transcriptional level, which

supports previous published field observations.
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4.3. Climate effects on plant-herbivore and plant-plant interactions (Paper 111
and IV)

Finally, we studied the effects of variation in climate (e.g., temperature and
timing of snow melt), using an elevational gradient, on plant defense responses at
ecological and molecular levels in MeJA-treated bilberry plants (Paper III), as well as
effects on untreated neighboring bilberry ramets from short (20 cm) to long distance
(500 cm) (Paper IV). To investigate this, we performed a study across an elevational
gradient from submontane to subalpine zones (100-900 m a.s.l.) in a boreal ecosystem.
The gradient used in this study included optimal growing conditions for bilberry in a
medium altitude (ca. 500 m a.s.l.), and the plant’s range limits at high (ca. 900 m a.s.1.)

and low (ca. 100 m a.s.l.) altitudes.

e Plant-herbivore interactions

In Paper IIT we tested whether the allocation of resources from growth and
reproduction to defense in herbivore-induced bilberry plants were affected by altitudinal
variation in climate, at ecological and molecular levels. We found that bilberry defense
systems varied over the elevational gradient. Induced defenses were strongly activated
for plants growing at the optimum (Medium site) and suboptimal lower altitude (Low
site), suggesting that these plants have more resources available to invest in defense
against herbivore attack, compared with high-altitude plants growing under colder and
resource-limiting conditions. Although MeJA activated induced defenses in plants
growing at both elevations, these effects were even stronger at the lowest altitude of the
elevational gradient. Such ecological responses were supported by molecular
mechanisms found: low-altitude plants effectively reduced seasonal growth, fruit set,

and insect and mammalian herbivory, while significantly down-regulated growth-
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related genes and up-regulated defense-related genes in response to MeJA treatment. In
a previous transcriptomic profile study of MeJA-induced defenses in bilberry (Paper
II), we proposed the term ‘genetic trade-off,” which is the up-regulation of genes
involved in important defense-related pathways and the corresponding down-regulation
of genes related to growth and nitrogen metabolism pathways (Benevenuto et al. 2019).
In summary, these combined responses indicate a shift in resource allocation from
growth and reproduction to induced defenses (ecological and genetic trade-offs),
especially for plants growing at the warmest low-altitude site. Although relaxed, such
effects of ecological and genetic trade-offs persisted for one year after induction in the
lowest altitude. This result corroborates with our previous ecological study showing that
the induced defense system in bilberry plants functions in a multiannual manner
(Benevenuto et al. 2018). Also, induced defenses is dependent of plant species,
herbivory pressure, and life history characteristics (Haukioja and Hanhimaki 1985;
Karban and Baldwin 1997), which in turn are affected by abiotic factors, such as
variation in temperature, potentially affecting the speed, magnitude and costs of
resource allocation to induced defenses (Trussell and Smith 2000).

High-altitude bilberry plants invested more in constitutive than induced
defenses. This was supported by the small effect sizes of changes in growth, fruits set,
and herbivory resistance, and the consistently high expression levels of defense-related
genes in both MeJ A-treated and untreated plants. Furthermore, we observed that general
herbivory pressure was less intense (e.g., lower total proportion of chewed leaves) at
the high-altitude than the low-altitude site of the elevational gradient, consistent with
recent studies (Pellissier et al. 2012; Rasmann et al. 2014a). Such findings suggest that
bilberry plants growing in suboptimal upper elevations are under a constant state of

‘alert’ (constitutive defenses), possibly because of the resource-limiting and stressful
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environmental conditions (i.e., low nutrients, cool average temperatures, late timing of
snow melt, and consequent short-growing season); as well as lower herbivory pressure
in subalpine habitats of the boreal forest (Moreira et al. 2018). The combination of these
conditions likely affects the type of defense strategy expressed in bilberry plants from a
reliance on constitutive defenses instead of inducible defenses. Moreira et al. (2014);
Pellissier et al. (2016) found similar ecological responses among pine species, where
constitutive and induced levels of defensive chemicals traded off along elevation.
Bilberry plants from higher elevations may have developed consistent levels of plant
defenses to ecologically fit on severe climatic conditions of alpine environments, which

indirectly confer increased resistance to herbivores.

e Neighborhood effects

In Paper IV we focused on bilberry neighborhood effects of herbivore-induced
resistance through plant-plant communication along the elevational gradient. Our
results showed that treated plants and untreated neighbors up to 500 cm away appear to
have activated their defense systems in response to treatment with MeJA, as shown by
reductions in both insect and mammalian herbivory, relative to control plants in the
same area. This in turn resulted in reduced growth and reproduction in these MeJA-
treated plants and their untreated neighbors, presumably due to the reallocation of
resources from growth and reproduction to defense. Such effects were observed at all
elevations, but especially at Low and Medium altitude, where the effect persisted into a
second year. At these sites, effects were more strongly induced and persistent, including
among untreated conspecific ramets from intermediate to long distances (ca. 100-500
cm), suggesting that plants growing under medium to low altitudes are better enabled
to communicate. Conversely, at the High site, where temperatures are lower and the

growing season is shorter, only MeJA-treated and untreated neighboring ramets from
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short to intermediate distances (ca. 20—100 cm) showed reduced herbivory and fruit set,
and this effect did not persist into the next year.

In summary, our findings provide evidence for climate modulation of plant-plant
communication as part of the induced plant defense system in bilberry. Low
(submontane zone) and Medium altitude (mid-montane zone) environments in the
boreal system, with higher average temperatures and longer growth seasons, favored
induced defenses in the ramets of neighboring conspecifics, at least within ca. 5 m away
from the focal MeJA-treated plant. The elevational gradient used in our study parallels
a natural climatic gradient. Overall, climate can be an important abiotic factor in
determining the intensity and efficacy of induced plant defenses, for example, by
affecting the release of plant volatiles (Gouinguene and Turlings 2002) (Gouinguené
and Turlings 2002). For instance, elevated temperature increases biogenic VOC
emission (Gouinguene and Turlings 2002; Guenther et al. 1993; Tigney 1991), which
in turn can directly affect signaling efficacy in diverse ecological interactions: e.g.,
enhance plant-pollinator interactions by increasing flower visitation rates; alter the
ability of specialist herbivores to locate their hosts; increase direct and indirect
antiherbivore defenses; and consequently alter plant-plant interactions (Yuan et al.
2009). Although induced defenses, and consequently plant-plant communication,
appeared to be improved under warmer environments, increased levels of VOCs in the
atmosphere can contribute to climate change through aerosol formation and enhanced
greenhouse effects (Calfapietra et al. 2007; Pefiuelas and Llusia 2003; Penuelas and
Staudt 2010; Rosenstiel et al. 2003), which in turn could mitigate their own ecological
function (Pinto et al. 2007). Given the function of some VOCs, such as terpenoids, in

plant-plant communication, changes in volatile abundance as a result of climate change
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could therefore affect plant-herbivore relationships by either weakening or

strengthening signaling between plants (Yuan et al. 2009).

5. CONCLUSIONS

We documented that induced defenses in bilberry plants effectively reduced herbivory,
as well as growth and reproduction, a trade-off between growth/reproduction to defense
over multiple seasons. Supporting such field observations, we highlighted the occurrence
of trade-off at transcriptional level, what we called ‘genetic trade-off’. Bilberry induced
defense responses occurred in a delayed manner, with strongest effects from one (insect
herbivores) to two (mammalian herbivores) years after induction. Besides that, we provided
evidences for long-term effects on plant-plant interactions, indicating that MeJA-induced
bilberry plants are “good” neighbors due to ecological facilitation with conspecifics in the
boreal system. As previous studies have shown close correlations between bilberry and local
herbivores population size (Selds 1997, 2000. 2006; Selas et al. 2013), such multiannual
effect and the delay of the highest level of induced resistance on MeJA-treated and untreated
neighboring bilberry ramets may have important ecological implications for our
understanding on herbivore population dynamics in the boreal system.

Bilberry defense strategies are modulated by the altitudinal variation in climate and
herbivory pressure at both molecular and ecological levels: high-altitude plants living under
cooler temperatures and limiting resource availability invest more in constitutive defenses;
whereas low-altitude plants growing under higher temperatures and herbivory pressure, rely
strongly on induced defenses. Environmental variation along the elevational gradient also

affected plant-plant communication as part of the induced plant defense system: suboptimal
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lower (warmer submontane zone) and optimal medium-altitude (mid-montane zones)
environments in the boreal system favored the facilitation of defense-induced plants with
long distanced conspecifics; as compared to the suboptimal upper elevation environment
(colder subalpine zone). The greater prominence of this inducible plant defense system at
these lower altitudes may presage the kinds of change expected in plant-plant
communication systems and associated VOC emissions in a warmer world, which will
likely feedback to further influence ecological functioning.

This thesis contains relevant results on how bilberry defense systems works at
ecological level, as well as molecular mechanisms underlying such defense responses, and
how it is affected by environmental variation along an elevational gradient in the boreal
system. By identifying consistent trends in changes of plant-herbivore and plant-plant
interactions along elevational gradients, as performed here, we might be able to extrapolate
our findings to future climate change effects on ecosystem functioning. Under the current
scenario of global warming, how would we expect the defense systems of key plant species
in the boreal system to change? And what is the possible consequences of it? In the near
future, higher elevations in the subalpine and alpine zones likely to become the new optimal
growing environment for most species in the boreal system. Therefore, if the offspring of
low-altitude plants migrate to such higher elevations, they might encounter novel abiotic
(i.e. harsher environment and less resource availability) and biotic (i.e. less diversity and
herbivory pressure) conditions to re-adapt. Concomitantly, rapid shifts of herbivore range
to higher elevation due to increasing temperatures may find novel defense levels and
strategies of host species, or result in limited damage to alpine plants not adapted to such
herbivory pressure. On the other hand, increases in plant quality (i.e., more ‘defended’
plants) and quantity (i.e., abundance) due to global warming effects in the boreal system

can indirectly cause outbreaks in herbivore populations by affecting cycle amplitude.
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Previous studies have shown evidences for climate influencing cyclic herbivore population
dynamics by changes in plant metabolism (Schmidt et al. 2018). In doing so, herbivore
population dynamics in these subalpine zones can be affected by limiting cycle amplitude
driven by limited resources, with high peak of herbivore densities occurring together with
high levels of plant defenses (during the growing season), when food resources are more
abundant.

The combination of such ecological events in response to global warming will possibly
accelerate new ecological and co-evolutionary dynamics in the boreal system. Although
challenging to do, we now have a basis for future long-term comparative studies fitting
ecological and molecular approaches together aiming to monitor species migration and
possibly changes in plant-herbivore relationships. These kinds of studies are important to
help us predicting possible ecological consequences of a changing climate on vulnerable
ecosystems, especially high-latitude systems where biodiversity is low and there are marked

dependences among species, such as bilberry and most insect and mammalian herbivores.

FUTURE PERSPECTIVES

In fact, elevational gradients have been effective tools for climate change studies on
plant-herbivore interactions. However, one of the barriers that limits the use of natural
elevational gradients to infer effects of abiotic factors, isolated or in combination, is the
complex of its interactions with biotic factors under natural systems. In doing so, other
interesting possibilities of manipulative experiments can be done aiming to isolate the effect
of specific environmental factors as predictors. For instance, comparing experimentally

warmed plants (e.g., by using open-top chambers) with not warmed plants would be useful
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to understand more about increasing temperature effects on plant defenses. As another
possibility, by experimentally adding or removing snow we could test effects of snow cover
on plant defenses. By combining such experiments with elevational gradients, aiming to
account for differences in nutrients, disturbance and other relevant factors for plant
defenses, although more challenging, would bring us much new knowledge.

Integrating ecological and molecular studies to understand plant defense systems
under natural conditions is complex, and a range of additional analysis could help us to
better understand our current findings. In the context of plant-plant interactions results, we
have also collected samples of untreated neighboring plant in the transect for future gene
expression analysis aiming to complement ecological findings. Besides that,
complementary lab analysis of other defense parameters, such as: collection and analysis of
volatiles; other secondary metabolites (e.g., flavonoids and phenolic acids), could help us
to better interpret current findings. Measures in photosynthetic activity and chlorophyll
content would be a good complement to understand reductions in gene expression of
photosynthesis and nitrogen-related genes and seasonal growth. Also, since bilberry has
interconnected ramets with extensive underground rhizomes that vary on size, a side
experiment in greenhouse with transplanted MeJA-treated and untreated neighboring
bilberry plants in pots, would help us to interpret the actual type of signaling strategy of our

plant-plant communication results.
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Abstract

Defenses induced by herbivore feeding or phytohormones such as methyl jasmonate
(MeJA) can affect growth, reproduction, and herbivory, not only on the affected in-
dividual but also in its neighboring plants. Here, we report multiannual defense,
growth, and reproductive responses of MeJA-treated bilberry (Vaccinium myrtillus)
and neighboring ramets. In a boreal forest in western Norway, we treated bilberry
ramets with MeJA and water (control) and measured responses over three consecu-
tive years. We observed the treatment effects on variables associated with her-
bivory, growth, and reproduction in the MelJA-treated and untreated ramet and
neighboring ramets distanced from 10 to 500 cm. MeJA-treated ramets had fewer
grazed leaves and browsed shoots compared to control, with higher effects in 2014
and 2015, respectively. In 2013, growth of control ramets was greater than MeJA-
treated ramets. However, MeJA-treated ramets had more flowers and berries than
control ramets 2 years after the treatment. The level of insect and mammalian her-
bivory was also lower in untreated neighboring ramets distanced 10-150 cm and,
consistent with responses of MeJA-treated ramets, the stronger effect was also one
and 2 years delayed, respectively. The same neighboring ramets had fewer flowers
and berries than untreated ramets, indicating a trade-off between defense and re-
production. Although plant-plant effects were observed across all years, the strength
varied by the distance between the MeJA-treated ramets and its untreated neigh-
bors. We document that induced defense in bilberry reduces both insect and mam-
malian herbivory, as well as growth, over multiple seasons. The defense responses
occurred in a delayed manner with strongest effects one and 2 years after the induc-
tion. Additionally, our results indicate defense signaling between MelA-treated
ramets and untreated neighbors. In summary, this study shows that induced defenses
are important ecological strategies not only for the induced individual plant but also

for neighboring plants across multiple years in boreal forests.
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bilberry, boreal forest, delayed response, methyl jasmonate, multiannual effects, plant-plant
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1 | INTRODUCTION

Plants have evolved a diversity of structural, constitutive, and in-
ducible defenses to protect tissues, seeds, and fruits from attacking
herbivores, fungi, and pathogens (Agrawal, 1999). Green and Ryan
(1972) were the first to demonstrate that plants under attack from
herbivores produce chemical defense compounds that help to pro-
tect them from further damage. For example, the emission of volatile
organic compounds (VOCs) functions as warning signals to deter her-
bivores and attract beneficial predatory insects (Dicke, 1999; Macel
& Vrieling, 2003; Melis et al., 2006; Nieminen, Suomi, Van Nouhuys,
Sauri, & Riekkola, 2003; Paré & Tumlinson, 1999). Moreover, plant
VOCs are key signals in plant-plant interactions, and work as exter-
nal signals in the activation of plant defense systems (Arimura et al.,
2002; Dolch & Tscharntke, 2000; Heil & Karban, 2010; Karban,
2001; Ruther & Kleier, 2005). Plant-plant interactions can occur
both above and belowground and are mediated through internal
signals driven by specific compounds moving within interconnected
ramets in clonal species (Gomez, Van Dijk, & Stuefer, 2010), or by
external VOCs emitted by neighboring plants (Rodriguez-Saona,
Rodriguez-Saona, & Frost, 2009). The role of these VOCs is mainly
regulated by the hormone jasmonic acid (JA) and related compounds,
which perform a key role in the activation of plant defense responses
(Staswick & Lehman, 1999; Wasternack et al., 1998). Laboratory and
field studies have shown that plant chemical defense systems can be
elicited experimentally by exogenous application of methyl jasmon-
ate (MeJA), a VOC derivate of jasmonic acid, known as an omnipres-
ent defense signal in plants (Koo & Howe, 2009; Pieterse, Van der
Does, Zamioudis, Leon-Reyes, & Van Wees, 2012).

In the boreal forest, bilberry (Vaccinium myrtillus L.) is a key
food plant for many insects, birds, and mammals (Hjéltén, Danell, &
Ericson, 2004; Jacquemart, 1993; Selas, 2001; Welch, Keay, Kendall,
& Robbins, 1997). As a result of its ecological importance, bilberry
is an ideal organism for studies on inducible plant defense re-
sponses, as well as plant-plant and plant-animal interactions under
natural field conditions. In previous studies, defenses induced by
herbivore feeding or MeJA treatment were shown to reduce her-
bivory and increase reproduction of the damaged or treated bilberry
plants (Hegland, Seldal, Lilleeng, & Rydgren, 2016; Seldal, Hegland,
Rydgren, Rodriguez-Saona, & Topper, 2017). However, little is known
from natural systems about the multiannual effects of induced plant
defenses. Similarly, the extent to which such effects are transferred
to neighboring plants is unknown (Karban, Ishizaki, & Shiojiri, 2012;
Karban & Maron, 2002). Such studies may improve our understand-
ing of the ecological consequences of induced defenses and plant-
plant interactions on herbivore population dynamics.

Over three consecutive years, we explored plant defense ac-
tivation in response to exogenous MeJA application in bilberry
and its effects on untreated neighboring bilberry ramets under
natural field conditions. Inducible plant defense responses are
assumed to be energetically costly due to the allocation of re-
sources from growth and reproduction to defense (Karban,
Yang, & Edwards, 2014; Rodriguez-Saona, Polashock, & Malo,
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2013; Sampedro, Moreira, & Zas, 2011; Seldal etal., 2017).
Thus, in the first year after treatment, we predicted decreased
insect and mammalian herbivory and reduced plant size (growth)
and reproduction in MelA-treated bilberry ramets compared
to untreated controls (prediction 1). Based on the role of VOCs
in the detection of induced defenses in neighboring plants
(Arimura et al., 2002; Dolch & Tscharntke, 2000; Farag & Pare,
2002; Hare, 2011; Heil & Karban, 2010; Karban, 2001; Karban,
Baldwin, Baxter, Laue, & Felton, 2000; Ruther & Kleier, 2005),
we also predicted less herbivory and reduced growth and re-
production of untreated neighboring ramets at short distances
from the induced plant (i.e. 10-500 cm; prediction IlI). Finally,
because bilberry is a relatively slow-growing perennial and de-
ciduous shrub (Flower-Ellis, 1971; Jacquemart & Thompson,
1996; Ritchie, 1956), we predicted a 1-year delay of the largest
resource allocation effects, and possible long-term (multiannual)
reduction in growth, reproduction, and insect and mammalian
herbivory of MelA-treated and untreated neighboring ramets
(prediction 1) (Haukioja, Suomela, & Neuvonen, 1985; Zvereva,
Kozlov, Niemel&, & Haukioja, 1997).

2 | MATERIAL AND METHODS

2.1 | Study system

We conducted a study of induced plant defense from 2013 to 2015
in a ca. 20-year old 50 x 200 m clear-cut in a pine forest at 350 m
above sea level. The study area, Kaupanger in western Norway
(61.2°N, 007.2°E), has annual precipitation of 700-900 mm and a
mean summer temperature range of 12-16° C (Moen, 1999). Pine
(Pinus sylvestris L.), bilberry (V. myrtillus), lingonberry (Vaccinium
vitis-idaea L.), and crowberry (Empetrum nigrum L.) are the most
abundant plant species in the field layer. The area has a dense
winter population of red deer (Cervus elaphus L.), which is the
most abundant wild ungulate in Norway (pers. obs. S.J. Hegland).
Bilberry, our study species, is a long-lived deciduous clonal dwarf
shrub, with evergreen stems usually 10-60 cm high (Flower-Ellis,
1971; Ritchie, 1956). Although we do not have specific informa-
tion regarding clone size and distribution for the study area, we
have based our work on the assumption that rhizomes can reach
around 200 cm in length, depending on age, and the proportion
of genetic variation within population is high (Albert, Raspé, &
Jacquemart, 2003, 2004; Flower-Ellis, 1971). Bilberry is also a
key species in boreal and alpine ecosystems because of its eco-
logical role as a food source for many invertebrate and vertebrate
species (Dahlgren, Oksanen, Sjédin, & Olofsson, 2007; Hegland,
Jongejans, & Rydgren, 2010). The main mammalian herbivores
feeding on bilberry in the study area are red deer and various
rodent species, whereas the most common insect herbivores are
Geometridae larveae (pers. obs. S.J. Hegland). Bumblebees, hon-
eybees, and syrphid flies are the main pollinators for this species
(Jacquemart, 1993; Jacquemart & Thompson, 1996).
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2.2 | Experimental design and treatments

In June 2013, we established ten blocks of 350 m? (10 m x 35 m),
leaving a minimum of ten meters between each block to avoid inter-
action. To reduce variation in light conditions, humidity, and snow
cover, we established the ten blocks oriented in the same direction
in a uniform clear-cut facing southwest. Within each block, four
transects were established at least ten meters apart with five indi-
vidually marked bilberry ramets in each, ranging in height from 10 to
25 cm. The five ramets were located 10-40 cm (dist. 1), 40-80 cm
(dist. 2), 80-150 cm (dist. 3), and 400-530 cm (dist. 4) from ramet
one (dist. 0) in each of the transects (Figure 1). Transects were sub-
sequently randomly assigned and exposed to two treatments with
two replicates in each block. In 2013, we treated the first ramet (dist.
0) in each transect with either 10 mM MeJA (experimental transects)
or water (control transects). Spraying was repeated three times
within 2 weeks in the first year (2013). Prior to treatment applica-
tion, MeJA was diluted with 95% (v/v) ethanol and then with water
to provide 10 mM MeJA (Seldal et al., 2017). To avoid rapid evapo-
ration of MeJA, a wad of cotton wool was attached to the stem of
the ramet at ground level and saturated with the assigned treatment
until the point of runoff (Seldal et al., 2017). The ramets were not
exposed to further treatments in 2014 and 2015 to evaluate pos-
sible multiannual effects on growth, reproduction, and herbivory.

wsm Cotton wad

(— Height of ramet

FIGURE 2 A bilberry ramet including
= size recordings, and timeline for the

72ds induction and response period when the
measurements were recorded. ds: days
MelJA: Methyl jasmonate

J._ Rhizome network

We treated only the first ramet in each transect to evaluate possible
effects of plant-plant interaction between MeJA-treated and its un-
treated neighboring ramets.

2.3 | Sampling procedure

Before the start of the MeJA treatments (6 June, 2013), we meas-
ured ramet height from the ground to crown with a ruler and stem di-
ameter at ground with digital calipers. We also counted the number
of annual shoots, flowers, leaves, browsed shoots, and leaves grazed
by chewing insects (Figure 2). We repeated recordings of these vari-
ables 30 and 72 days after the initial treatment in 2013. In these
subsequent recordings, we also counted berries. We repeated the
measurements in 2014 and 2015. Plant height (H), stem diameter
(DS), and number of shoots (AS) were used to calculate dry mass
(DM) of each ramet as a nondestructive estimation of plant size using
the formula of Hegland et al. (2010): log,(DM) = 1.41700 x log,(DS)
+0.97104 x Iogz(H) +0.44153 x Iogz(AS +1) - 7.52070.

2.4 | Data analysis

We analyzed how exogenous MelJA application of bilberry ramets
affected growth (dry mass), reproduction (number of flowers and
berries), and herbivory (ratio of grazed leaves by insect herbivores;
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number of browsed shoots by large herbivores) by comparing un-
treated control ramets at dist. O with corresponding ramets in
the experimental transects (MeJA dist. 0 = MeJA-treated ramets;
MelJA dist. 1-4 = untreated ramets with increasing distances from
the treated ramet). For each response variable, we parameterized
a generalized linear mixed-effects model under Bayesian inference
with intercepts and seasonal time slopes (three seasonal censuses)
for each treatment (control, MeJA dist. 0-4) in every year (2013-
2015), that is, we adopt a “means parameterization” approach (see
also Section 2.4.2 for interpretation) (Kéry, 2010). In these mod-
els, differences in intercepts between control and MeJA treatment
ramets represent differences in the respective responses at the first
census in each year (intercept effect). Differences in slopes reflect
differences in the temporal development during the season (slope
effect). Effects on reproduction (flowers and berries) were analyzed
yearly, based on records from the last census in each year. All models
included random intercepts for each individual to account for the
repeated measurements through time. For models of dry mass, we
used a Gaussian error distribution with an identity link; for models
of “ratio of insect grazed leaves,” we used a binomial error distribu-
tion with a logit-link; and for models of “number of browsed shoots,”
“number of flowers,” and “number of berries,” we used a Poisson
error distribution with a log-link. The binomial and Poisson models
were specified to account for overdispersion by extending the error
structure with an observation-level random intercept effect (mod-
eling of errors drawn from a normal distribution extra to the implicit
deviation in the Poisson family). Furthermore, the Poisson models
were specified to account for zero-inflation (did not apply to flower/
berry models) by modeling an observation-level Bernoulli process
(Kéry, 2010). Upon inclusion of “block” as a random effect, the mod-
els failed to converge, which likely was due to increasingly uneven
sampling size in 2014 & 2015 following the death of some plants.
Therefore, we decided to focus on modeling individual random ef-
fects, overdispersion, and zero-inflation. All models were run using
the “rjags” library (Plummer, 2013) in R (R Core Team, 2016).

2.4.1 | Specifications of statistical models under
Bayesian inference

We used uninformative priors for the MCMC runs: For the treatment
intercepts and time slopes, a normal distribution with a mean of 0
and a standard deviation of 0.001 was used, and for the (random)
individual intercepts, we used a normal distribution with a mean
of 0 and a standard deviation which was randomly drawn from a
uniform distribution between 0 and 100. The treatment precisions
(in the Gaussian models), the observation precisions (in Poisson’s
models with overdispersion), and individual precisions (random in-
tercepts for individual) were specified as the inverse of a uniform
distribution between 0 and 100. We specified four Markov chains
with 200,000 samples each from which the first 100,000 iterations
were discarded as an adaptation phase. From the remaining 100,000
posterior samples in each of the four chains, every 20th value was
retained to save disk space; this resulted in a total of 20,000 final
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posterior samples per model. We assessed model convergence by
visually checking trace plots of the Markov chains and by applying
the Gelman and Rubin’s convergence diagnostic (values below 1.1
were accepted). Model performance was checked visually through
posterior density plots (only unimodal distributions without shoul-
ders were accepted).

2.4.2 | Interpretation of model results under
Bayesian inference

Bayesian analyses result in posterior distributions for every model
parameter, and this subsequently allows us to deduce the signifi-
cance of differences in intercepts and slopes between controls and
all distances in the MeJA transects in all years. We assessed this
significance by subtracting the respective control posterior distri-
butions from their corresponding MeJA posterior distributions and
calculating the ratio of the resulting values below and above zero.
Positive numbers mean that MeJA-treated ramets had a higher value
for the respective variable or had a greater time slope value than did
control ramets. Negative numbers mean that MeJA-treated ramets
had lower values for the respective variable or had smaller time
slope values than did the control ramets.

3 | RESULTS

3.1 | Inducible defense responses

Methyl jasmonate-treated ramets showed significantly less insect
herbivory than control ramets through the growth season in the first
year (slope effect; Table 1; Figure 3), as well as on average (intercept
effect and absence of slope effect; Table 1) in the following years,
with a particularly strong effect of about ten times fewer grazed
leaves in 2014 (Table 1). In 2014 and 2015, there was no significant
reduction in insect herbivory through the growth season for the
MelJA-treated ramets (slope effect; Table 1; Figure 3). We did not
observe differences in the number of browsed shoots by large her-
bivores between MeJA-treated and control ramets in 2013 or 2014,
but in 2015, MeJA treatment resulted in four times fewer browsed
shoots compared to the control (negative intercept effect; Table 1).
In 2013, the growth of untreated bilberry ramets (control) was
slightly higher compared to MeJA-treated ramets (marginally signifi-
cant slope effect; Figure 3; Table 1), but in 2014 and 2015, we did
not find any growth differences between control and MeJA-treated
ramets (Table 1). The numbers of flowers and berries did not dif-
fer between MeJA-treated and untreated ramets in 2013 or 2014
(Table 1). However, 2 years after treatments (2015), MeJA-treated
ramets carried 2.6 more flowers and three times as many berries
on average, in comparison with untreated control ramets (Table 1).

3.2 | Ramet interactions

In 2013, we did not find any differences in insect herbivory between
MelJA-treated and control ramets at dist. 1 (10-40 cm; Table 2). However,
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TABLE 1 Effects of methyl jasmonate
(MeJA) on inducible defense responses in

Intercept Slope Intercept Slope Intercept Slope treated bilberry ramets over three
consecutive years

2013 2014 2015

Insect grazed  0.56 -0.79** -2.67** 0.35 -0.92% -0.16
leaves

Browsed -0.10 -0.14 -0.13 -0.10 -1.97** 0.60*
shoots

Dry mass -0.09 -0.15" -0.30 -0.030 -0.18 -0.15

Flowers -0.37 NA -0.39 NA 1.71% NA

Berries -0.28 NA -0.29 NA 1.87* NA

Notes. This table shows the effect values of MeJA on intercepts (mean) and time slopes for the
MelJA-treated ramets in relation to the control at distance O over three consecutive years. Effects on
the intercept reflect general differences on average in each year. Effects on the slope reflect differ-
ences in the temporal development during the respective season. Positive numbers mean that
MeJA-treated ramets had higher values for the respective variable or had a higher time slope than
the controls. Negative numbers mean that MeJA-treated ramets had lower values for the respective
variable or had lower time slope than the controls. For reproduction variables (flowers and berries),
seasonal slopes are not applicable (NA) as they are measured once per season, and only annual
means per treatment (intercept effect) are reported.

Significance is indicated by: ***<0.001, **<0.01, *<0.05, (*) <0.1.

2013 2014 2015

L H = Control
- . = Mela

0.2

Grazed leaves/total leaves

Drymass (log2)

T T T T T T T T T

1 2 3 1 2 <) 1 2 3
Sampling time

FIGURE 3 Development in time slope of insect herbivory (ratio of grazed leaves) and growth (dry mass) of bilberry for methyl jasmonate-
treated (dist. 0) and control ramets. Data points were jittered around the three sampling times (6 June, 7 July and 17 August) in order to
promote readability of the plots

a significant reduction in insect herbivory was found for ramets at dist. dist. 1, 2, and 3 (10-150 cm; p < 0.05) in 2014, and at dist. 1 (10-40 cm;
2 (40-80 cm; p < 0.1), dist. 3 (80-150 cm; p < 0.1), and dist. 4 (400- p < 0.01) and 3 (80-150 cm; p < 0.05) in 2015 (intercept effects; Table 2).
530 cm; p < 0.05) through the growth season (slope effect; Table 2). In We did not find any difference in the number of browsed shoots
the two following years, we found reduced insect herbivory on ramets at through the first growing season for any of the ramets in the MeJA
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transects (no slope effect in 2013; Table 2). However, in 2013 at dist.
1 (10-40 cm; p < 0.05), 2 (40-80 cm; p < 0.05), and 4 (400-530 cm;
p < 0.1), we found significantly fewer browsed shoots on average in
MelJA transects compared to control transects (intercept effects in
2013; Table 2). In both 2014 and 2015, ramets at distance 1 (10-
40 cm) had significantly fewer browsed shoots compared with con-
trol ramets (intercept effects in 2014 and 2015; Table 2).

In 2013, we did not find growth differences through the growth
season for any of the untreated ramets in the MeJA transects (no
slope effect in 2013; Table 2). No slope effect was observed in 2014
and 2015 either (Table 2). However, from the start of the experi-
ment, neighboring ramets in the MeJA transects had significantly
smaller dry mass compared to ramets in the control transects (in-
tercept effects in 2013; Table 2). These size differences were main-
tained in the MeJA transects in both 2014 and 2015 (Table 2).

In 2013, we found significantly fewer flowers and berries in
ramets at distances 1-3 (10-150 cm; p < 0.01 and p < 0.05) in the
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MelJA transects (Table 2). In 2014, only ramets at distance 1 (10-
40 cm; p < 0.01) had significantly fewer berries compared to control
ramets (intercept effect in 2014; Table 2), whereas in 2015 only
ramets at distance 3 (80-150 cm) had significantly fewer flowers
(p < 0.05) and berries (p < 0.1) compared to control ramets (intercept
effects in 2015; Table 2).

4 | DISCUSSION

We found significant changes in herbivore resistance, growth, and
reproduction after MeJA application to wild bilberries under natural
environmental conditions over three consecutive seasons. Induced
ramets showed significant reductions in growth and herbivory, in-
dicating an efficient strategy of allocating resources from growth
to defense over the growing season in the first year (prediction I).
Moreover, our findings also show that this state of defense varies in

TABLE 2 Effects of methyl jasmonate (MeJA) on inducible plant defense response of untreated neighboring bilberry ramets at different
distances over three consecutive years

dist. 1 dist. 2 dist. 3 dist. 4
Interc. Slope Interc. Slope Interc. Slope Interc. Slope
2013
Insect grazed -0.29 -0.28 0.66 -0.55%) 0.32 -0.51% 0.84 -0.60*
leaves
Browsed shoots -0.70* 0.09 -0.76 0.14 -0.52 -0.03 -0.64% 0.12
Dry mass -0.84"* -0.05 -0.74% 0.06 -0.73* -0.04 -0.51* -0.03
Flowers -1.220 NA -1.25M NA -1.60* NA -0.20 NA
Berries -0.82% NA -1.11* NA -1.11* NA 0.07 NA
2014
Insect grazed -1.04* -0.17 -1.44* -0.18 -1.35* -0.17 -0.46 -0.11
leaves
Browsed shoots -1.22* -0.12 -0.08 -0.49** -0.70 -0.37% -0.76 -0.16
Dry mass -1.03*** -0.01 -0.68* -0.12 -0.63* -0.03 -0.40 -0.03
Flowers -0.32 NA -0.35 NA -0.06 NA -0.40 NA
Berries -0.45** NA -0.17 NA -0.09 NA -0.14 NA
2015
Insect grazed -1.55** 0.48 0.81 0.03 -1.64* 0.05 -0.71 -0.04
leaves
Browsed shoots -2.18*** 0.27 -1.50* 0.43% -0.92 -0.09 -1.88* 0.27
Dry mass -0.90** -0.21 -0.62* -0.07 -0.34 -0.38 -0.08 -0.34
Flowers -0.54 NA -0.24 NA -0.84* NA -0.11 NA
Berries -0.40 NA -0.28 NA -0.60% NA -0.08 NA

Notes. This table shows the effect of MeJA on intercepts (mean) and time slopes for untreated neighbor ramets at different distances (experimental
transect) in relation to the control at dist. O (control transect) over three consecutive years. Effects on intercept reflect general differences on average
in each year. Effects on slope reflect differences in the temporal development during the respective season. Positive numbers mean that neighbor
ramets at respective distance had higher values for the respective variable or had higher time slope than the controls. Negative numbers mean that
neighbor ramets at respective distance had lower values for the respective variable or had lower time slope than the controls. For reproduction vari-
ables (flowers and berries), seasonal slopes are not applicable (NA) as they are measured once per season, and only annual means per treatment (inter-
cept effect) are reported.

Significance is indicated by: ***<0.001, **<0.01, *<0.05, (*) <0.1.
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strength and persists across subsequent years (multiannual effect).
As predicted, there was a delay of 1 year for the strongest resistance
effect to insect herbivores in the MeJA-treated ramets (prediction
111). However, this delayed effect was even longer (2 years) for re-
sistance to herbivory by large animals. In the context of plant-plant
interactions, our results indicate long-distance signaling transfer re-
lated to defense between MeJA-treated ramets and its untreated
neighbors under natural conditions (prediction ). The effects of this
signaling process on untreated neighboring ramets were multian-
nual, and its highest effect was delayed, consistent with the patterns
found on the MeJA-treated ramets (prediction Il1).

4.1 | Inducible defense responses

The responses related to plant growth (dry mass) and insect her-
bivory to MelA application in the first year (2013) suggest that
treated plants rapidly allocate resources from growth to defense.
These results corroborate previous studies showing that MelJA
application on bilberry ramets reduces insect and mammalian her-
bivory at the expense of growth and reproduction (Hegland et al.,
2016; Seldal et al., 2017).

Insect herbivory was significantly reduced in the MeJA-treated
ramets for two subsequent growing seasons (2014 and 2015), indi-
cating a multiannual defense response in bilberry. This multiannual
allocation of resources from growth to defense after MeJA treat-
ment in 2013 may explain the lack of a seasonal reduction in insect
herbivory in 2014 and 2015 because these plants may already be
in a state of “alert” from the previous year. Consistent with our
prediction (Il), the largest effect in resistance to insect herbivory
was found 1 year after the treatment (2014), where MeJA-treated
ramets exhibited about ten times fewer insect grazed leaves com-
pared to controls, followed by reduced herbivory 2 years after
treatment (2015). For long-lived plants, the defense system can be
active across multiple growing seasons, a phenomenon referred to
as “delayed induced resistance,” depending on the life history of the
plant and previous grazing pressure (Haukioja et al., 1985; Zvereva
etal., 1997). Induced plant defense responses can persist over a
large range of time intervals from rapid (e.g. a few hours or days)
to annually delayed induced responses (Agrawal, 1999; Karban
& Baldwin, 1997). A study of MeJA-treated Norway spruce (Picea
abies) showed less bark beetle colonization and higher terpene
content soon after treatment and a relaxation of the defense in
the next growing season (Erbilgin, Krokene, Christiansen, Zeneli, &
Gershenzon, 2006). Conversely, studies of deciduous trees report
more delayed defense responses, which can last for years after the
induction (Haukioja, 1982; Haukioja, Ruohoméki, Senn, Suomela,
& Walls, 1990; Neuvonen, Haukioja, & Molarius, 1987; Schultz &
Baldwin, 1982; Tuomi, Niemel&, Haukioja, Sirén, & Neuvonen, 1984;
Valentine, Wallner, & Wargo, 1983). In a meta-study, Nykinen and
Koricheva (2004) showed that induced defense responses in woody
plants have the strongest negative impact on the performance of the
next generation of herbivores, suggesting a strong delayed defense
response in such species.

Two years after treatment (2015), we found reduced herbivory
by large mammalian herbivores, where MeJA-treated ramets had
on average four times fewer browsed shoots compared to control
ramets. These results suggest that there is a long-term buildup
of defense against large vertebrate herbivores such as red deer,
which are abundant in the study area. Generally, rapidly induced
plant defenses affect the performance of short-lived invertebrate
herbivores, whereas delayed induced defense responses affect
the next generation of short-lived invertebrate and long-lived ver-
tebrate herbivores (Haukioja & Hanhiméki, 1985). In addition, de-
layed induced resistance involves “quantitative defenses,” which
are effective against both specialists and generalists, in contrast to
rapid induced resistance which involves “qualitative defenses” that
are more efficient against generalists but not specialists (Rhoades,
1979). Although costly, quantitative defenses provide better protec-
tion against specialized and polyphagous herbivores because they
act in a dosage-dependent manner (Price, Denno, Eubanks, Finke,
& Kaplan, 2011). According to the plant apparency theory, plants
that are easily found by herbivores, such as trees and shrubs, should
invest heavily in quantitative defenses that are effective against a
broad spectrum of herbivores (Feeny, 1976). Bilberry is an “appar-
ent” deciduous shrub which store reserves of carbon in stems and
roots, enabling it to produce quantitative carbon-based defenses
(e.g. flavonoids and tannins), which are efficient against specialist
mammalian herbivores present in the boreal forest, such as red deer
(Gallet, 1994). As a result, we hypothesize that bilberry plants may
use multiple induced defensive tactics against herbivores: Some are
rapidly induced and more efficient against insect herbivores (likely
qualitative defenses), while others are delayed induced and more ef-
ficient against mammalian herbivores (likely quantitative).

We found that the MeJA treatment led to a reduction in growth
(dry mass) in the year of treatment (2013). In contrast to our last
prediction (11l), this allocation of resources from growth to defense
was not significant in the years following treatment. Interestingly,
2 years after treatment (2015), the numbers of flowers and berries
of MeJA-treated plants increased significantly (2.6 and three times,
respectively) compared to control plants, suggesting that the defense
system reduces herbivory and increases long-term reproductive suc-
cess of bilberry. These results indicate that defense mobilization in
bilberry lasts for years and thus increases the fitness of defended
plants. Although jasmonate-induced responses function as defenses,
this is considered costly for the plant as it has to allocate important
resources from growth, reproduction, or other functions. Therefore,
as inducible defense responses are considered to be a cost-saving
strategy, plants have the capacity to time the production of these
chemicals according to the current environmental conditions, and
hence avoid using resources on defenses when they are not needed
(Baldwin, 1998). Taking into account the existing competition for lim-
ited resources in the boreal forest system, as well as considering the
relatively low MeJA effect on treated plants after 2 years, we suggest
that induced bilberry plants used a cost-saving strategy in 2015 by
foregoing the excessive costs to allocate resources from reproduction
to defenses when these are considered ecologically unnecessary.
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4.2 | Multiannual ramet interactions

Untreated bilberry ramets growing at distances of between ten cen-
timeters to five meters from MeJA-treated ramets showed reduced
insect herbivory compared to untreated control ramets. These find-
ings indicate that the MeJA itself or the emission of VOCs from
MeJA-treated ramets can activate the defense system of untreated
neighbor ramets at distances of up to five meters. Our results are
consistent with results from studies involving other species where
above- and belowground signaling activate the defense system and
reduce herbivory of untreated neighbor plants (Baldwin, Kessler, &
Halitschke, 2002; Dicke & Bruin, 2001; Heil & Karban, 2010; Pickett,
Rasmussen, Woodcock, Matthes, & Napier, 2003).

Bilberry has interconnected ramets with extensive below-
ground rhizomes (Tolvanen & Laine, 1997). Therefore, both air-
borne and belowground signaling probably contributed to the
activation of the defense system of untreated ramets in this study
(Chen, Lei, & Liu, 2011; Gémez, Latzel, Verhulst, & Stuefer, 2007;
Gomez & Stuefer, 2006; Gémez et al., 2010). Regardless of the type
of signaling strategy, the evidence here and in other studies sup-
ports two types of responses by the neighboring “eavesdropping”
plants: The induction of a direct defense mechanisms that makes
them resistant to subsequent herbivory (e.g. altering palatability
and/or toxicity of leaf tissues) and an indirect defense strategy,
such as the recruitment of natural enemies as “bodyguards” (Dicke,
Agrawal, & Bruin, 2003).

The elevated resistance to herbivory of untreated neighbor ra-
mets lasted for several growth seasons, although this varied in time
and space. In 2013, we found reduced insect herbivory of untreated
ramets growing at distances of up to five meters from the MeJA-
treated ramets. In the subsequent growing season (2014), however,
only ramets growing close to the MeJA-treated ramets showed less
insect herbivory compared to control ramets. Consistent with the
results found among the MeJA-treated ramets, untreated neighbor
ramets were most resistant to herbivory in 2014. Two years after the
MeJA treatment (2015), the effects of the defense system started
to relax in some of the neighbor ramets at greater distances from
the MeJA-treated ramet. Previous studies that resurrected inter-
plant communication in the last decade have shown similar results
by conducting laboratory and field experiments and exploring mo-
lecular, physiological, and ecological data. For instance, Dolch and
Tscharntke (2000) demonstrated that experimental defoliation of
single trees in different sites in Germany caused natural herbivory
to increase with distance from the defoliated tree, and the authors
attributed this effect to above- or belowground signaling. Similar to
our study, another field experiment conducted over three consec-
utive years showed that experimentally damaged sagebrush plants
led to herbivory resistance in neighboring tobacco plants compared
to those neighboring undamaged sagebrush (Karban et al., 2000).
This plant-plant interaction process was correlated with induced
emissions of MeJA in damaged sagebrush and increased production
of an important defense chemical (polyphenol oxidase) in the neigh-
boring tobacco plants.
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An unexpected situation occurred regarding our growth-related
results on untreated neighboring ramets. Untreated neighboring ra-
mets from the experimental transects were significantly smaller than
the ramets from the control transects already at the onset of the ex-
periment in 2013 (i.e. significant intercept effect in 2013). Because
of this bias in plant size, we cannot imply that the observed differ-
ences in dry mass are a result of a trade-off between growth and
defense caused by plant-plant interaction. However, this bias likely
remains without any effect for our interpretation, as neither our data
or analysis show any signs of differences for dry mass during the sea-
son (slope effects) between controls and MeJA neighboring ramets.

We found the strongest resistance against herbivorous insects
in untreated neighbor ramets 1year after the MelJA treatment
(2014; Insect grazed leaves; Table 2), where ramets at dist. 1, 2, and
3 (10-150 cm) showed on average four times less insect herbivory
compared to control ramets. However, browsing by large mammalian
herbivores was lowest in untreated neighbor ramets in 2015, 2 years
after the MeJA treatment (2015; Browsed shoots; Table 2). Both
results are consistent with the responses of MeJA-treated ramets
in 2014 and 2015 (Insect grazed leaves; Browsed shoots; Table 1).
As a result, our findings on untreated neighboring ramets appear to
be consistent with the results found for the MeJA-treated ramets,
suggesting that both defensive strategies of induced plants and its
neighbors are effectively multiannual and that the strongest effects
are delayed.

For inducible resistance to cause cyclic fluctuations in herbivore
populations, the intensity of the rapid inducible resistance has to
be weaker than the long-term resistance in the subsequent years
(Haukioja & Hanhimé&ki, 1985). However, as indicated by several
authors (Fox, 1981; Hogstedt, Seldal, & Breistgl, 2005; Lundberg,
Jaremo, & Nilsson, 1994; Myers, 1988; Seldal, Andersen, & Hogstedt,
1994; Spencer, 2013; Underwood, 1999), more studies of the de-
layed action of plant defense responses under natural field condi-
tions are necessary to better understand how these systems affect
herbivore populations. However, due to the large scale (i.e. space,
time) and complexity of ecosystems, such studies are challenging
to design (Underwood, 1999). Nevertheless, there are some studies
that show close correlations between bilberry production and local
population sizes of both insects and large herbivores known to feed
on bilberry (Selas, 1997, 2000, 2006; Selas, Kobro, & Sonerud, 2013).

In summary, our findings provide evidence for long-term effects
of plant-plant signaling mediated by jasmonate-induced responses
in bilberry, indicating that induced plants are “good” neighbors due
to ecological facilitation with conspecifics under natural conditions.
The demonstrated effects of below- and aboveground plant-plant
interactions, especially related to herbivore resistance, varied in ef-
ficacy according to time (seasons after induction) and distance from
the induced plant emitting the chemical information to its neighbors.
Moreover, the documented multiannual effect and the delay of the
highest level of induced resistance on MeJA-treated and untreated
neighbor bilberry ramets may have important implications for our
understanding of outbreaks of insect and mammalian herbivore pop-
ulations in the boreal ecosystem.
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Abstract

Background: Bilberry (Vaccinium myrtillus L) is one of the most abundant wild berries in the Northern European
ecosystems. This species plays an important ecological role as a food source for many vertebrate and invertebrate
herbivores. It is also well-recognized for its bioactive compounds, particularly substances involved in natural
defenses against herbivory. These defenses are known to be initiated by leaf damage (e.g. chewing by insects)
and mediated by activation of the jasmonic acid (JA) signaling pathway. This pathway can be activated by
exogenous application of methyl jasmonate (MeJA), the volatile derivative of JA, which is often used to stimulate
plant defense responses in studies of plant-herbivore interactions at ecological, biochemical, and molecular
organismal levels. As a proxy for herbivore damage, wild V. myrtillus plants were treated in the field with MeJA
and changes in gene expression were compared to untreated plants.

Results: The de novo transcriptome assembly consisted of 231,887 unigenes. Nearly 71% of the unigenes were
annotated in at least one of the databases interrogated. Differentially expressed genes (DEGs), between MeJA-
treated and untreated control bilberry plants were identified using DESeq. A total of 3590 DEGs were identified
between the treated and control plants, with 2013 DEGs upregulated and 1577 downregulated. The majority of
the DEGs identified were associated with primary and secondary metabolism pathways in plants. DEGs associated
with growth (e.g. those encoding photosynthesis-related components) and reproduction (e.g. flowering control
genes) were frequently down-regulated while those associated with defense (e.g. encoding enzymes involved in
biosynthesis of flavonoids, lignin compounds, and deterrent/repellent volatile organic compounds) were up-
regulated in the MeJA treated plants.

Conclusions: Ecological studies are often limited by controlled conditions to reduce the impact of environmental
effects. The results from this study support the hypothesis that bilberry plants, growing in natural conditions, shift
resources from growth and reproduction to defenses while in a MeJA-induced state, as when under insect attack. This
study highlights the occurrence of this trade-off at the transcriptional level in a realistic field scenario and supports
published field observations wherein plant growth is retarded and defenses are upregulated.
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Background

Bilberry (Vaccinium myrtillus L.), also known as Euro-
pean blueberry, is one of the most abundant wild berries
in the Northern European ecosystems. This is a
long-lived deciduous clonal shrub, with evergreen stems
usually 10-60 cm tall occurring mainly in the Eurasiatic
boreal zone where it regularly constitutes about 40% of
the ground cover [1]. Bilberry plays an important eco-
logical role as food source for many species of vertebrate
and invertebrate herbivores, pollinators, and fruit-eating
birds and mammals in the boreal ecosystems [2—8]. This
species is also well recognized for its bioactive properties
and has attracted worldwide interest for being consid-
ered as one of the best sources of phenolic compounds,
especially anthocyanins and other flavonoids [9-11].
From an ecological standpoint, such phenolic com-
pounds and other secondary metabolites are known to
play both direct and indirect roles in plant defense
against biotic and abiotic stresses. For instance, some
secondary metabolites are volatile organic compounds
(VOCs), which can directly deter herbivores and/or pro-
vide insects with oviposition and feeding cues [12, 13].
These compounds can also act indirectly as chemical de-
fenses by recruiting natural enemies [14, 15].

Jasmonic acid (JA), and its VOC analog methyl jasmo-
nate (MeJA) are signaling molecules produced by plants,
especially when subjected to environmental stresses such
as wounding or pathogen attack. Once the plant per-
ceives JA signals, a considerable reprogramming of gene
expression occurs. Consequently, changes in the regula-
tion of important pathways are made, including the in-
duction of defensive genes and their associated
biosynthetic pathways [16]. Inducible defense responses
in plants can also be activated by exogenous application
of MeJA. These responses to MeJA are similar to those
induced by natural induction and include production of
a range of toxic metabolites and anti-digestive proteins,
such as proteinase inhibitors, which harm both specialist
and generalist herbivores [17]. Studies in Nicotiana
attenuata plants showed that trypsin proteinase inhibi-
tor activity increased after MeJA elicitation [18]. As
MeJA-induced responses are generally similar to those
induced by insect herbivory [19], the application of ex-
ogenous MeJA is a useful tool to stimulate plant resist-
ance in studies of plant-herbivore interactions at
multiple organismal levels.

Recent ecological studies have reported significant
changes in bilberry plants induced with MeJA treatment
in their natural environments, including significant reduc-
tion in insect herbivory and plant growth [3, 20-22].
These studies have documented an apparent trade-off be-
tween growth/reproduction and defense in bilberry plants.
However, little is known about the global changes in gene
expression in induced plants to optimize their resource
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allocations from growth/reproduction to defense. Mayrose
et al. [23] identified several genes, including a protein
phosphatase 2C and the HD-Zip transcription factor
Athb-8, whose expression are associated with trade-offs
between growth and defense in common sunflower (Heli-
anthus annuus). Similarly, Mitra and Baldwin [24] showed
that RuBPCase activase, an abundant photosynthetic pro-
tein, mediates growth-defense trade-offs in N. attenuata
by attenuating JA-induced defenses. However, changes in
bilberry plants at the transcriptome level in response to
defense induction by using MeJA have not yet been re-
ported, though such changes must be a prerequisite to in-
duce the synthesis of defensive metabolites and proteins
related to plant defense [25].

The aim of our current work is to report, for the first time,
a comprehensive transcriptome profile of MeJA-induced bil-
berry plants as compared to untreated control plants. Since
defense- induced bilberry plants display an effective trade-off
between growth/reproduction and defense [21, 22], we predict
finding supporting evidence at the transcriptional level. Specif-
ically, we expect to find down-regulation of important genes
involved in growth and reproduction and up-regulation of
defense-related genes. From this, we aim to provide a catalog
of the primary genes, including those that are differentially
expressed, involved in growth, reproduction and plant defense
pathways of this ecologically important species in the boreal
ecosystem.

Results

Transcriptome assembly, functional annotation, and gene
expression

An average of 71,799,744 reads were generated for
MeJA-treated samples after filtering, with 95.37% > Q20
and 46.1% GC content. Control samples generated
62,801,772 reads after filtering, 95.49% > Q20 and 46.3%
GC content. The de novo transcriptome assembly con-
sisted of 231,887 unigenes. Among the total assembled
unigenes, 60,519 were 500 bp — 1 kbp, 51,029 were 1-2
kbp and 42,432 were>2 kbp, with a mean unigene
length of 1226bp and an N50 of 1987bp. Of the
231,877 unigenes detected, 164,262 or 70.83%, were an-
notated in at least one of the databases interrogated.

For expression analysis, the de novo transcriptome fil-
tered by Corset was used as the reference and nearly
80% of all reads mapped back to the reference. The frag-
ments per kilobase of exon per million fragments
mapped (FPKM) distribution showed that overall expres-
sion levels were similar between the MeJA plants and
the untreated controls. A total of 3590 DEGs were iden-
tified between control and MeJA-treated bilberry plants
with 2013 DEGs being up regulated and 1577 being
down regulated (Fig. 1).

Predicted genes were analyzed with Blast2GO for
Gene Ontology (GO) classification and grouped into
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three main GO domains: Biological Process (BP), Cellu-
lar Component (CG) and Molecular Function (MF). The
seven predominant GO terms were: cellular process,
metabolic process, single-organism process, cell, cell
part, binding and catalytic activity (Fig. 2a). All associ-
ated GO term categories contained several differentially
expressed genes, both upregulated and downregulated
(Fig. 2b). The significantly enriched GO terms in DEGs
were oxidation-reduction process and single-organism
metabolic process, both within the GO domain of BP, as
well as oxidoreductase activity in the GO domain of MF.

The annotated sequences were categorized into clusters
of eukaryotic orthologous groups (KOG) classifications. In
a total of 26 KOG categories, general function prediction
only showed to be the largest group, followed by signal
transduction mechanisms and posttranslational modifica-
tion, protein turnover and chaperones (Fig. 3). Lastly, aim-
ing to understand the biological pathways activated in
MeJA-treated bilberry and its untreated control, all uni-
genes were mapped against the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database and 49,627 were an-
notated to 129 different KEGG pathways. The most repre-
sented pathways were translation, carbohydrate metabolism
and folding, sorting and degradation. Mapping the DEGs in
the KEGG database revealed that the pathways with the
most significant changes in response to MeJA treatment
were anthocyanin biosynthesis, nitrogen metabolism, tyro-
sine metabolism, and glutathione metabolism (Fig. 4).

Pathways with differentially expressed genes

Plant hormone signaling

Groups of genes involved in different plant hormone sig-
naling pathways, such as abscisic acid (ABA), auxin

(AUX), salicylic acid (SA), ethylene (ET) and brassinos-
teroid (BR), were identified as differentially expressed in
MeJA-treated bilberry plants compared to the water/
ethanol-treated control. MeJA treatment induced genes
related to ABA, ET and BR signaling pathways, while
genes involved in AUX and SA pathways were repressed.

In the MeJA treated plants, two important genes in
the ABA signaling pathway were found to be
up-regulated— those encoding the PYL ABA-receptor
and ABA-responsive element binding factor (PYL and
ABF genes, respectively) (Fig. 5). Two genes in the ET
signaling pathway— encoding ET-insensitive protein 3
(EIN3 gene) and ET-responsive transcription factor 1
(ERFI1 gene)—and one in the BR pathway— encoding
BRI1 kinase inhibitor (BKII gene) were also significantly
up-regulated MeJA-treated bilberry plants. In contrast,
three main groups of genes involved in the AUX signal-
ing pathway— encoding AUX1/LAX influx carrier family
(AUXI/LAX gene), auxin-responsive protein IAA ([AA
gene), and Small auxin upregulated RNA protein (SAUR
gene)— as well as two main down-regulated genes in-
volved in the SA pathway—encoding TGA transcription
factor (TGA gene) and NPRI regulatory gene — were
identified as significantly down-regulated in the
Me]JA-treated bilberry plants (Fig. 5).

Secondary metabolites

KEGG pathway enrichment analysis of significantly
up-regulated DEGs was performed to predict what sec-
ondary metabolites might be synthesized in response to
MeJA treatment of bilberry plants in the wild. We found
that the anthocyanin biosynthesis pathway was the most
enriched up-regulated pathway, where 9 of 45 annotated
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Fig. 2 GO Classification of Differentially Expressed Unigenes. Total gene counts of GO terms associated with all unigenes (a) and differentially
expressed unigenes (b). Up-regulated unigenes are in blue and down-regulated unigenes are in red

genes involved in the pathway were significantly up-regu-  steps of the phenylpropanoid pathway— those encoding
lated in response to MeJA treatment (Fig. 6). We also  shikimate O-hydroxycinnamoyltransferase (HCT gene),
found DEGs in the flavone and flavonol biosynthesis path-  cinnamyl-alcohol dehydrogenase (CAD gene), and perox-
ways in MeJA-treated bilberry leaves, where two key genes  idase (POX gene) (Fig. 6).

in the pathway were up-regulated— those encoding fla- We found the tyrosine metabolic pathway was also
vonoid 3',5'-hydroxylase (F3’S’H gene) and flavonol 3-O  affected by the MeJA treatment in bilberry plants.
glucosyltransferase (F30GT gene) (Fig. 6). The phenylpro-  Specifically, we found many genes in the pathway sig-
panoid biosynthetic pathway appeared to be up-regulated  nificantly up-regulated—those encoding tyrosine ami-
in the MeJA induced bilberry plants (Fig. 6), as evidenced  notransferase (TAT gene), primary-amine oxidase
by significant up-regulation of three genes in different (AOC3, AOC2, tynA genes), polyphenol oxidase (PPO
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Fig. 3 KOG function classification of all unigenes

(A) RNA processing and modification

(B) Chromatin structure and dynamics

(C) Energy production and conversion

(D) Cell cycle control, cell division, chromosome partitioning
(E) Amino acid transport and metabolism

(F) Nucleotide transport and metabolism
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gene), alcohol dehydrogenase (frmA, ADHS, adhC
genes), homogentisate phytyltransferase (HPT, HGGT,
ubiA genes), and maleylacetoacetate isomerase (maiA,
CSTZI genes) (Fig. 6).

Additionally, MeJA induced genes in the glutathione
metabolic pathway. The four up-regulated genes in the
pathway are responsible for encoding the enzymes gluta-
thione reductase (GSR gene), glutathione peroxidase (GPX
gene), glutathione S-transferase (GST gene), and ornithine
decarboxylase (ODCI gene) (Fig. 6). Finally, two terpene
synthase genes that are directly involved in the synthesis
of germacrene-type sesquiterpenoids were found to be
up-regulated in MeJA induced plants— those encoding
germacrene D synthase (GERD gene) and vetispiradiene
synthase (HVS gene) (Fig. 6).

Circadian rhythm and flowering timing

MeJA treatment modified gene expression of the circadian
clock in bilberry plants. A group of four important genes
involved in circadian rhythm as well as flowering time had
altered expression in response to MeJA induction. Genes
encoding E3 ubiquitin-protein ligase COP1 (COPI gene)
and MYB-related transcription factor late elongated hypo-
cotyl (LHY gene) were significantly up-regulated in the
MeJA-treated plants, while genes encoding the proteins
early flowering 3 (ELF3 gene) and flowering locus T (FT
gene) were down-regulated (Fig. 7).

Photosynthesis and carbohydrate metabolism
Plant growth is directly tied to photosynthesis and
carbohydrate metabolism. To investigate the possible

trade-off between growth and defense at the transcript
level, we analyzed the expression of pivotal genes in-
volved in pathways related to photosynthesis and carbo-
hydrate metabolism in the leaves of MeJA-treated
bilberry plants. Our RNA-seq results showed significant
down-regulation of three genes directly involved in
photosynthesis— those encoding photosystem II CP47
chlorophyll apoprotein (psbB gene), photosystem II psbW
(psbW gene), and photosystem I subunit VI (psaH gene)
(Fig. 8). Other genes involved in carbohydrate
metabolism-related pathways, such as glycolysis and the
pentose phosphate pathway, were also affected by the
MeJA treatment— those encoding glucose-6-phosphate
isomerase (GPI gene), glucose-6-phosphate 1-epimerase
(GPE gene), fructose-biphosphate aldolase (ALDO gene),
triosephosphate isomerase (TPI gene), 2,3-biphosphogly-
cerate-independent phosphoglycerate mutase (gpml gene),
pyruvate decarboxylase (pdc gene), aldehyde dehydrogen-
ase (NAD+ gene), alcohol dehydrogenase (ADHS gene),
6-phosphoglucolactonase (PGLS gene), pectinesterase (PE
gene), and UDPglucose 6-dehydrogenase (UGDH gene)
(Fig. 8).

Nitrogen metabolism

Nitrogen metabolism is also tied to growth and develop-
ment as nitrogen is an important constituent of DNA,
RNA, proteins, hormones, chlorophyll, and other critical
plant compounds. We found a group of important DEGs
involved in the nitrogen metabolic pathway also being
affected by MeJA treatment in bilberry leaves. Two
genes involved in transport and reduction of nitrite were
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up-regulated— those encoding NRT nitrate/nitrite trans-
porter (NRT gene) and ferredoxin-nitrite reductase (nirA
gene). Yet, expression levels of six other genes linked to
glutamate metabolism were repressed— those encoding
carbonic anhydrase (cah gene), chloroplastic glutamine
synthetase (glnA gene), NADH-dependent glutamate
synthase (NADH-GOGAT gene), ferredoxin-dependent
glutamate synthase (Fd-GOGAT gene), and spermidine
synthase (speE, SRM genes) (Fig. 9).

Discussion

Plant hormone signaling

Plant hormones operate in a complex “crosstalk” network
between different pathways [26] and it is evident that
MeJA treatment impacts this signaling. In the MeJA
treated plants, two important genes in the ABA signaling

pathway were found to be up-regulated—PYL and ABF
(Fig. 5). Lackman et al. [27] showed that PYL
ABA-receptor encoding genes are involved in the cross-
talk between the JA and ABA signaling pathways to regu-
late metabolism and growth. Altered expression of PYL
ABA-receptor encoding genes, PYL4 and PYLS5, was
shown to affect JA responses, both in terms of biomass
and anthocyanin production, which contributes to
understanding the role of JAs in balancing the trade-off
between growth and defense [27]. This trade-off has also
been demonstrated ecological studies where
MeJA-treated wild bilberry plants showed consistent in-
duction of defense responses leading to suppressed
vegetative growth and reduced caterpillar herbivory,
suggesting the allocation of resources from growth to
defense [20, 21].

in
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Several studies provide evidence for positive interac-
tions between the JA and ET signaling pathways, espe-
cially regarding the regulation of defense-related genes
[28-31]. MeJA-treated bilberry plants showed two sig-
nificantly up-regulated genes in the ET signaling path-
way— EIN3 and ERFI—and one in the BR pathway—
BKI1. EIN3 is well documented as a JA-responsive
ethylene-signaling gene [32]. Downstream in the ET sig-
naling pathway, ERFI, encoding an ET-responsive tran-
scription factor, is known to play important roles in the
regulation of defenses. Lu et al. [33] identified ERF3 in
rice (Oryza sativa) as a gene that positively affects ex-
pression of trypsin proteinase inhibitors and mediates
resistance against caterpillars.

The involvement of AUX in plant growth and develop-
ment, through induction of cell division and expansion,
elongation, and cell differentiation is well characterized
[34-36]. We identified three main groups of genes in-
volved in the AUX signaling pathway as significantly
down-regulated in the MeJA-treated bilberry plants—
AUX1/LAX, IAA, and SAUR (Fig. 5). Yan et al. [37] stud-
ied the effects of MeJA treatment on root growth and
found that JA signaling modulates AUX signaling path-
ways by regulating the expression of key genes involved in
AUX transport. Among other AUX transporter-related
genes, such as PINI, PIN2, PIN3, they also found the
AUX1/LAX family influx carrier gene to be down-regu-
lated in response to MeJA treatment [26, 37].
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Although the interactions between JA and SA appear
to be complex, several genetic studies provided evidence
for an antagonist regulatory interaction between them.
As such, the SA signaling pathway was shown to be
negatively modulated by MeJA treatment in bilberry
plants. Specifically, we found two main down-regulated
genes involved in the SA pathway—NPRI regulatory
gene and TGA transcription factor. Studies in tobacco
showed that endogenous and exogenous JA inhibit the
expression of SA-dependent genes [38, 39]. The benefits
and potential costs of cross talk between these important
signaling pathways involved in defense have been exten-
sively discussed [40-43]. Specifically, different defense
signaling pathways have evolved the capacity to cross
talk and modulate each other, allowing plants the flexi-
bility to adjust defense responses according to a specific
pathogen or herbivore attack [26]. In bilberry, JA signal-
ing appears to synergize with ABA, ET, and BR, and to
antagonize SA and AUX.

Secondary metabolites

MeJA treatment can trigger pathways involved in the
biosynthesis of certain secondary metabolites, such as
terpenoids, phenylpropanoids and alkaloids, as evi-
denced by several studies [16, 44—48]. We conducted
KEGG pathway enrichment analysis of significantly
up-regulated DEGs to determine what secondary metab-
olites might be synthesized in response to MeJA treat-
ment of bilberry plants. Anthocyanin biosynthesis was
the most affected secondary metabolite pathway in the
MeJA-treated plants, where 9 of 45 annotated genes in
the pathway were significantly up-regulated in response
to the MeJA treatment (Fig. 6). Anthocyanins, a class of
flavonoid, are pigments present in fruits, leaves, and
flowers of several plant species which act as insect and
animal attractants and have been identified as an im-
portant component in plant defense mechanisms against
herbivores [49]. In addition, bilberry fruit are recognized
for their high anthocyanin content as compared to those
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of other Vaccinium species. Several studies have shown
the health benefits of anthocyanins, especially with re-
spect to their antioxidant activity [50-52], but there are
few studies regarding the ecological importance of this
secondary metabolite in the context of plant defense in
these species. Although the specific role(s) of anthocya-
nins in plant defense is not known, the genes up-regulated
in response to MeJA treatment include— genes encoding
anthocyanidin 3-O-glucosyltransferase and anthocyanidin
3-O-glucoside 5-O-glucosyltransferase, also known as
UDP-glucose:flavonoid 3-O-glucosyltransferase (UF3GT
gene) and UDP-glucose:flavonoid 5-O-glucosyltransferase
(UF5GT gene) respectively (Fig. 6). In the anthocyanin

biosynthetic pathway, these genes encode key enzymes re-
sponsible for the glucosylation of anthocyanidins (ie.
pelargonidin, cyanidin, and delphinidin) to produce stable
molecules [53-55].

It is well documented that flavonoids are secondary
metabolites that protect plants against pathogens and
herbivores, and according to the phytochemical
co-evolution theory, these are important mediators of
plant-insect interactions [56]. For instance, Samac and
Graham [57] found a sharp and rapid up-regulation of
genes encoding enzymes in the synthesis of flavone and
flavonol biosynthesis by analyzing the transcriptome
profile of pathogen-infected soybean (Glycine max) and
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Medicago truncatula. In this study, two key genes in the
flavonoid pathway were found to be up-regulated in the
treated plants— F3’5’H and F30GT (Fig. 6). These genes
encode enzymes that catalyze reactions for the synthesis
of the flavones and flavonols: quercetins, kaempferols,
syringetins, and luteolins.

The phenylpropanoid biosynthesis pathway was also
up-regulated in the MeJA induced bilberry plants as indi-
cated by up-regulation of three genes at different steps of
the phenylpropanoid pathway—HCT, CAD, and POX (Fig.
6). HCT produces a transferase enzyme that catalyzes a re-
action of p-Coumaroyl CoA to form intermediate sub-
strates for the formation of important phenylpropanoids
including caffeol-CoA. p-Coumaroyl CoA is an im-
portant precursor of different classes of secondary
metabolites involved in plant defenses such as isofla-
vonoids, anthocyanins, stilbenes, and phenylpropanoid
volatiles [58]. For example, the biosynthesis of chavi-
col, a phenylpropene VOC acting as defensive

compound and floral attractant, was shown to occur
via the phenylpropanoid pathway to p-Coumaroyl
CoA [59]. The second up-regulated gene, CAD, en-
codes an enzyme which catalyzes the reduction of al-
dehyde compounds (e.g. p-coumaraldehyde,
caffeoyl-aldehyde, sinapaldehyde, etc.) to form alcohol
intermediates that are important substrates of lignin
biosynthesis [60]. Finally, a peroxidase gene (POX)
was up-regulated. Peroxidase acts in the very last step
of the phenylpropanoid pathway, being responsible for
the formation of different molignols such as syringyl
lignin, p-hydroxyphenyl lignin, and guaiacyl lignin.
Previous work suggested that the constitutive activa-
tion of the jasmonic acid (JA) signaling pathway leads
to increased lignin deposition [61]. Among several
important functions, the deposition of different lignins
in the secondary plant cell walls acts as a physical
barrier against pathogen attacks [62]. Studying the
transcriptional ~ profile of Chinese yew (Taxus
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chinensis) cells, Li et al. [63] also found that MeJA
treatment up-regulated the expression of genes en-
coding key enzymes in the phenylpropanoid metabolic
pathway.

We found the tyrosine metabolic pathway was also af-
fected by the MeJA treatment in bilberry plants. Tyrosine is
an aromatic amino acid which is considered a central mol-
ecule in a diverse array of plant metabolic processes includ-
ing defenses and secondary metabolite biosynthesis [64].
We found six groups of genes in the pathway significantly
up-regulated— TAT, AOC3/AOC2/tynA, PPO, frmA/
ADHS5/adhC, HPT/HGGT/ubiA, and maiA/CSTZI (Fig. 6).
Previous work showed that TAT was induced by MeJA and
wounding at both the RNA and protein level in Arabidopsis
thaliana [65, 66]. The TAT gene codes for the first enzyme
in this biosynthetic pathway, which catalyzes the reaction
from tyrosine to p-hydroxyphenylpyruvate, and is known to

function as a radical scavenger, thus protecting plants under
biotic and abiotic stress situations [66].

Additionally, MeJA induced genes in the glutathione
metabolic pathway. Glutathione is an essential metabol-
ite involved in multiple molecular functions in plants,
such as redox turnover, metabolism, and signaling [67].
Glutathione is also involved in reactions linked to plant
defense responses against pathogen and herbivore attack
[67-69]. The four up-regulated genes in the pathway are
responsible for encoding the enzymes glutathione reduc-
tase (GSR), glutathione peroxidase (GPX), glutathione
S-transferase  (GST), and ornithine decarboxylase
(ODC1) (Fig. 6). The first two—GSR and GPX—are dir-
ectly involved in the fundamental function of glutathione
in redox signaling through thiol-disulfide interactions.
This is a metabolic process wherein reduced glutathione
(GSH) is continuously oxidized to a disulfide form
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(GSSG) by glutathione peroxidase, which in turn is
recycled to GSH by glutathione reductase. Then, GSH is
used as a source of reduced S glutathione during the
biosynthesis of secondary metabolites used in defense,
detoxification, and signaling processes [67]. Previous
studies have shown accumulation of glutathione in re-
sponse to pathogen infection [70, 71] and similar
changes have been reported in response to exogenous
SA treatment [72-74]. GST encodes an enzyme associ-
ated with a range of biochemical and physiological func-
tions, such as antioxidative and peroxidase activities [75,
76]. However, its main function in the glutathione meta-
bolic pathway is the catalysis of GSH for several down-
stream reactions, including biosynthesis of secondary
metabolites [67]. It should be noted that in addition to a
role in SA response, glutathione also modulates mecha-
nisms of response to pathogens and herbivores through
the JA pathway. Xiang and Oliver [77] showed that JA
induces the expression of genes encoding GSH and
glutathione reductase, while Sasaki-Sekimoto et al. [78]
showed the same effect for other genes involved in oxi-
dative stress and antioxidant defense.

The release of volatile terpenes is associated with
anti-herbivory and also plays important roles in pollin-
ator and natural enemy (i.e. predators and parasitoids of
herbivores) attraction as well as in interactions with the
surrounding environment (ie. plant-plant signaling)
[79]. Specifically, it has been suggested that germacrene
D itself has deterrent effects against herbivores, as well
as repellent activity against aphids and ticks [80-82].
Germacrene D has also been reported as precursor of
other sesquiterpenes such as cadinenes and selinenes
[83, 84]. In the MeJA-treated bilberry leaves, two genes
directly involved in the synthesis of germacrene-type
sesquiterpenoids were found to be up-regulated in MeJA
induced plants—GERD and HVS (Fig. 6). Thus, induced
bilberry plants also invest in the synthesis of specific
VOC:s as part of their defense strategies to either interact
with its neighboring environment by, for example,
recruiting natural enemies, or they could act directly as
deterrents and repellents against herbivore attack.

Circadian rhythm and flowering timing

The transition from vegetative growth to reproduction is
a remarkable ‘timed’ developmental switch which can
ensure the plant’s reproductive success. For timing this
event, plants utilize diverse environmental indicators,
such as temperature, photoperiod and light intensity, to
determine the ideal time of flowering [85]. A group of
four important genes involved in the circadian rhythm
and flowering time had altered expression in response to
MeJA induction. COPI and LHY genes were significantly
up-regulated in the MeJA-treated plants, while ELF3 and
FT were down-regulated (Fig. 7).
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The COPI1 gene codes for E3 ubiquitin ligase COPI,
which is a central regulator of light-dependent physiological
processes including photomorphogenesis [86], as well as
circadian oscillation and flowering transition [87, 88]. ELF3
is a clock-associated gene which encodes a protein that acts
as a transcriptional modulator, controlling the expression of
flowering-time regulator genes [89]. Previous studies have
shown that COPI represses flowering by promoting deg-
radation of Constans (CO), a flowering inducer gene which
encodes a protein that activates the FT gene [87, 90]. An-
other study showed that downstream of the flowering
pathway, COP1 mediates ELF3 ubiquitination and degrad-
ation [91]. Moreover, altering ELF3 expression can cause
arrhythmic expression of important morning-specific
clock-regulated transcription factors, such as MYB-related
LHY [92, 93], encoded by the LHY gene, which in our study
showed to be up-regulated in response to MeJA treatment.
The overexpression of LHY-related transcription factors
causes not only arrhythmicity in expression of clock-regu-
lated genes, but also in leaf movement and hypocotyl elong-
ation [94-96]. Some plants have the capacity of altering
flowering timing as a strategy to avoid insect herbivory [97,
98]. Since jasmonates are plant hormones with diverse
roles in biotic and abiotic stress tolerance, the link be-
tween JA and its derivates with circadian pathways and
flowering timing have been explored. For instance, JA
delayed flowering in Arabidopsis [99, 100], and exogen-
ous MeJA application had similar effects on flowering
timing in wheat plants [101].

Based on our results, MeJA appears to induce arrhyth-
micity in bilberry plants via the expression of clock-regu-
lated genes related to flowering by inducing COPI and
LHY, and repressing ELF3 and FT. Since induced plant de-
fenses are energetically costly, the plants fitness is pre-
sumably increased by suppressing genes associated with
reproduction and activating those related with defenses in
response to MeJA, resulting in switching allocation of re-
sources from growth and reproduction to defense [20-22,
102, 103].

Photosynthesis and carbohydrate metabolism

Previous genomic studies have shown that JA and deriv-
atives induce the expression of genes related to defenses,
oxidative stress responses, senescence, and cell wall
modification, while repressing the expression of genes
involved in photosynthesis and metabolism-related path-
ways [30, 104, 105]. We found important genes from
Photosystem II, psbB and psbW, which encode a protein
complex responsible for light-harvesting and chlorophyll
content, being down-regulated in response to MeJA
treatment in bilberry leaves. The transcript encoded by
psaH from Photosystem I was downregulated as well.
These results suggest that the inhibitory effect of MeJA
on photosynthesis is effectively due to the reduction in
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the light-harvesting complexes and, consequently, de-
creases in the carbon fixation process. Down-regulation
of chlorophyll-related genes and chlorophyll-protein
complexes were also reported in previous studies using
genomic and proteomic tools to identify molecular
changes in response to JA treatment [97, 104, 106, 107].
In the presence of JA, synthesis of chloroplast proteins
involved in photosynthesis is immediately decreased by
negative control of translation while the transcript levels
remain constant. After 12 to 24 h, the transcript levels
also declined, and the corresponding proteins were de-
graded [108]. In our study, leaf samples were collected
the day after the third of three MeJA applications. Tak-
ing this into account, our results indicate that MeJA ap-
plication continues repression of these transcripts for at
least 24-h. The influence of JA on the expression of this
group of genes leads to typical symptoms of leaf senes-
cence—chlorophyll destruction, protein degradation, and
subsequent strong yellowing [109-111].

The regulation of carbohydrate metabolism-related
genes was also affected by MeJA treatment in bilberry
plants. In the glycolysis and gluconeogenesis pathways,
MeJA broadly down-regulated some genes involved in
the fructose biosynthesis, pentose phosphate, and the
TCA cycle (e.g. GPI, NAD+, ALDO, etc.). Interestingly,
transcripts of pdc and GPE, two genes also involved gly-
colysis, were up-regulated in response to MeJA. Cheng
et al. [112], studying the proteome of Arabidopsis in re-
sponse to MeJA, found similar changes in carbohydrate
metabolism. Sdnchez-Sampedro et al. [113] reported a
reprogramming in carbohydrate metabolism, where su-
crose levels decreased and glucose levels increased, in
milk thistle (Silybum marianum) suspension cultures in
response to MeJA. Thus, our results suggest that MeJA
induces carbohydrate catabolism, while repressing
carbohydrate anabolism. In the context of induced de-
fenses in plants, carbohydrate catabolism has an import-
ant role providing basic carbon skeletons for the
biosynthesis of some secondary metabolites, such as fla-
vonoids [113]. The results shown here indicate that at
the transcript level, MeJA application induces bilberry
plants to allocate carbon resources from primary to-
wards secondary metabolism, consistent with previous
findings [112, 114, 115].

Nitrogen metabolism

As well as decreases in photosynthesis and chlorophyll
content, physiological studies show that remobilization
of nitrogen (N) compounds from leaves to roots and
shoots is a typical senescence-like response of plants to
MeJA treatment [116, 117]. We found up-regulation in
the nitrite and nitrate transporter and reduction genes
in the MeJA-treated bilberry leaves, which might be a
preventive strategy of defense by exporting N resources
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out of leaves for safeguard and storing them in other tis-
sues away from the foraging herbivores, such as shoots
and roots. Gomez et al. [118] found that MeJA treat-
ment accelerated export of N compounds from tomato
leaves and described this shuttling as a strategy of
defense. While nitrate transport and reduction genes
were shown to be induced by MeJA-treatment, most of
the genes involved in the metabolism of glutamate were
down-regulated in bilberry leaves. Chloroplastic glutam-
ine synthetase and glutamate synthase play crucial roles
in amino acid synthesis and nitrogen metabolism via as-
similation of ammonium obtained from the nitrate re-
duction and photorespiration [119]. The majority of
assimilated N in plants is invested in photosynthesis,
suggesting a strong positive correlation between N as-
similation and photosynthetic rate [120-122]. Our ob-
served down-regulation of genes encoding glutamine
synthetase and glutamate synthase enzymes in MeJA in-
duced bilberry leaves agrees with the idea of allocation
of nitrogen-related resources from growth and develop-
ment to storage as means of conserving resources while
potentially under herbivore attack.

Genetic trade-off

We found complex transcriptional changes in MeJA in-
duced bilberry and provided evidence for allocation of re-
sources from growth, development, and reproduction, to
defense related pathways. Transcripts of receptor and
response-related genes in plant hormone signal transduc-
tion, such as ABA, ET, AUX, and SA, responded to MeJA
treatment through cross talk and regulation of genes in-
volved in growth/development (e.g. ABA and AUX) and
defense (e.g. ET and SA). Genes encoding key enzymes in
metabolic pathways involved in biosynthesis of flavonoids
(i.e. anthocyanins, flavones/flavonols), lignin compounds
(e.g. syringyl, guaiacyl and p-hydroxyphenyl), and deter-
rent/repellent VOCs (e.g. phenylpropenes, sesquiterpenes)
were significantly up-regulated.

Some variation in gene expression among replicates,
for both the MeJA and water/ethanol-treated control,
was evident (Figs. 5, 6, 7, 8, 9). This is to be expected
since the experiment was conducted in the natural en-
vironment. The genotypes of the plants likely differ and
thus their response to treatment may also differ. In
addition, the specific environmental stresses to which
the plants are naturally exposed over the 15d treatment
period likely differ. Nonetheless, the changes in the tran-
scription regulation associated with MeJA treatment
highlighted in this paper are statistically significant and
support the concept of genetic trade-off.

Under natural conditions, MeJA induced bilberry
plants seem to invest more in the synthesis of quantita-
tive rather than qualitative defense compounds, thus
aiming to be equally effective against both specialists
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and generalist herbivores. Defense-induced bilberry
plants synthesize a range of phenolic compounds, from
lignin to more complex flavonoids, interfering in their
digestion and palatability towards potential herbivores.
Although MeJA induced responses effectively activate
defense-related pathways, this appeared to be costly to
the plant as evidenced by the fact that important genes
involved in primary metabolism, such as those associated
with photosynthesis, circadian rhythm, carbohydrate and
nitrogen metabolism, were down-regulated, presumably to
optimize the allocation of resources towards defense. Genes
involved in carbohydrate anabolism were repressed, while
the ones linked to carbohydrate catabolism were induced,
as a possible means to allocate C resources from primary to
secondary metabolism. Genes responsible for the remobili-
zation of N sources were up-regulated, while key enzymes
playing crucial roles in glutamate metabolism through am-
monium assimilation, mostly invested in photosynthesis,
were down-regulated. Circadian clock genes were also af-
fected, especially transcription factors involved in flowering
time. Previous studies have presented ecological evidence
that inducible plant defense responses are energetically
costly, where MeJA treatment increased resistance against
caterpillar feeding and reduced growth and reproduction of
bilberry plants [20-22]. This study provides the first evi-
dence of resource allocation at the transcriptional level in
induced bilberry plants under natural conditions.

Conclusions

We investigated the transcriptome of MeJA treated bil-
berry plants compared to water/ethanol treated controls
in their natural environment. Of the 23,187 unigenes an-
notated, 3590 differentially expressed genes (DEG) were
identified, with 2013 up-regulated, and 1577 down-regu-
lated. Further investigation of the annotated unigenes
showed a significant reprogramming at the transcriptional
level, whereby MeJA induced bilberry plants generally al-
located resources from primary metabolism (growth, de-
velopment and reproduction) to secondary metabolism
(defense). The heat-maps presented suggest changes in
unifying networks of genes involved in the MeJA re-
sponse. Analysis of specific genes annotated as transcrip-
tion factors will help us to better understand the
regulation of the underlying mechanisms of the coordi-
nated response to MeJA as a proxy for herbivore attack.
This study highlights the occurrence of genetic trade-off
at the transcriptional level in a realistic field scenario and
supports published field observations wherein plant
growth is retarded and defenses are upregulated.

Methods

Plant material and MeJA treatment

The experiment was conducted in a boreal forest located
in Kaupanger, Western Norway (61.2° N, 007.2° E). The
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study area consisted mainly of Scots pine (Pinus sylves-
tris) with an understory dominated by bilberry and is lo-
cally recognized as one of the most important winter
ranges for red deer (Cervus elaphus) in the inner part of
the Sognefjord area. The area selected for the experi-
ment was a 20-year-old clear-cut replanted with pines
(currently ca. 150 cm tall), dominated by bilberry and
other dwarf shrubs in the understory. The trees were
planted ca. 2 m apart and cast relatively little shadow. In
June 2016, two groups of 15 bilberry plants each were
randomly selected and exposed to two treatments: 10
mM MeJA application (treated) and water/ethanol appli-
cation (control). To achieve the desired concentration of
MeJA, 4.1 M MeJA stock (Bedoukian Research, Danbury,
CT) was diluted 1:10 with 95% (v/v) ethanol, and
re-diluted with water to get a final concentration of 10
mM MeJA. Ethanol (95%) was added to water at the
same final concentration as that in the 10 mM MeJA so-
lution for the control. To avoid rapid evaporation of
MeJA, a cotton wad was attached to the stem close to
the ground and saturated with 10 mM MeJA or with
water/ethanol (control). This MeJA concentration (10
mM) was shown in our earlier ecological studies to be
effective in reduction of growth and levels of herbivory
in bilberry [20, 21]. The applications were repeated three
times at one-week intervals (Fig. 10) to simulate attack
by herbivores, following the protocol used in several
studies on bilberry in the field [20-22]. One day after
the last treatment application, leaves from the apical part
of all plants were collected and immediately frozen in li-
quid nitrogen and stored at — 80 °C. Samples were then
transferred to RNAlater-ICE (Life Technologies, Carls-
bad, CA) and allowed to thaw at - 20°C before RNA
isolation.

Library construction, sequencing and de novo assembly

The 15 plants in each treatment were randomly sepa-
rated into five groups of three plants each. The three
plants of each group were pooled and considered as one
biological replicate (sample) for a total of five biological
replicates per treatment for the transcriptomic analysis.
Total nucleic acid was extracted from each sample using
a modified CTAB procedure. Briefly, 50-70 mg of the
stored leaf tissue was suspended in 800 pL cetyltrimethy-
lammonium bromide (CTAB) buffer [123] in a 2mL
centrifuge tube with two 5mm stainless steel beads.
Samples were placed in a TissueLyserll (Qiagen, Ger-
mantown, MD) and ground for 1 min at 30 Hz. The sus-
pension was extracted with 700 pL chloroform. After
centrifugation at 11,000 g for 5 min, the aqueous super-
natant was transferred to a new tube and total nucleic
acid was precipitated by adding 0.7 volumes of isopropa-
nol and incubating on ice for 10 min, followed by centri-
fugation at 13,000 g for 5 min. Pellets were resuspended
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O = Start of the experiment
A =MeJA or Water application
@ = Sampling time

Induction period (----)

Fig. 10 Experimental design and timeline. Bilberry plants was treated with either Methyl Jasmonate (MeJA) or Water/ethanol at 0, 7, and 14 days
(d). Leaf sampling was from the most apical shoots of all plants and was performed one day after the final treatment

Sampled leaves

7’

> g

in 400 pL of RNAse free water. Lithium chloride (100 pL
of 10 M stock) was added to precipitate the total RNA
and samples were incubated on ice overnight. Samples
were centrifuged at 13,000¢ for 5min and the pellets
were resuspended in 400 uL RNAse free water. The
RNA was reprecipitated using ammonium acetate and
ethanol. Pellets were washed with 70% ethanol and re-
suspended in 50 pL RNAse free water.

Libraries were constructed by Novogene Corporation
(Sacramento, CA). Briefly, mRNA was enriched from
total RNA using oligo (dT) beads. The mRNA was then
randomly fragmented and cDNA was synthesized using
random hexamers. After ¢cDNA synthesis and library
construction (terminal repair, A-tailing, ligation of se-
quencing adapters, size selection and PCR enrichment).
The libraries were sequenced on the Illumina HiSeq
platform (PE150). Raw reads were quality screened to re-
move adapters and those of poor quality. Clean reads
were de novo assembled using Trinity [124]. The assem-
bled transcriptome was annotated using BLAST for NR,
NT, SwissProt, and KOG. For NR, NT and SwissProt da-
tabases, the evalue threshold was 1le-5 and for KOG the
evalue threshold was le-3. PFAM, the prediction of pro-
tein structure domain: HMMER 3.0 package, hmmscan,
the evalue threshold was 0.01; GO: based on the protein
annotation results of NR and Pfam: Blast2GO v2.5 [125]
and Novogene script, the evalue threshold was le-6;
KEGG: KAAS, KEGG Automatic Annotation Server, the
evalue threshold was le-10. Corset [126] was used for

categorical clustering of de novo assembled contigs
while individual reads were aligned with RSEM [127].
Differentially expressed genes (DEGs) between MeJA-
treated and untreated control bilberry plants were iden-
tified using DESeq [128].
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ABSTRACT

Some plants have the capacity to adapt to environmental changes such as herbivory through
molecular reprogramming, a phenomenon called phenotypic plasticity. However, little is
known about how this capacity is modulated by environmental conditions. To investigate this,
we used bilberry (Vaccinium myrtillus L.) ramets and an experimental treatment to simulate
herbivory by inducing plant defenses (application of methyl jasmonate; MeJA), to observe
ecological responses and gene-expression along an elevational gradient in a boreal system in
Western Norway. The gradient included optimal growing conditions for bilberry in this region
(ca. 500 m a.s.l.), and the plant’s range limits at high (ca. 900 m a.s.l.) and low (100 m a.s.l.)
altitudes. Across all altitudinal sites, MeJA-treated plants allocated more resources to herbivory
resistance while reducing growth and reproduction, but this response to simulated herbivory
was more pronounced at the lowest altitude. High-altitude plants growing under less herbivory
pressure but more resource-limiting conditions, exhibited consistently high expression levels
of defense genes in both MeJA-treated and untreated plants at all times, suggesting a constant
state of ‘alert.” These results suggest that plant defense responses at both molecular and
ecological levels are modulated by the combination of climate and herbivory pressure, such that
plants under different environmental conditions differentially direct the resources available to
specific anti-herbivore strategies. Our findings may be important in understanding the complex
impact of future climate changes on plant-herbivore interactions, as this is a major driver of

ecosystem functioning and biodiversity.

Keywords: Climate change; constitutive and induced defenses; gene expression; trade-off;

plant-herbivore interactions



INTRODUCTION

Over the next century, climate change is projected to considerably alter soil and air
temperatures in seasonally snow-covered temperate forest ecosystems, where high-latitude
tundra and boreal forests are particularly at risk (IPCC 2018; Serreze et al. 2000). Increases in
mean annual air temperature during the growing season will consequently reduce snow depth
and alter timing of snow melt in high-latitude ecosystems (Fan et al. 2014; Hayhoe et al. 2007).
The combination of these climate change drivers can have direct and indirect implications for
natural ecosystem functioning (Post et al. 2009). For instance, if an increase in temperature
dramatically weakens the plant immune system, it could lead to the spread of plant diseases and
elevated insect herbivory rates (Cheng et al. 2013; Velasquez et al. 2018). Also, less snow in
high-latitude ecosystems would result in more mammalian browsing intensity (Danell et al.
1994). Alternatively, plants may adapt to rising temperatures by investing in effective defense
strategies (Bidart-Bouzat and Imeh-Nathaniel 2008). The trade-offs between such opposing
responses and their impacts on plant communities and ecosystem functioning remain poorly
understood. In this study, we attempt to address this issue by combining molecular and
ecological work across an elevational gradient, and incorporate a simulated grazing treatment
to investigate changes in plant defense responses in the boreal system.

Elevational gradients serve as ‘natural experiments’ that surrogate for inferring global
change-driven effects (Garibaldi et al. 2011; Kérner 2007; Rasmann et al. 2014a) because they
provide excellent natural laboratories to investigate species traits and interactions across
gradual changes in biotic and abiotic conditions, but on small spatial scales (Pratt and Mooney
2013; Rasmann et al. 2014a; Schemske et al. 2009). However, conflicting evidence and a lack
of study complexity make generalizing results difficult. For example, in a review by Moreira et

al. (2018), such research was found to overly simplify the ecological complexity of plant-



herbivore interactions along elevational gradients. Our understanding of boreal plant-herbivore
interactions is further complicated by variable defense strategies of some species along
elevational gradients, and differential responses to disturbance at molecular and ecological
levels (Moreira et al. 2018). These challenges can be addressed by studies that combine
molecular analysis with ecological studies of induced defenses under natural systems. Such
studies can help us to better understand how abiotic conditions affect plant-herbivore
interactions by exploring molecular mechanisms that underpin the ecological responses found.
For instance, to cope with environmental variability, some plant species have evolved the
capacity to sense these changes, quickly reprogram at the molecular level, and adapt through
shifts in phenotypic characteristics (phenotypic plasticity) (Li et al. 2008; Rodriguez et al. 2009;
Winning et al. 2009; Chen et al. 2006). Adaptive strategies to biotic and abiotic stress are
coordinated by cellular and molecular activities aiming to minimize damage and, at the same
time, conserve valuable resources for growth and reproduction (Ahuja et al. 2010). Recently,
the use of ‘omic’ approaches has been effective in identifying molecular changes at transcript,
protein and metabolite levels that confer resistance or are regulated in response to
environmental stressors (Bokhari et al. 2007; Springer et al. 2008; Zeller et al. 2009; Zobayed
et al. 2005). Variation in gene expression, and consequently synthesis of its functional products
(i.e., proteins and metabolites), is known to play a role in the evolutionary processes of natural
populations in response to environmental adaptation (Oleksiak et al. 2002; Schadt et al. 2003).
Whether these effects of adaptation to a novel environment, alone or in combination, can affect
ecosystem functioning, depends on how these molecular and phenotypical changes influence
trophic interactions (Hegland et al. 2009).

Bilberry (Vaccinium myrtillus L.) is a long-lived dwarf shrub that provides an excellent
model organism for combined molecular and ecological study. The plant is considered as a key

food source for herbivores, pollinators, and fruit eating birds and mammals in northern



European boreal forest ecosystems (Hegland et al. 2009; Hjalten et al. 2004; Jacquemart 1993;
Selas 2001), and has been found to be sensitive to environmental changes. We have also shown
in previous studies that defenses induced by herbivore feeding or treatment with methyl
jasmonate (MeJA; a ubiquitous defense hormone in plants released in response to stress) reduce
herbivory and increase reproduction of the damaged or treated plants (Seldal et al. 2017,
Hegland et al. 2016; Benevenuto et al. 2018). These studies provide evidence of potential trade-
offs between growth and defense in induced bilberry plants. Additionally, MeJA-induced
bilberry plants were shown to exhibit a multiannual herbivore resistance (Benevenuto et al.
2018). However, is still unclear if these trade-off responses are due to changes in plant defense
system, by investing in effective defense strategies (i.e., constitutive or induced), and if these
responses are also modulated by abiotic conditions.

Using wild bilberry as a model organism and MeJA application to simulate the effects
of herbivory, we investigated the effects of the treatment on plant defense responses, in terms
of gene expression and ecological traits, across an elevational gradient and over two
consecutive years. The gradient used in this study included optimal growing conditions for
bilberry at a “medium” altitude (ca. 400 m a.s.l.), and the plant’s range limits in this region at
high (ca. 900 m a.s.l.) and low (ca. 100 m a.s.l.) altitudes. We expected MeJA-treated plants to
allocate resources from growth and reproduction to induced defenses at the molecular (up-
regulate expression of defense genes while down-regulate photosynthesis/nitrogen metabolism
genes) and ecological levels (reduction of growth, reproduction and consequently herbivory).
As induced defenses are presumed to be energetically costly (Benevenuto et al. 2018; Karban
etal. 2014; Nabity et al. 2013; Rodriguez-Saona et al. 2013; Seldal et al. 2017) and decline with
increasing elevation (Moreira et al. 2018; Pellissier et al. 2016), we predicted that this effect
would be most pronounced at the lowest altitude (Prediction I). In addition, as bilberry is a

slow-growing species adapted to limiting abiotic conditions (Flower-Ellis 1971), and the plant



defense system is affected by environmental changes (Bidart-Bouzat and Imeh-Nathaniel 2008;
DeLucia et al. 2012; Veteli et al. 2002b), we expected plants from the high altitude to be under
constant state of ‘alert.” We expected this to manifest as an investment in constitutive defenses
(Moreira et al. 2014; Pellissier et al. 2016), resulting in consistently reduced seasonal growth
and reproduction, and decreased herbivory rates, and higher basal expression levels of defense

genes compared to plants at the optimum and low altitude (Prediction II).

MATERIAL & METHODS

Study system

The study was conducted within a pine bilberry forest ecosystem in Kaupanger, inner
Sognefjord, western Norway (61.2°N, 007.2°E), between May/June and August/September of
2016 and 2017. The area has annual precipitation of 700-900 mm, and a mean summer
temperature range of 12-16°C (Moen 1999). The inner part of Sognefjord offers marked
topographical variation, representing elevational gradients of 0—2400 meters above sea level
(m a.s.l.) over horizontal distances of about 2 km, which makes it a practical and convenient
location for gradient-based field experiments. The most abundant vascular plant species in the
field area are bilberry, Scots pine (Pinus sylvestris L.), birch (Betula pendula Roth and B.
pubescens Ehrh.), lingonberry (Vaccinium vitis-idaea L.), and crowberry (Empetrum nigrum
L.). The area has a dense winter population of red deer (Cervus elaphus L.) (pers. obs. S.J.
Hegland), which is the most abundant wild ungulate in Norway (Norwegian Mapping
Authority, 2017).

Bilberry, our study species, is a long-lived deciduous clonal dwarf shrub, with evergreen
stems generally 10-60 cm high (Flower-Ellis 1971; Ritchie 1956). Although we do not have

specific information regarding clone size and distribution for the study area, we have based our



work on the assumption that rhizomes can reach around 200 cm in length, depending on age,
and the proportion of genetic variation within population is high (Albert et al. 2003, 2004,
Flower-Ellis 1971). Bilberry is considered a key species in the boreal ecosystem because of its
ecological role as food source for many vertebrate and invertebrate herbivores, (Hegland et al.
2010). The main mammalian herbivores feeding on the plant in the study area are red deer and
various rodent species (Hegland et al. 2016), whereas the most common insect herbivores are
larvae of the moth family Geometridae (Atlegrim 1989). Bumblebees, honeybees, and syrphid

flies are the main pollinators of bilberry (Jacquemart 1993; Jacquemart and Thompson 1996).

Study design

A natural elevational gradient ranging from just above sea level to the tree line was used
to investigate the effects of variation in abiotic conditions (mainly temperature and timing of
snow melt) on plant defense responses at molecular and ecological levels. The experiment was
conducted at three different elevational sites: ‘Low’ elevation = ca. 100 m a.s.l. (submontane
zone); ‘Medium’ elevation = ca. 500 m a.s.l. (mid-montane zone); and ‘High’ elevation = ca.
900 m a.s.l. (subalpine zone) (Fig. 1). The middle part of the range, at mid-montane zone, is
considered as the optimum elevational site for bilberry growing conditions. The low-altitude at
submontane zone is considered as suboptimal because of warmer temperatures and heavy
grazing, while the high-altitude at subalpine zone mainly because of the cooler average
temperatures and exposure. Data on average temperature and relative humidity were obtained
from four data loggers (TRIX 8 LogTag, Auckland, New Zealand) placed at each site during
the entire study season (June through September). Timing of snow melt was recorded as the
Julian day on which each site became snow free (Fig. 1). This gradient covers a relatively large
part of climatic distribution of the species, from temperate to alpine areas (Moen 1999). At all

elevations, the experiment was established in sites with similar characteristics, such as south-



facing slopes and open sites with little shadow aiming to reduce other environmental factors,
such as irradiance. Low and Medium sites consisted of more than 15-year-old clear cuts with
relatively low abundances of small pines, birches and alders that produced negligible shadow
effects. The High site was a naturally open subalpine area just below the tree line. Vegetation
structure was similar among the sites, with a field layer and scattered tree layer up to ca. 5 m.
Unpublished data from 2016 showed that there was relatively little variation in pH (mean, 4.19)
and slope (16.4 degrees) among sites, although soil organic matter (mean, 60.4%) was slightly
lower at the low altitude (Knut Rydgren pers. comm. 2016).

In May/June of 2016, 20 blocks were established at each site measuring 150 m? (10 m
x 15 m). Within each block, two ramets (between 10-25 cm height) at least 10 m apart were
randomly selected (N = 120 plants), and each was exposed to one of two different treatments
following the same methodology as previous studies (Benevenuto et al. 2018; Seldal et al.
2017): 1) 10 mM MeJA application (treated), and 2) water/ethanol application (control).
Several studies have shown that inducible defense responses in plants can be activated by
exogenous application of MeJA (Baldwin 1999; Benevenuto et al. 2018; Hegland et al. 2016;
Van Dam and Baldwin 2001; Yang et al. 2013). To achieve the desired concentration of MeJA,
4.1 M MeJA stock (Bedoukian Research, Danbury, CT) was diluted 1:10 with 95% (v/v)
ethanol and re-diluted with water to get a final concentration of 10 mM MeJA (Seldal et al.
2017). Ethanol was added to water at the same final concentration as that in the 10-mM MeJA
solution (41:1) for the control. To avoid rapid evaporation of MeJA, a cotton wad was attached
to the stem at the ground and saturated with 10 mM MeJA or water/ethanol (control) until the
point of run off. Applications were repeated three times with 1-week intervals to induce the
plant defense response associated with an attack by herbivores. The plants were only exposed

to treatments in 2016 to evaluate possible multiannual effects on induced plant defenses.



Sampling procedure

For the ecological analyses, the sampling procedure followed a similar methodology as in
aprevious ecological study (Benevenuto et al. 2018). Before the start of treatments in May/June
2016, sampling time 1 (ST1), we measured the height from the ground to crown with a ruler
and stem diameter at the surface using a digital caliper of the all experimental ramets (Fig 2).
We also counted the number of annual shoots, flowers, leaves, browsed shoots, and chewed
leaves. We recorded the same variables 6 weeks (42 days) later, at sampling time 2 (ST2). At
this subsequent recording, we also counted the number of berries. The same sampling procedure
was repeated in 2017. Plant height (H), stem diameter (DS), and number of annual shoots (AS)
were used to calculate dry mass (DM) of each ramet as a nondestructive estimate of plant size
using the formula described by Hegland et al. (2010): log2(DM) = 1.41700 x logz2(DS) +
0.97104 x log2(H) + 0.44153 x loga(AS + 1) — 7.52070.

To analyze gene expression, we collected 10 leaves from the apical part of each treatment
in each block at 10:00 the day after the last treatment application, and they were immediately
frozen in liquid nitrogen and stored at —80°C to avoid degradation. In June of 2017, 1 year after
the last of the three treatment applications, leaf samples were collected in the same manner from
all experimental plants. Samples were subsequently transferred to RNAlater-ICE (Life
Technologies, Carlsbad, CA) and allowed to thaw at —20°C prior to RNA isolation according

to the manufacturer’s protocol, as detailed below.

Gene expression analysis

All samples collected in 2016 and 2017 were randomly separated into three groups, each
containing a pool of five plants. Total RNA from each group was extracted using the Rneasy
plant mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s directions. The

total RNA was eluted in 100 pl sterile dH20 and quantified using a Nanodrop ND-1000



spectrophotometer (Nanodrop Products; Wilmington, DE, USA). The cDNA was synthesized
using 100 ng of total RNA per reaction and the Superscript VILO c¢cDNA synthesis kit
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.

A list of target genes for real-time PCR and the primers used in the analysis are provided
in Supplementary Information S1. The selection of these eight genes involved in defense and
growth-related pathways was based on our previous RNA-seq study of MeJA-treated wild
bilberry plants (Benevenuto et al. 2019). Defense target genes, involved in circadian rhythm,
phenylpropanoid, tyrosine, flavonoid, and anthocyanin biosynthesis pathways, are shikimate
O-hydroxycinnamoyltransferase ~ (SHIKIMATE), tyrosine  aminotransferase  (7TYR),
leucoanthocyanidin dioxygenase (LDOX), UDP-glycosyltransferase (UDP), MYB-related
transcription factor LHY (LHY), and flavonoid 3',5"-hydroxylase (FLAV). Growth-related target
genes involved in photosynthesis and nitrogen metabolism are photosystem Il PsbW (PHOTO)
and glutamine synthetase chloroplastic (GLU).

Several genes were tested to be used for normalization, based on those commonly used
in publications and our own transcriptome data (i.e., those not differentially expressed). These
were B-tubulin (7UB), metallothionein (MET), an F-box gene (Fbox), ubiquitin-conjugating
enzyme E2 28 (Ubc28), and glyceraldehyde-3-phosphate dehydrogenase (GAP). The software
package NormFinder (C.L. et al. 2004) was used to select the two most stable genes (FBOX
and GAP) across our samples that were used for normalization. Ubc28 was also found to be
stable and was used as the interplate calibrator. The gene sequences used for primer design
were selected from the RNA-seq de novo assembly of the bilberry transcriptome (Benevenuto
etal. 2019), because the complete genome sequence of this species is not available. The primers
were designed based on the predicted coding sequence of each target gene by using the online
tool PrimerQuest (Integrated DNA Technologies Inc., Skokie, IL, USA). Real-time PCR

reactions were set up using the Power SYBR green PCR master mix (Applied Biosystems,

10



Foster City, CA, USA) according to the manufacturer’s directions and run on a QuantStudio 5
Real-Time PCR system (Applied Biosystems). Thermocycling conditions were 50°C for 2 min;
95°C for 10 min; and 40 cycles at 95°C for 15 s, 60°C for 1 min, with melt curve set at 95°C
for 15 s, 60°C for 1 min, 95°C for 30 s, and 60°C for 15 s. There were three biological replicates
(pool of five plants) of each sample; in addition, three technical replicates were run for each
biological replicate. Relative expression levels were calculated, based on the average cycle
threshold (Ct) of the technical replicates for each biological replicate, by the AACt method

using the QuantStudio Design & Analysis Software v1.4.3 (Applied Biosystems).

Data analyses

For the ecological responses, the response variables of interest were: proportion of
chewed leaves (number or chewed leaves/total number of leaves), proportion of browsed shoots
(number of browsed shoots/total number of shoots), changes in biomass (through dry mass
calculation), and fruit set (proportion of berries to flowers). For the variables related to
herbivory and growth, each of the values from ST1 (beginning of the season; Fig. 2) were
subtracted from ST2 (end of the season; Fig. 2) to obtain seasonal changes for each year. For
these variables, we used the /me4 (Bates et al. 2014) and mix/m (Liland and Seebe 2014) libraries
in R (Team 2016) to fit generalized linear mixed effect models with Gaussian error distribution
and identity link and to perform posterior ANOVA, respectively. For all models, we entered
Treatment (MeJA vs. Control), Site (Low, Medium and High), and Year (2016 and 2017), with
interaction terms, as fixed effects. Block within each elevational site was fitted as a random
effect in the models. To account for the possibility that plant size variation impacts the plant
response to treatments, covariates were also included in the models: total number of leaves at
ST1 (for insect herbivory model), total number of shoots at ST1 (for mammalian herbivory

model), total biomass at ST1 (for growth model), and total number of flowers at ST2 (for model
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in reproduction). The treatment effects on reproduction were analyzed yearly, based on records
from the last census in each year and subsequent calculation of fruit set. A visual inspection of
residual plots did not reveal any obvious deviation from homoscedasticity or normality for any
models. To determine the presence of an interaction effect, we performed likelihood ratio tests
of the full model against the model without the effect and/or interaction in question.
Considering the significant interaction terms in all models, we assessed the statistical
significance (p-values) of single factors and its respective interactions by using the ANOVA
tables for each model (Supplementary Information S2). In order to easily visualize MeJA
treatment effects, seasonal effect sizes representing the mean difference between Control and
MeJ A-treated plants for each response variable in each site and year are presented. When effect
size was significant (ANOVA p < 0.05) for more than one site, differences and mean
separations between elevational sites within each year were analyzed by Tukey post hoc
comparisons (p < 0.05).

We also analyzed the effect of elevational gradient on the mean values of response variables
taken at ST2 across the two years to find effects that we could not see in models of seasonal
changes, such as herbivory pressure/intensity, plant size, and total number of flowers and
berries across the elevational gradient. The exception to this was total flowers, which we
calculated as the mean of the total number of flowers over the two sampling sessions. Linear
mixed models were fitted for each of these response variables by using Treatment and Site as
fixed predictor variables, and Block within each elevational site as random effect. After models
were fitted, they were submitted to ANOVA followed by posterior mean separation by Tukey
post hoc comparisons (p < 0.05).

For gene expression analyses, normalized relative expression values were log transformed
to satisfy the assumptions of linear modeling (homogeneity of variance and normality in the

residual distributions). Linear models were fitted with the /me4 package (Bates et al. 2014) in
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R (Team 2016) to each target gene. Log-transformed relative expression levels of each gene
were used as the response variable, while Treatment (MeJA or Control), Site (Low, Medium,
High), and Year (2016, 2017) were the explanatory variables. A factorial ANOVA was
conducted with the mix/m package (Liland and Saxbe 2014) to determine if there was an
interaction effect between the three predictor variables (factors) (Supplementary Information
S2). Differences and means within each target gene were analyzed by Tukey post hoc
comparisons (p < 0.05). We presented fold change values as a measure of describing how much
the expression of specific gene changes from control to MeJA-treated plants. It is defined as
the ratio of MeJA-treated expression value in relation to control expression value. Fold changes
are presented in logarithm base 2 (Log2FC) for comparisons of MeJA-treated and control plants
in the same site and year. Log2FC is the most widely used alternative transformation of the
ratio, because it has the advantage of producing a continuous spectrum of values and
representing up- and down-regulated gene expression values in a reader friendly fashion
(Quackenbush 2002). A positive Log2FC value indicates that the respective gene was
significantly up-regulated for the MeJA-treated plant. A negative Log2FC value means that the

respective gene was significantly down-regulated for the MeJA-treated plant.

RESULTS

Ecological responses

Total insect herbivory at the Low site (0.18 £ 0.03 [SE] proportion of chewed leaves)
was 60% higher than at the High (0.11 £ 0.01) site but not significantly different from the
Medium site (0.15 + 0.02) (Fig. 3A). Mammalian herbivory was 40% greater at the Low (0.39
+ 0.03 proportion of browsed shoots) and Medium (0.39 £ 0.02) sites than the High site (0.27

+0.03) (Fig. 3B). Plant size was ~50% larger in Low (0.74 + 0.14 dry mass logz) and Medium
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(0.78 £ 0.04) than at the High-altitude site (0.50 + 0.02) (Fig. 3C). Bilberry plants from the
Medium site produced 6 + 0.4 flowers, which is 40% more than plants from the Low site (4.1
+ 0.3) and twice as much as plants at the High site (3 = 0.1) (Fig. 3D). Bilberry plants at the
Low (1.9 £ 0.5 berries) and Medium (2.4 £ 0.5) sites produced about twice as many berries
compared with plants from the High site (0.9 + 0.2) (Fig. 3E).

Seasonal changes in the proportion of chewed leaves (insect herbivory)
(Treat*Site*Year effect: F = 12.09; p = 0.01), proportion of browsed shoots (mammalian
herbivory; Treat*Site*Year effect: F = 10.58; p = 0.03), dry mass (growth; Treat*Site*Year
effect: F = 14.19; p = 0.006), and fruit set (Treat*Site*Year effect: F = 18.59; p = 0.0009)
showed significant interaction effects among all three factors involved (S2). In the year of
treatment (2016), MeJA-treated plants had significantly lower proportions of insect and
mammalian herbivory than control plants across all elevational sites, although to varying
degrees. Bilberry plants from Low and Medium sites had ~80% higher levels of insect
herbivory than plants growing at High site (Table 1; Fig. 4A). Mammalian herbivory did not
significantly differ between elevational sites (Table 1; Fig. 4B). MeJA-treated plants from Low
and High sites grew significantly less than the control in 2016, whereas no significant effect
was found for plant growth at the Medium site (Table 1; Fig. 5). Effect size of growth was
~80% greater at the Low site than the High site (Table 1; Fig. 5A). Fruit set in 2016 was reduced
by the MeJA treatment in all sites, although the effect size was significantly stronger at the Low
site, followed by the Medium and the High site (Table 1; Fig. 5B).

One year after treatment (2017), insect herbivory remained lower in MeJA-treated
plants than the control at Low and Medium sites. Effect sizes were not significantly different
between sites (Table 1; Fig. 4A). Mammalian herbivory was also significantly lower in 2017
for MeJA-treated plants, but only for those located at the Low site (Table 1; Fig. 4B). Negative

effects of MeJA treatment on dry mass were maintained for plants growing at the Low and High
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sites in 2017; however, in contrast to 2016, MeJA-treated plants from the Medium site also
exhibited lower growth rates than the control plants in 2017. Effect sizes of seasonal growth
did not differ between sites 1 year after treatment (Table 1; Fig. 5A). MeJA treated plants

maintained a significant reduction in fruit set at the Low site in 2017 (Table 1; Fig. 5B).

Gene expression

Considering single-factor effects (without interaction), all defense-related genes tested
in our study were up-regulated in response to the MeJA treatment, while photosynthesis- and
nitrogen metabolism-related genes were down-regulated (Supplementary Information S3;
Treatment effect). The single effect for “Site’ occurred because all bilberry plants located at the
High site had significantly higher levels of expression for FLAV, LAY, SHIKIMATE, and LDOX
than plants from the Low site (Supplementary Information S3; Site effect). Regarding ‘Year’
as a factor, all target genes tested were more highly expressed in the year of treatment (2016)
than a year later (2017) (Supplementary Information S3; Year effect).

All defense-related target genes showed a significant (p <0.05) or marginally significant
(p <0.1) interaction effect between the two or three factors involved in our study, which means
that their expression level depends on the interaction between specific treatment, elevational
site, and time after induction. FLAV (Treat*Site*Year effect: F = 5.81; p = 0.009), TYR
(Treat*Site*Year effect: F = 4.66; p = 0.02), LHY (Treat*Year effect: F = 4.98; p = 0.03),
SHIKIMATE (Treat*Site*Year effect: F = 3.11; p = 0.06), and LDOX (Treat*Year effect: F
=17.33; p= 0.0003; and Treat*Site effect: F = 6.43; p = 0.005) were similarly affected: MeJA-
treated plants showed higher expression levels than control plants at all sites to varying degrees
and mainly for 2016 (Supplementary Information S3; Table 2; Fig. 6A—E). In the same year,
the MeJA treatment also induced the up-regulation of UDP (Treat*Site*Year effect: F = 4.33;

p = 0.02) in bilberry plants located only at Low and Medium sites (Table 2; Fig. 6F). GLU
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(Treat*Site*Year effect: F =3.57; p = 0.04) and PHOTO (Treat*Site*Year effect: F = 6.79; p
=0.004) expression levels also depended on the interaction between the three factors; in 2016,
MeJA treatment down-regulated the expression of GLU only in plants at the Low site (Table 2;
Fig. 7A). MeJA-treated plants from Low and Medium sites showed reduced expression levels
of PHOTO compared with the controls at each site (Table 2; Fig. 7B).

One year after induction (2017), up-regulation of FLAV, TYR, SHIKIMATE, and LDOX
defense genes was maintained for the MeJA-treated plants in Low and/or Medium sites. In the
High site, no significant changes were found for any defense genes tested (Table 2; Fig. 6A—
E). GLU maintained the same response from 2016, with reduced expression in MeJA-treated
plants at the Low site (Table 2; Fig. 7A). MeJA-treated plants at the Medium site had
significantly higher levels of PHOTO expression than control plants 1 year after treatment

(2017) (Table 2; Fig. 7B).

DISCUSSION

The plant defense system in bilberry varied over the elevational gradient. Induced
defenses were strongly activated for all plants growing at the optimum (Medium site) and
suboptimal lower altitude (Low site), suggesting that these plants have more resources available
to invest in defense against herbivore attack, compared with high-altitude plants growing under
colder and resource-limiting conditions. The MeJA activation of induced defenses were
strongest at the Low site and this was supported by the molecular mechanisms found: low-
altitude plants effectively reduced seasonal growth, fruit set, and herbivory rates, while
significantly down-regulated growth-related genes and up-regulated defense-related genes in
response to MeJA treatment. In summary, these combined responses are highly suggestive of

resource allocation from growth and reproduction to induced defenses (trade-off at ecological
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and molecular levels), especially for plants growing at the warmest low-altitude site (Prediction
I). Moreover, we showed that these effects persisted for at least one year after treatment. On
the other hand, bilberry plants growing at the suboptimal and coldest upper elevation (High
site) invested more in constitutive than induced defenses, indicating that they are under constant
‘alert.” This was supported by the small effect sizes of changes in growth, fruit set, and
herbivory resistance, and the consistently high expression levels of defense-related genes in

both MeJA-treated and untreated plants at high-altitude (Prediction II).

Herbivory and defense

Ecological responses related to defense showed that, in the year of treatment (2016),
plants growing under optimal (Medium site) and suboptimal lower elevation (Low site) had the
largest effect sizes (differences between control and MeJA) in seasonal changes of herbivory.
Although MeJA treatment also appeared to increase herbivore resistance in bilberry plants from
the suboptimal upper elevation (High site) in the year of treatment, this effect was considerably
lower when compared to plants from lower altitudes (Low and Medium sites). A year after
treatment (2017), significant herbivore resistance effects persisted in MeJA-treated plants from
Low and Medium sites, but the same was not found at the highest altitude. This finding
corroborates classical expectations that plant defenses decline with increasing elevation
(Rasmann et al. 2014a; Rodriguez-Castafieda et al. 2010).

We found molecular responses at gene expression level that could help explain the
ecological findings. Expression of important defense-related genes were up-regulated by MeJA
(positive 1og2FC) across all sites in 2016. This was particularly shown in the genes involved in
the phenylpropanoid, flavonoid, and anthocyanin biosynthesis pathways (i.e., FLAV, TYR,
SHIKIMATE, and LDOX), which are directly involved in the synthesis of secondary

metabolites involved in plant defense. For example, bilberry plants are particularly known for
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a naturally high content of anthocyanins, pigments present in fruits, leaves, and flowers, which,
in addition to providing color to plant tissues, are considered an important component in
defenses against herbivore attack (Lattanzio et al. 2006). The SHIKIMATE gene acts early in
the phenylpropanoid biosynthesis pathway, producing a transferase enzyme that catalyzes a
reaction of p-Coumaroyl CoA to form important precursors of different classes of secondary
metabolites, including anthocyanins (Hoffmann et al. 2004). FLAV and LDOX act later in the
flavonoid biosynthesis pathways, encoding enzymes to catalyze precursors, such as p-
Coumaroyl CoA, for the synthesis of flavones and flavonols. These genes also participate in
the formation of anthocyanidin, which is used as a substrate by enzymes encoded by UDP to
produce stable anthocyanin compounds (Li et al. 2001). Besides secondary metabolites, MeJA
also induced LHY, an important morning-specific transcription factor involved in the circadian
rhythm and flowering time, in 2016, especially in low-altitude bilberry plants. Changes in
expression of LHY -related transcription factors cause arrhythmicity in the expression of other
clock-regulated genes and can also alter leaf movement and flowering (Alabadi et al. 2002;
Green and Tobin 1999; Mizoguchi et al. 2002). Previous studies have shown that plants have
the capacity to alter flowering time to avoid insect herbivory of flower tissues (Agrawal et al.
2013; Parachnowitsch and Caruso 2008).

Our results indicate that bilberry plants rapidly invest in the synthesis of these
metabolites, in response to herbivory (as simulated by MeJA induction), especially at the
optimal medium and warmer low-altitude site. Although significant effects of defense induction
at gene level were found along all elevational gradients, as shown in the ecological results,
plants growing at the low and medium-altitudes showed stronger up-regulation of defense genes
(higher 10g2FC; Table 1) than high-altitude plants. In 2017, up-regulation of most defense-
related genes tested persisted in MeJA-treated plants from the low and medium altitudes, while

no differences were found in plants located in the highest altitude. Thus, such molecular results
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together with ecological findings of reduced herbivory at the optimal medium and warmer low-
altitude sites can partly be interpreted as allocation of resources in response to environmental

pressure.

Growth and reproduction

Ecological results related to growth and reproduction showed that, in the year of
treatment (2016) and one year later (2017), bilberry plants growing at the suboptimal lower
elevation (Low site) presented the largest effect sizes in biomass and fruit set measurements,
compared to plants located at the medium and high-altitudes. As found in measurements related
to defense, even though MeJA treatment affected seasonal growth and reproduction in plants
growing across all elevational gradient, evidence of resource allocation to defense was less
apparent in MeJA-treated plants from Medium and High sites than for plants at the lower
altitude.

As for results in defense, our molecular findings of genes related to growth and
development support ecological responses in relation to our first prediction. GLU, an important
gene associated with nitrogen metabolism, had its expression significantly down-regulated in
MeJA-treated plants growing at the low-altitude in the year of treatment (2016), and one year
later (2017). GLU plays a crucial role in nitrogen metabolism via assimilation of ammonium
obtained from photorespiration (Bernard and Habash 2009). Most of the assimilated nitrogen
in plants is invested in photosynthesis; hence, nitrogen assimilation and photosynthetic capacity
are strongly correlated (Makino et al. 2000; Makino et al. 2003; Nunes-Nesi et al. 2010). MeJA-
treated plants growing at the Low site reduced the expression of GLU, probably to allocate
nitrogen-related resources from growth and development to storage in case of herbivore attack.
PHOTO, an important gene from photosystem II, was also down-regulated by MeJA in bilberry

plants from Low and Medium sites in the year of treatment. However, the same effect did not
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persist until the next season. PHOTO is directly linked to growth and development, since it
encodes a protein complex responsible for light-harvesting and chlorophyll content (Shi et al.
2012). The down-regulation of PHOTO gene, as well as substantial decreases in seasonal
growth found in our study, suggests that the inhibitory effect of MeJA on photosynthesis is
effective due to the reduction in the light-harvesting complexes, consequently decreasing
carbon fixation. Our findings corroborate with a previous transcriptomic study, where PHOTO
and other important chlorophyll-related genes from the Photosystem II complex were down-
regulated in response to MeJA treatment in wild bilberries (Benevenuto et al. 2019). Such gene
expression results underpin molecular mechanisms underlying ecological responses found

related to reductions in growth and reproduction of MeJA-treated bilberry plants.

Trade-offs along the elevational gradient

Our findings suggest an effective trade-off between growth, reproduction, and defense
in plants under simulated herbivory pressure from warmer low-altitude environments in the
year of treatment, suggesting an investment strategy of protecting against future or persistent
herbivore attacks. In a previous study exploring the transcriptional profiling of MeJA-induced
defense responses in bilberry, we proposed the term ‘genetic trade-off,” which is the up-
regulation of genes involved in important defense-related pathways and the corresponding
down-regulation of genes related to growth and nitrogen metabolism pathways (Benevenuto et
al. 2019). Trade-offs persisted one year after MeJA induction only at the lowest altitude site. In
2017, down-regulation of GLU correlated with the up-regulation of SHIKIMATE and LDOX
defense genes for plants located at the Low site, indicating that genetic trade-offs between
defense and growth-related genes can be multiannual in warmer suboptimal conditions.
Ecological responses also showed trade-offs between growth/reproduction and herbivory

resistance one year after induction in low-altitude bilberry plants of the boreal system. In
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general, the effects of MeJA disappeared in plants growing at the colder and resource-limiting
high altitude one year after treatment.

Previous studies have shown that high temperature can directly affect the synthesis of
secondary metabolites involved in defense (Estiarte et al. 1999; Gouinguene and Turlings 2002;
Guo et al. 2012; Mosolov and Valueva 2011; Sun et al. 2011; Veteli et al. 2002a). Indeed, when
induced and according to environmental conditions, bilberry plants in the boreal system appear
to invest in the up-regulation of defense-related pathways (i.e., synthesis of secondary
metabolites), while down-regulating growth-related genes, as well as consequently reducing
seasonal growth and reproduction to increase herbivory resistance. However, although still
significant in low-altitude plants, these effects seem to be relaxed one year after induction.
Induced defense responses can persist from hours and days to years, depending on the plant
species, previous herbivory pressure, and life history of the plant (Haukioja et al. 1985; Karban
and Baldwin 1997). Besides, as abiotic factors can profoundly influence plant development
through changes in metabolic rates (O'Connor 2009), and phenotypic plasticity is a
developmental phenomenon, spatial or temporal variation in temperature can also affect speed,
magnitude, and costs (allocation of resources from growth /reproduction to defense) associated
with induced defenses (Trussell and Smith 2000). Our results suggest that bilberry plants are
more responsive to induced defenses in the suboptimal lower elevation, where the average
temperature is higher and the timing of snow melt is earlier, by allocating resources from growth
and reproduction to effective herbivory defense for at least one year after induction. This result
corroborates with our previous ecological study showing that the induced defense system in
bilberry plants functions in a multiannual manner (Benevenuto et al. 2018).

As predicted, high-altitude bilberry plants invested more in constitutive than induced
defenses. Small effect sizes for some of the ecological response variables tested (i.e., insect

herbivory and fruit set) indicate that high-altitude plants may invest limited resources to defense
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at all times. At the molecular level, all bilberry plants (MeJA-treated and control) growing at
the high-altitude showed high basal levels of expression for most defense genes tested (i.e.,
FLAV, LHY, SHIKIMATE, and LDOX). Furthermore, we observed that general herbivory
pressure was less intense (i.e., lower total proportion of chewed leaves) at the high-altitude than
the low-altitude site of the elevational gradient, consistent with recent studies (Pellissier et al.
2012; Rasmann et al. 2014b). This suggests that bilberry plants growing in suboptimal upper
elevations are under a constant state of ‘alert’ (constitutive defenses), possibly because of the
resource-limiting and stressful environmental conditions (i.e., low nutrients, cool average
temperatures, late timing of snow melt, and consequent short-growing season); as well as lower
herbivory pressure in subalpine habitats of the boreal system (Moreira et al. 2018). The
combination of these conditions likely affects the type of defense strategy expressed in bilberry
plants from a reliance on constitutive defenses instead of inducible defenses. Anti-herbivore
defense strategies frequently trade-off along an elevational gradient, within and among plant
species (Koricheva et al. 2004). Moreira et al. (2014); Pellissier et al. (2016) found similar
ecological responses among pine species, where constitutive and induced levels of defensive
chemicals traded off along elevation. Bilberry plants from higher elevations may have
developed consistent levels of plant defenses as an adaptation process to severe climatic
conditions, which indirectly confer increased resistance to herbivores. Therefore, high-altitude
plants may be not adapted, but ecologically fitted to future herbivore pressure due to possible

rapid shifts in herbivore range under climate change (Rasmann et al. 2014b).

CONCLUSION

We showed that bilberry defense responses are modulated by the combination of climate

and herbivory pressure at both ecological and molecular levels in the boreal system. High-
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altitude plants invested more in constitutive defenses, whereas low-altitude plants relied
strongly on induced defenses. Although herbivory pressure is lower at high altitudes of the
boreal system, the cooler average temperatures and limiting resource availability were
associated with constantly ‘alert” bilberry plants, whether treated with MeJA or not. The plants
located at low altitudes, where herbivory rates and seasonal temperature are higher, appeared
to be more responsive to the simulated herbivore attack by effectively investing resources away
from growth and reproduction to induced anti-herbivory defenses. This result suggests that
under increasingly warmer conditions and higher herbivory pressure, bilberry plants may
respond by altering their defense strategy.

Our results agree with previous studies showing that plant defensive traits are influenced
by, and can adapt to, a combination of both biotic (i.e., herbivory pressure and biodiversity)
and abiotic (i.e., temperature and resource availability) factors along an elevational gradient in
the forest (Moreira et al. 2014; Pearse and Hipp 2012). Under the current scenario of global
warming (IPCC 2018; Serreze et al. 2000), how would we expect the defense system of key
plant species in the boreal system to change? And what is the possible consequences of it? In
the near future, suboptimal upper elevation likely to become the new optimal growing
environment for most species in the boreal system. If so, the defense system of low and
medium-altitude plants that migrate to higher elevations might encounter novel abiotic (e.g.
harsher environment and less resource availability) and biotic (e.g. less diversity and herbivory
pressure) conditions to which they need to adapt. On the other hand, rapid shifts of herbivore
range to higher elevation due to increasing temperatures may result in limited damage to plants
not adapted to such herbivory pressure. These combinations of events in response to climate
change can consequently catalyze new ecological and co-evolutionary dynamics through
modulating plant-herbivore interactions in the subalpine zones of the boreal system. Plant-

herbivore interactions are one of the major drivers of ecosystem functioning and diversity, thus
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the evolution of plant defense system has been suggested to sculpt such patterns (Ehrlich and
Raven 1964). The ecological and molecular work in this study has provided useful insights into
the underlying of plant defense strategies along abiotic gradients. These approaches could be
used to monitor migration and analyze changes in plant-herbivore relationships, which can help
us to better predict possible modifications on the boreal ecosystem functioning during climate

change.

Ethics approval and consent to participate

Not applicable.

Availability of data and materials
All data generated for this study are publicly available at NCBI SRA under BioProject

ID number PRINA481170.

Competing interests

The authors declare that they have no competing interests.

Funding

This research was financially supported by the Norwegian Research Council (project
no. 204403/E40), the Norwegian Environment Agency, and a hatch project No. NJ0§8140 to

CR-S.

Authors’ Contributions

24



RFB led the bioinformatics and statistical analysis, interpretation of the data and writing
of the manuscript. All authors contributed to critical reading and editing of the manuscript.
RFB, TS, SJH, MAG, SRM and CR-S conceived the initial idea, designed and performed field
work. RFB and JP led the RT-qPCR portion of the project. All authors approved the final

manuscript.

Acknowledgements
We thank Torbjern Stokke and Sigurd Daniel Nerhus for their help with establishment
and execution of the field experiment. We also thank Kristia Adams for all the help and

assistance during the molecular analyses.

25



(500
> d Koyn ] ) 189K Yoo UIyIIm SOJIS [BUOTIBAJ[O UdaMIaq uonjeredas uedw JuasaIdor S10119] JUIIJIP ‘SOZIS J031J0 JUedIuSIS 10, "TedK pue 9)1s yoed uryim uostreduwros o1y10ads oy
10} 9Z1S 109JJ0 UI (600 > d VAONY) 90UIJJIP JUBDJIUSIS OU SojedIpul SN, “TeoA PUe 9)IS [OBO UIYIM O[qeLIBA dSuodsal yord 10J }99JJ0 [BUOSES V[OJAl PUE [ONUO)) USOMIdq
(10110 pIEPUE)S [)IM) QOUSIQJJIP ULdW ) JuosaIdar sZIS 109)J 1A YoBd Ul SIOMO[) JO JOqUINU [8)0/SILLIA] JO Joqunu [€j0) udomioq uontodord oy se paje[nofes sem (3os Jiniy)

uononpoxday] "1eak yoeos (sunf-AeJA)) UOSLIS Y} JO Juruuidoq oy} je anjea snurw (dog-3ny) UOSEIs Y} JO PUD A} J& dNJBA UOIMIIG QOUIIIJIP SE PAIB[NI[. 91oM (SSBUL AIP) [IMOIT

SN SN SO0F S0 260°0FITO q€00F¥0 B90°0F9°0 (39s i) uononpo.adoy

BZ00FEI0 Y00 F 0 BCO0FCIO qQ¥0°0F 0 SN B10FLEOD (ssew A£1p 3 230]) Yymor
SN SN €00 FCI'0 B¥0'0F91°0 Y00 FSI0 BEO0OFEIO (uon.aodoad) syooys pasmo.q 12(
SN BZ00FS0°0 B100FS00 910°0F90°0 BZO0OFII0 BZO0OFII0 (uontodoad) sasea] pamayd 3oasug
H N 1 H N 1

(VLI — [0-3u0))

SZIS 1993
pue ‘(S)00ys JO IIQUINU [£)0)/S)O0YS PISMOI] "OU) SJ00YS PasmolIq 109p jo uoniodord ¢(SoALd] JO JoquuNu [)0)/SIABI] PIMAYD "0U) SOABI] POMAYD 109sul Jo uontodord ur soSuey)
*SIBIA IAIINIISUOI OM]) JI0] aﬂom—vﬁhw Jeuon A9 pue Judun)ed.d) yoJA 03 asuodsau ul uoseoas dy)

ssoade (7 smpppadut wnau1oon,q) syuejd A113qIq prim Jo uondnpoadal pue ‘Yimo.as ‘A10A1QIY Ul SAFUBYD [BUOSEIS JO SIZIS YA I dqBL

SATdVL

26



‘uostredwoo o1y100ds jeY) U0 JUST 9A10adsaI Ay} JO uoIssaIdxd

QATIE[OI O} 10J punoj sem jueld [01U0O UL PoJeAN-Y [N U2aMmIdq (60°0 > d VAONY) 99UdIQJJIp JUedIuSIs ou jey) sajeodrpur  su, Juefd pajean-y oA o) 10§ pajengor-umop

SN $8°0 SN SN 881~ 11 OLOHd

SN SN - SN SN £8°C nio

SOUAS PIIR[AI-YIMO0.I)

SN SN SN SN 00°C 9¢'c ddn
SN LTT 43! L8] 90t yL'¢ xoar
SN 91 ¥6°0 87’1 €e°¢ 8C'1 ALVININIHS
SN SN SN 68°0 60 6%l AHT
SN Lo SN Sl 98’1 SL'E YAL
SN 160 SN 811 00°C ¥8°C AVTA

S9UdS PIjERI-ISUI(

Y31H wnipaN Moy Y31H wnipaN Moy

L10T 9107

ApueoyTusIs sem oud3 9Anoodsar oy Jey) suedW anjeA dAne3au y jueld pajean-y o\ oY) 10 pare[ndar-dn Apueoyrusis sem oud3 9A10adsal 9y} Jey) sa3eoIpul onjea aAnisod v

"SIBIA JAIINIISUOI O0M) 10 aﬂvmﬂ&hw [euoneAspd pue

JUIWI)BAL) VIJAl 03 dsuodsaa ut (] snupppadut wniudonq) syuepd L119qiq ppis ur (33ueyd proj t30[) soudg passa.adxd A[enuatdyji( "7 dlqeL

27



FIGURES

Figure 1. Average timing of snow melt, temperature and relative humidity across the

elevational gradient. Snow free = Julian Day Number (JDN) for complete snow melt; T = air

temperature; RH = relative air humidity.
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Figure 2. A bilberry ramet including size recordings, and timeline for the induction and

response period when the measurements were recorded. ds: days.
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Figure 3. Mean of total herbivory, plant size, number of flowers and berries across an
elevation gradient over two years (2016 and 2017). Means of each response variable were
calculated from the values collected in the end of the season (Aug-Sep; sampling time 2) in
both years of study. Error bars represent standard error of the mean. Different letters represent

mean separation between sites (Tukey p < 0.05).
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ABSTRACT

The activation of plant defense systems in response to herbivory or experimentally applied
methyl jasmonate (MeJA) involves the production of chemical defense substances functioning
as warning signals to repel herbivores and protect against pathogens. They also serve as signals
detectable by undamaged neighboring plants, a phenomenon called plant-plant communication.
We studied how altitudinal variation in temperature and timing of snowmelt affected herbivore
resistance, growth and reproduction of untreated bilberry (Vaccinium myrtillus L.) 20-500 cm
from MeJA-treated ramets. Across two years, responses of MeJA-treated and untreated bilberry
ramets were recorded twice per season along an elevational gradient in a boreal system. At low
and medium altitudes, untreated bilberry showed increased herbivore resistance and reduced
growth and reproduction up to 500 cm from MeJA-treated ramets. In the warmer sites at these
altitudes, the effects persisted for two years for ramets up to 100 cm from the treated ramets.
At high altitudes, however, only untreated ramets growing 20—100 cm from the treated ramets
showed increased resistance to insect herbivores and reduced reproduction, but these effects
did not persist into the second year. Altitudinal variation in climate affected trade-offs between
plant defense, growth, and reproduction. Our findings indicate that plant-plant communication
is also influenced by the combination of changes in climate and time after induction.
Adaptations of plants growing under increasing temperature in high-latitude environments can
profoundly impact ecosystem functioning, especially where bilberry, the key plant species in

the boreal system, interacts with its herbivores.

Keywords  induced defenses - methyl jasmonate - neighborhood effects - plant-plant

communication - Vaccinium myrtillus



Introduction

Global warming is currently occurring at an unprecedented rate (Brooker 2006). Mean global
temperature is projected to increase by 1.5-2.0°C in coming decades, causing longer drought
periods in some areas and more precipitation in others (IPCC 2018). Climate change is likely
to be a major threat to biodiversity in many regions worldwide (Sala et al. 2000; Thomas et al.
2004). High latitude tundra and boreal areas are particularly vulnerable to climate change-
induced degradation and loss, with woody shrubs encroaching onto the tundra (IPCC 2018). At
northern latitudes, milder winters and warmer summers will prolong the growing season, alter
plant growth patterns, and eventually cause a mismatch between, for example, the time of
pollinator emergence and host plants flowering (Bale et al. 2002; Stenseth and Mysterud 2002;
Visser and Both 2005). Climate change is also expected to influence plant phenology
(differences in growth and maturation), physiology (e.g., stomatal functioning in plants and the
physicochemical properties of volatiles compounds), and resource allocation from growth or
reproduction, or both, to defense when under herbivore attack. These can have direct and
indirect implications for natural ecosystem functioning (Post et al. 2009; Pefiuelas and Staudt
2010).

Plant coexistence can influence interactions with other organisms such as herbivores,
predators, pollinators, and microorganisms. Indeed, a plant’s association with its neighbors can
take several forms, with competitive and facilitative interactions playing fundamental roles in
shaping natural communities. Plant-plant competition has long been a key component of many
classic ecological theories (Keddy 1989). In contrast, the importance of positive plant-plant
interactions, such as facilitation, has only more recently been recognized as being equally
important in regulating community composition and ecosystem functioning (Brooker 2006;

Callaway 2007; Brooker et al. 2008). Neighboring plants can facilitate each other by promoting



their growth (Plath et al. 2011), for example, through fixing nitrogen (Joélle et al. 2010), or
helping each other in defense against herbivores either directly, through reducing damage by
diverting herbivores from their host plant (Morley et al. 2005), or indirectly, by attracting the
herbivores’ natural enemies (Landis et al. 2000). These negative and positive plant-plant
interactions can be mediated by biotic (i.e., herbivore attack) and abiotic factors (i.e.,
environmental drivers). However, little is known about the effects of climate in modulating
these interactions.

Plants under attack by herbivores and pathogens activate inducible defense mechanisms
such as the emission of volatile organic compounds (VOCs) from aboveground and
belowground tissues (Knudsen et al. 1993; Dudareva et al. 2004; Steeghs et al. 2004). Once
VOCs are emitted, however, they convey ‘public’ information that can be perceived by
surrounding plants and organisms, a phenomenon referred to as plant-plant communication. For
instance, herbivore-induced VOCs can attract natural enemies of herbivores (Sabelis 1999),
provide protection against pathogens (Shiojiri et al. 2006), and repel herbivores (Heil 2004),
potentially defending plants against their antagonists (Kessler and Baldwin 2001). Moreover,
undamaged neighboring plants can recognize VOCs emitted from attacked plants and use them
as a cue to mobilize their own defense systems (Kobayashi and Yamamura 2003). Plant
communication can be influenced by climate because VOC production, volatility and,
consequently, VOC movement at the leaf surface, are controlled by temperature (Niinemets et
al. 2004). Recent studies highlight possible effects of climate change on the biosynthesis and
abundance of VOCs (Rosenstiel et al. 2003; Calfapietra et al. 2007), which could mitigate their
ecological functions (Pinto et al. 2007). Higher VOC production and volatility under elevated
temperatures (Helmig et al. 2007) are expected to change plant-herbivore interactions by
altering the ability of specialist herbivores to locate their hosts, thereby increasing antiherbivore

defense responses and modifying plant-plant interactions (Yuan et al. 2009). But we still do not



fully understand how inter-plant communication mechanisms vary under different climate
regimes, how these could be affected by changing environmental conditions, and what the
consequences could be for ecological interactions and ecosystem functioning.

Plants incur costs if limiting resources, such as nitrogen and carbon, are invested in
defense rather than production (Redman et al. 2001). Studies have shown that the activation of
plant defense systems are energetically costly and reduce plant growth and reproduction
(Accamando and Cronin 2012; Nabity et al. 2013; Seldal et al. 2017; Benevenuto et al. 2018).
For example, in bilberry (Vaccinium myrtillus L.), a key food source for many herbivore species
in boreal forest, treatment with methyl jasmonate (MeJA), a widely occurring volatile organic
compound used in plant defense, increases resistance to herbivores and reduces plant growth
and reproduction for several years (i.e., prolonged multiannual defense) (Benevenuto et al.
2018). These trade-offs between herbivore resistance and both growth and reproduction have
previously been observed on MeJA-treated bilberry plants as well as on untreated neighbors
(Benevenuto et al. 2018). Given that ecosystem composition and functioning can affect the
ecosystem services on which human society depends (Peterson et al. 1998; Hooper et al. 2005),
there is a strong practical need to understand those processes that regulate biodiversity,
particularly in the light of potential impacts of climate change. It is therefore timely to consider
how variations in climate might modulate plant-plant interactions and their effects, specially in
high-latitude ecosystems.

In this study, we investigate how altitudinal variation in temperature and the time of
snowmelt affect growth, reproduction and the induction of defenses in MeJA-treated and
untreated neighboring bilberry ramets. Because VOCs can induce defenses in neighboring
plants some distance away (Heil and Karban 2010; Hare 2011; Benevenuto et al. 2018), we
predict similar patterns of defense in MeJA-induced and untreated neighboring bilberry ramets

at different distances from the induced plant, for example, reduced growth, reproduction, and



levels of herbivory. Such a distance effect would indicate plant-plant communication.
Furthermore, because plant-induced defenses appear to decline with increasing elevation
(Moreira et al. 2018) and elevated temperature is known to increase biogenic VOC emissions
(Guenther et al. 1995; Helmig et al. 2007), we expect to find stronger plant-plant

communication effects in the warmer, lower altitude environments.

Materials and methods

Study system

We conducted this study along an elevational gradient in the boreal pine-bilberry forest
ecosystems of Kaupanger, the inner Sognefjord, western Norway (61.2°N, 007.2°E) in 2016
and 2017. Annual precipitation there is 700-900 mm with a mean summer temperature range
of 12-16° C (Moen et al. 1999). The most abundant tree is pine (Pinus sylvestris L.), with dwarf
shrubs, such as bilberry, lingonberry (Vaccinium vitis-idaea L.), and crowberry (Empetrum
nigrum L.) dominating the field layer. Bilberry is a long-lived deciduous clonal dwarf shrub
with evergreen stems usually 10-60 cm high (Ritchie 1956; Flower-Ellis 1971). Although we
do not have specific information on clone size and distribution in the study area, we have based
our work and study design on the assumptions that rhizomes can reach approximately 200 cm
in length, depending on age, and that there is considerable genetic variation within the
population (Flower-Ellis 1971; Albert et al. 2003; Albert et al. 2004). Bilberry is considered a
key plant in boreal forests because it is a food source for many vertebrate and invertebrate
herbivores (Hegland et al. 2010). The main mammalian herbivores feeding on bilberry in this
area are red deer (Cervus elaphus L.) and various rodent species, whereas the commonest insect

herbivores are Geometridae larvae (S.J. Hegland, pers. obs.). Bumblebees and solitary bees, as



well as ants, are the main visitors to bilberry flowers at our sites (S.J. Hegland, unpublished

data).

Gradient design

Inner Sognefjord is topographically diverse with marked altitudinal gradients occurring within
arelatively small area. These are ideal for climate research, making it practical and convenient
to carrying out ecological experiments over short geographical distances. We used a natural
altitudinal gradient ranging from just above sea level to the subalpine zone to investigate the
effects of variation in climate, mainly temperature and the timing of snowmelt, on plant-
herbivore interactions and plant-plant communication. Anorthosite bedrock and moraine
material dominate the whole gradient (NGU 2019) and there are no latitudinal or longitudinal
influences. As such this gradient design reduces the possibility of confounding effects that can
often be a challenge in climate-gradient studies.

We conducted an experiment at three different elevations representing an altitudinal
gradient along which temperature, timing of snowmelt and length of the growth season varied
(Fig. 1): ’Low’ elevation, ca. 100 m a.s.l. (submontane zone); ‘Medium’ elevation, ca. 500 m
a.s.l. (mid-montane zone); and ‘High’ elevation, ca. 900 m a.s.l. (subalpine zone). We placed
four data loggers (TRIX 8 LogTag, Auckland, New Zealand) at each site to record data on
average temperature and relative humidity throughout the study season in both years. We
recorded the timing of snowmelt as the Julian day on which each site became largely snow free.
All experimental sites faced south west, thereby reducing incidental environmental variation,
such as light conditions. Low and medium sites consisted of more than 10-year-old clear-cuts
with small pines, birches and alders that produced negligible shadow. The high site was a
naturally open subalpine area just below the tree line. Unpublished data from 2016 showed that

there was relatively little variation in pH (mean, 4.19) and slope (16.4 degrees) among sites,



although soil organic matter (mean, 60.4%) was slightly lower at the low altitude (Knut
Rydgren pers. comm. 2016). Vegetation structure was similar among the sites, with a field layer

and scattered tree layer up to ca. 5 m.

Experimental design and data collection

In May and June 2016, at each site (Low, Medium, and High), we established 20 150 m? (10 m
x 15 m) blocks, leaving a minimum of 10 m between each to avoid interference from
neighboring blocks. Within each block, two transects were established at least 10 m apart with
five individually marked bilberry ramets in each, ranging in height from 10 to 25 cm. We
located the five ramets at 10-30 cm (called dist. 20 hereafter), 40-60 cm (dist. 50), 80—-120 cm
(dist. 100), and 400-530 cm (dist. 500) from the first ramet (dist. 0) in each transect (Fig. 2).
Transects were randomly assigned within each block. The first ramets (dist. 0) were subjected
to one of two treatments: 10 mM MeJA application, termed the MeJA-treated or focal ramet,
or a water : ethanol application, designated the control. To achieve the desired concentration of
MeJA, 4.1 M MelJA stock solution (Bedoukian Research, Danbury, CT) was diluted 1:10 with
95% (v/v) ethanol and diluted further with water to get a final concentration of 10 mM MeJA
(Seldal et al. 2017). Ethanol was added to water at the same final concentration as that in the
10 mM MeJA solution (41:1) for the control. To avoid rapid evaporation of MeJA, a cotton
wad was attached to the stem at the ground and saturated with 10 mM MelJA (treatment) or
water-ethanol (control) to the point of run-off. This was repeated three times at 1-week intervals
after the initial application to simulate attack by herbivores. The ramets were not exposed to
further treatments in 2017, to reveal any possible multiannual effects. To evaluate possible
plant-plant communication between MeJA-treated and untreated neighboring ramets, only the
first ramet (dist. 0) in the transect was treated (Benevenuto et al. 2018). The other ramets along

the transects served as test subjects.



We used a similar sampling procedure to that adopted in a previous study (Benevenuto et
al. 2018). In May/June 2016 (sampling time 1 [ST1]), before the start of treatment at all sites,
we measured ramet height from the ground to crown with a ruler, and stem diameter at ground
level with a digital caliper, for all the marked plants on the transects. We also counted the
number of annual shoots, flowers, leaves, browsed shoots and insect-chewed leaves. We
measured the same variables again at the end of the season (sampling time 2 [ST2]), 6 weeks
(42 days) after the start of treatment. On this latter occasion, we also counted the number of
berries. The same procedure was repeated in 2017 except that the focal plants and controls were
not treated then. Plant height (H), stem diameter (DS) and the number of shoots (AS) were used
to calculate the dry mass (DM) of each ramet, applying the formula proposed by Hegland et al.
(2010): log2(DM) = 1.41700 x log2(DS) + 0.97104 x log2(H) + 0.44153 x log2(AS + 1) —

7.52070. This provided a nondestructive estimate of plant size.

Data analyses

We assessed if MeJA induced anti-herbivore defenses in wild bilberry ramets by analyzing the
patterns of herbivory (proportion of chewed leaves by insect herbivores and proportion of
mammalian-browsed shoots), growth (changes in biomass, through dry mass calculation) and
fruit set (proportion of berries to flowers) of MeJA-treated and untreated neighboring ramets at
different distances, across an elevational gradient in two consecutive seasons. The analysis
involved comparing control ramets with the corresponding ramets in the experimental MeJA-
treated transects (dist. 0), and for untreated neighboring ramets at increasing distance from the
control and experimental ramets (dist. 20-500), at each site along the elevational gradient in
2016 and 2017. The response variables were the changes in the proportion of chewed leaves,
proportion of browsed shoots, and biomass, calculated by subtracting the values at ST1

(beginning of the season) from those at ST2 (end of the season). These provided measures of



seasonal change for each year. Effects on reproduction were analyzed yearly, based on
measurements of the number of flowers present in May—June and the number of berries in Aug—
Sept in each year, from which fruit set was calculated as the proportion of berries to flowers.
For each response variable, we used the /me4 (Bates et al. 2014) and mix/m (Liland and
Saebe 2014) libraries in R (RDevelopment 2012) to fit generalized linear mixed effect models
(GLMM) with Gaussian error distribution with identity link and performed posterior analysis
of variance (ANOVA). For all models, in each year (2016 and 2017), we entered treatment
(control and MeJA dist. 0-500) and site (Low, Medium and High), with interaction terms as
fixed effects. Blocks within each elevational site were fitted as random effects. To account for
variation in plant size, the following covariates were included: total number of leaves at ST1
(for insect herbivory model), total number of shoots at ST1 (for mammalian herbivory model),
total biomass at ST1 (for growth model), and total number of flowers at ST2 (for the fruit-set
model). The treatment effects on reproduction were analyzed yearly, based on estimates of fruit
set as defined above. Visual inspection of residual plots did not reveal any obvious deviation
from homoscedasticity or normality for any model. To determine the presence of an interaction
effect, we performed likelihood ratio tests of the full model against the model without the effect
or interaction in question. We assessed the statistical significance (p-values) of single factors
and their respective interactions by performing ANOVA for each model. Differences and mean
separations between control and MeJA (dist. 0-500) ramets, within each elevational site, were

analyzed by Tukey post hoc comparisons (o = 0.05) (Supplementary Tables S1, S2).

Results

Insect herbivory, measured as the change in the proportion of chewed leaves, was significantly

reduced in MeJA-treated and untreated neighboring bilberry ramets at all distances (dist. 20—

10



500) at the Low and Medium sites, and up to dist. 100 at the High site in 2016, compared with
that of control ramets. This reduction in insect herbivory was maintained in 2017, but only in
MeJA-treated ramets and in untreated neighbors up to dist. 50 at the Low and Medium sites,
and not at all at the High site (Fig. 3; Supplementary Table S1).

Mammalian herbivory, measured as the change in the proportion of browsed shoots, was
similarly significantly reduced in both years in MeJA-treated and neighboring ramets at all
distances at both Low and Medium sites, compared with that in control plants. At the High site,
however, there was no statistically significant reduction in browsing pressure other than in
MeJA-treated ramets (dist. 0), and then only in 2016 (Fig. 4; Supplementary Table S1).

In 2016, seasonal growth (change in biomass) was reduced in MeJA-treated and nearby
neighboring ramets (dist. 20-50) at both Low and Medium sites compared with the control
plants, but no significant difference was observed at the High site. A year after treatment (2017),
biomass production continued to be significantly depressed relative to control plants at the Low
site at distances up to ca. 50 cm, and at all distances at the Medium site. At the High site,
however, which had displayed no significant response in 2016, significant reductions in growth
were recorded in 2017 in the 2016 MeJA-treated experimental ramets and their closest
neighbors (dist. 20), relative to the control (Fig. 5; Supplementary Table S2).

Fruit set, measured as the proportion of berries to flowers, was also affected. In 2016,
fruit set was significant reduced in MeJA-treated and untreated neighboring ramets at distances
from ca. 20 to 100 cm at both Low and High sites. The effect was more marked at the Medium
site, however, where reduced fruit set was recorded in untreated neighbors up to ca. 500 cm
away (Fig. 6; Supplementary Table S2). Similar statistically significant reductions in fruit set
were recorded for MeJA-treated and untreated neighboring ramets in 2017 at the Low and
Medium sites at distances up to ca. 100 cm, but not in any of the plants at the High site at any

distance (Fig. 6; Supplementary Table S2).
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Discussion

Our results show that treated plants and untreated neighbors up to 500 cm away appear to have
activated their defense systems in response to treatment with MeJA, as shown by reductions in
both insect and mammalian herbivory, relative to control plants in the same area. This in turn
resulted in reduced growth and reproduction in these MeJA-treated plants and their untreated
neighbors, presumably due to the reallocation of resources from growth and reproduction to
defense. This effect was observed at all elevations, but especially at Low and Medium altitude
sites, where the effect persisted into a second year, in line with our predictions. At these sites
the effects were more strongly induced and persistent, including among untreated conspecific
ramets at intermediate to long distances (ca. 100-500 cm). Conversely, at the High site, where
temperatures are lower and the growing season is shorter, only MeJA-treated and untreated
neighboring ramets at short to intermediate distances (ca. 20—100 cm) showed reduced
herbivory and fruit set, and this effect did not persist into the next year. The single instance of
reduced growth recorded in 2017 at the High site in the 2016 MeJA-treated experimental plants
and close neighbors (dist. 20) may have been coincidental and could have arisen if the plants
were responding to an instance of natural herbivory and the release of volatile defense
compounds.

We found clear neighborhood/distance effects of MeJA-treatment on bilberry growth,
reproduction, and herbivory resistance across all elevations in both MeJA-treated and untreated
neighboring ramets. These effects were largely as predicted across elevation and time, and
support the idea of plant-plant communication, with both MeJA-treated and untreated
neighboring ramets up to 5 m away evidently activating their defense systems, at least in 2016
when the plants were treated. These results are consistent with other studies showing that above

and belowground signals emitted by induced plants can activate defense system of uninduced

12



neighbors (Dicke and Bruin 2001; Baldwin et al. 2002; Pickett et al. 2003). Moreover, these
effects were more pronounced and consistent in the sub-montane and mid-montane climatic
zones (Low and Medium sites) than in the subalpine zone (High sites), suggesting that plant-
plant communication in bilberry, either through airborne or belowground signaling from MeJA-
treated ramets, is apparently modulated by climatic conditions.

The reduction in growth, fruit set, and levels of insect and mammalian herbivory, in
untreated bilberry ramets growing within about 5 m of MeJA-treated ramets suggests that there
is a trade-off between growth and defense. This trade-off apparently persisted, albeit less
markedly, for at least the next year in untreated neighboring plants up to ca. 100 cm from the
treated ramets at the Low and Medium sites, suggesting that defense activation of induced
plants and their neighbors growing in sub-montane to mid-montane zones in the boreal forest
is multiannual. In a previous study, in the same ecosystem and area, at ca. 350 m a.s.l., we also
found evidence of multiannual plant-plant communication effects between MeJA-treated and
untreated neighboring ramets (Benevenuto et al. 2018).

Although MeJA-treated and untreated bilberry ramets up to ca. 100 cm away showed
reduced insect herbivory and fruit set initially at the High site, neither growth nor mammalian
herbivory, other than on the treated ramets, were significantly reduced. Furthermore, in contrast
to plants growing at lower elevations, these effects did not persist through to the next growing
season, further evidence that climate impinges on the effectiveness of plant-plant
communication in an induced defense system. The elevational gradient used in our study
parallels a natural climatic gradient. As such, average temperatures at the Low and Medium
sites are notably higher than at the High site, in what is effectively the subalpine zone. Plants
growing at this latter zone experience a more stressful environment with lower average
temperatures, later snowmelt, and, consequently, a shorter growing season than plants at lower

altitudes in this boreal ecosystem. Overall, climate can be an important abiotic factor in
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determining the intensity and efficacy of induced plant defenses, for example, by affecting the
release of plant volatiles (Gouinguené and Turlings 2002). Such effects can alter plant-
herbivore and plant-plant interactions and can result in important changes in natural ecosystem
functioning, such as cyclic fluctuations in herbivore populations (Haukioja and Hanhiméki
1985).

The relatively warmer environments at the Low and Medium elevation sites, together
with their longer growth seasons, boosted the performance of the induced defense system in
bilberry and produced more effective plant-plant communication. Although we have not
determined the type of signaling, it is probable that both aboveground (airborne VOCs) and
belowground (VOCs or ramet contact) processes were involved in activating the defense
systems of untreated neighboring ramets. The emission rates of VOCs, one of the main means
of plant-plant communication, are determined mainly by their synthesis rates and
physicochemical characteristics (i.e., solubility, volatility, and diffusivity). They are therefore
greatly affected by internal and external factors (Kesselmeier and Staudt 1999; Pefuelas and
Llusia 2001, 2003; Niinemets et al. 2004). For instance, elevated temperature increases
biogenic VOC emission by enhancing enzyme activity during synthesis, raising vapor pressure,
and decreasing the resistance to diffusion (Tigney 1991; Guenther et al. 1993; Gouinguené and
Turlings 2002). Altered VOC emission in a warmer environment can affect signaling efficacy
directly in various ecological interactions in natural ecosystems. For example, higher VOC
production at elevated temperatures (Helmig et al. 2007) could enhance plant-pollinator
interactions by increasing flower visitation rates. They could also alter the ability of specialist
insect and mammalian herbivores to locate their hosts, increase direct and indirect antiherbivore
defenses, and consequently alter plant-plant interactions (Yuan et al. 2009). Moreover, at higher
temperatures, insect herbivores, predators, and parasitoids in general have higher metabolic

activity and could be more receptive to plant infochemicals (Valkama et al. 2007). This can
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enhance the defense role of induced VOCs in warmer climates. Conversely, moderately
elevated temperatures enhance feeding by certain herbivores (Bale et al. 2002; Valkama et al.
2007), thereby increasing inducible VOC emissions (Gouinguené and Turlings 2002; Himanen
et al. 2009). Besides temperature and other main environmental factors of climate change, VOC
emissions from plants could also be altered by other abiotic factors, such as nutrient and
resource availability, interacting with these main one (Gouinguené and Turlings 2002), as well
as altering phenology such as plant seasonality and leaf duration (Constable et al. 1999). Our
high-altitude site, located in the subalpine zone of the boreal forest biome, experienced cooler
average temperatures, limited resource availability, and had a shorter growing season. This may
explain the apparently reduced response by bilberry to inducible VOCs, perhaps revealing
reduced plant-plant communication capacity compared with that of bilberry ramets growing at
lower altitudes.

The more pronounced plant-plant communication found in bilberry ramets growing in the
submontane (Low site) and mid-montane (Medium site) zones reflects the antiherbivore
defense strategy of plants growing under milder environmental conditions. In separate study,
our molecular and ecological data showed that high-altitude bilberry in the boreal forest
invested more in constitutive defenses, whereas low-altitude plants relied more on induced
defenses (Unpublished Benevenuto et al. 2019). Bilberry plants growing at lower altitudes,
where herbivore pressure and seasonal temperatures are higher, appeared more responsive to
simulated herbivore attack by diverting resources from growth and reproduction to induced
antiherbivore defenses in both treated and untreated neighboring ramets. This suggests that
bilberry plants, growing under warmer conditions and higher levels of herbivory, are adapted
to be more flexible in their responses compared with conspecifics growing in subalpine zones.

This flexibility has consequences both for natural ecosystem functioning, by modulating plant-
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herbivore interactions (e.g., outbreaks of herbivore populations), and for enhanced plant-plant
interactions (e.g., detection and response to VOC emissions by adjacent plants).

Emissions of VOCs by plants contribute substantially to the hydrocarbon load on the
atmosphere, emitting an equivalent to the sum of biogenic and anthropogenic methane
emissions (Guenther et al. 1995). In the longer term, therefore, increased levels of VOCs in the
atmosphere, resulting from bilberry growing under warmer environmental conditions in this
boreal ecosystem, could contribute to climate change through aerosol formation and enhanced
greenhouse effects (Pefiuelas and Llusia 2003; Rosenstiel et al. 2003; Calfapietra et al. 2007),
which in turn could feedback to affect their own ecological functioning. Moreover, VOCs can
relieve abiotic stresses, such as higher temperature and levels of reactive oxygen species
(Sharkey et al. 2001; Gouinguené and Turlings 2002; Pefiuelas et al. 2005; Pinto et al. 2007),
and this could be magnified in the future by higher average temperatures. Given the function
of some VOCs, such as terpenoids, in plant-plant communication, changes in volatile
abundance as a result of climate change could therefore affect plant-herbivore relationships by
either weakening or strengthening signaling between plants (Yuan et al. 2009).

In summary, our findings provide evidence for climate modulation of plant-plant
communication as part of the induced plant defense system in bilberry. Low (submontane zone)
to Medium altitude (mid-montane zone) environments in the boreal system, with higher average
temperatures and longer growth seasons, favored induced defenses in the ramets of neighboring
conspecifics, at least within ca. 5 m of a source plant. The greater prominence of this inducible
plant defense system at these lower altitudes may presage the kinds of change expected in plant-
plant communication systems and associated VOC emissions in a warmer world, which will
likely feedback to further influence ecological functioning. Although challenging to do,
simulations of climate-change effects on plant-herbivore and plant-plant interactions in natural

systems could help us predict the possible ecological consequences of a changing climate on
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vulnerable ecosystems, especially high-latitude systems in which there are marked dependences

among species, such as bilberry and most insect and mammalian herbivores in boreal forest.
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Captions to Figures

Fig. 1 Average timing of snowmelt, temperature, and relative humidity across the elevational

gradient. Snow free = Julian Day Number (JDN) for complete snowmelt; T = air temperature;

RH = relative air humidity.

Fig. 2 Transect design showing the distances between MeJA-treated or Control bilberry ramets

and their untreated neighbors. C = control transect; T = treated transect; MeJA = methyl

jasmonate.

Fig. 3 Seasonal changes in insect herbivory (proportion of chewed leaves) of MeJA-treated

and untreated neighboring (dist. 20-500) bilberry plants (Vaccinium myrtillus L.) across an
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elevational gradient (Low, Medium, and High) for two consecutive years (2016 and 2017). The
seasonal change in the proportion of insect chewed leaves (no. chewed leaves/total number of
leaves) was calculated as the difference each year between the value at the end of the growing
season (Aug/Sep) and that at the beginning (May/June). Error bars are =1 SE, * represents
significant differences between MeJA-treated and untreated neighbors (dist. 20-500) vs.

Control ramets (Tukey p < 0.05).

Fig. 4 Seasonal changes in mammalian herbivory (proportion of browsed shoots) of MeJA-
treated and untreated neighboring (dist. 20-500) bilberry plants (Vaccinium myrtillus L.) across
an elevational gradient (Low, Medium, and High) for two consecutive years (2016 and 2017).
The seasonal change in the proportion of deer-browsed shoots (no. browsed shoots/total number
of shoots) was calculated as difference each year between the value at the end of the growing
season (Aug/Sep) and that at the beginning (May/June). Error bars are =1 SE, * represents
significant differences between MeJA-treated and untreated neighbors (dist. 20-500) vs.

Control ramets (Tukey p < 0.05).

Fig. 5 Seasonal changes in growth (biomass) of MeJA-treated and untreated neighboring (dist.
20-500) bilberry plants (Vaccinium myrtillus L.) across an elevational gradient (Low, Medium,
and High) for two consecutive years (2016 and 2017). The seasonal change in growth (biomass)
was calculated as the difference each year between the value at the end of the growing season
(Aug/Sep) and that at the beginning (May/June). Error bars are =1 SE, * represents significant
differences between MeJA-treated and untreated neighbors (dist. 20-500) vs. Control ramets

(Tukey p <0.05).
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Fig. 6 Fruit set (proportion of berries to flowers) of MeJA-treated and untreated neighboring
(dist. 20-500) bilberry plants (Vaccinium myrtillus L.) across an elevational gradient (Low,
Medium, and High) for two consecutive years (2016 and 2017). Fruit set is the ratio between
the total number of berries divided by the total number of flowers in each year. Error bars are
+1 SE, * represents significant differences between MeJA-treated and untreated neighbors (dist.

20-500) vs. Control ramets (Tukey p < 0.05).
Fig. 1
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