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A net assimilation rate per leaf area
C intercellular concentration of CO,
C, carbon content per unit dry mass
D, percentage of damaged leaf area
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GGDP  geranylgeranyl diphosphate
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cmax

VOC volatile organic compound
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QUANTITATIVE IMPACTS OF INTERACTIVE BIOTIC AND
ABIOTIC STRESSES ON PLANT PERFORMANCE: STRESS
RESPONSES, PRIMING, AND ACCLIMATION

1. INTRODUCTION

Plant stress refers to the broad range of abiotic and biotic external
factors that negatively impact plant metabolism, growth, development,
and productivity (Niinemets, 2010; Atkinson & Urwin, 2012; Ben Rejeb
et al., 2014; Atkinson et al., 2015). Abiotic stress encompasses adverse
environmental conditions, such as drought, waterlogging, salinity, air
pollution, ozone, high solar radiation, heat waves, and other extreme
climatic factors. On the other hand, biotic stress involves the onslaught of
various herbivores and pathogens, including viruses, fungi, and bacteria.
Abiotic stress and biotic stress operate differently: abiotic stresses create
challenging climatic environments for plant growth, while biotic stress
agents can disrupt plant hormonal balance, leading to tissue injuries and
losses (Divon & Fluhr, 2007; Cramer e al., 2011).

Heat stress is one of the leading abiotic stress factors that cause
physiological, biochemical, and molecular changes that adversely
affect the growth and development of plants (Baniwal ez al, 2004;
Ben Rejeb ez al, 2014; Kask ez al., 2016; Turan ez al., 2019). In nature,
plants experience single or multiple heat stress episodes sequentially or
simultaneously with biotic attacks (Holopainen & Gershenzon, 2010;
Atkinson & Urwin, 2012; Atkinson e al, 2015). Both heat stress and
biotic stress individually reduce photosynthesis and activate chemical
defense signaling that leads to emissions of specific volatiles and
accumulation of various secondary metabolites from different synthesis
pathways (Niinemets e @/, 2013; Niinemets, 2016; Suseela & Tharayil,
2018; Turan e al, 2019). Typically, different C.-C, volatile aldehydes
and alcohols and their derivatives formed via the lipoxygenase (LOX)
pathway (also called green leaf volatiles) are the eatliest volatile organic
compounds (VOC) released upon stress (Copolovici ¢z al., 2014; Jiang ez
al., 2017; Okereke ef al., 2021). Shortly after the onset of the emissions
of LOX volatiles, a variety of specialized volatiles are elicited, including
isoprenoids (isoprene, mono- and sesquiterpenes) from the plastidial

11



2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D -xylulose 5-phosphate
(MEP/DOXP) and the cytosolic mevalonate (MVA) pathways and
benzenoids from shikimate pathway in the plastid. Concurrently, stress
induces the emission of long-chained saturated fatty acid-derived (FAD)
compounds and carotenoid breakdown products (Chatterjee ez al., 2020;
Okereke ez al., 2021), followed by the accumulation of different non-
volatile secondary metabolites, such as phenolics (Dudareva ez a/., 2005).

Whilst physiological and metabolic responses to individual biotic and
abiotic stresses have been extensively studied in different plant species
(Staudt and Lhoutellier 2007; Cellini ¢# a/, 2016; Guidolotti ¢/ al., 2019;
Faiola & Taipale 2020; Birami ez al, 2021), responses to interactive
stresses are pootly understood. Previous studies have shown that
defense responses activated by one stress may interact antagonistically
or synergistically with responses activated by another stress (Wu e a/,
2019; Kim e al., 2022). In particular, pre-exposure to sublethal stresses
such as insect phloem-feeding and moderately warm temperatures can
increase tolerance upon subsequent severe stress episodes (Hilker &
Schmulling, 2019; Liu e al, 2022). In Arabidopsis thaliana, short-term
cold stress actively regulates defense pathways that increase resistance
to subsequent pathogen infections (Wu ez al, 2019). Pre-stressed plants
acquire enhanced tolerance through a complex reprogramming of
cellular and molecular mechanisms, a process termed stress priming or
hardening, as sometimes used in the case of biotic stress priming (Hilker
& Schmiilling, 2019; Khan e7 al., 2022). Overall, the acquired tolerance
starts with a priming phase and stress memory/adaptive responses that
may remain active for days to weeks and months (Sanyal ez a/, 2018;
Leuendotf et al., 2020).

The vulnerability of plants to biotic stress can be influenced by the
simultaneous occurrence of abiotic factors. Recent evidence showed
that warmer temperatures can increase the virulence of pathogens,
especially in sensitive species (Sardanyés ez al, 2022). For example, the
development, spread, and pathogenicity of fungi such as crown rust
(Puccinia coronata) is promoted by warm weather (Liu & Hambleton, 2013;
Nazareno et al., 2018); therefore, sensitive host species may experience
more severe stress when infected with pathogens that thrive under
warmer weather. Investigating physiological and metabolomic responses
to interactive stresses is crucial in predicting plant stress responses under
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a changing climate and can provide useful information in developing
multiple-stress-resilient crop species.

In this thesis, we studied how interactive environmental stresses modify
plant physiological traits depending on the severity of different stresses
and their sequence and duration in four model species. Our study
investigated the effects of different stressors on plants, specifically
Achillea millefolium L. (Asteraceae) and Origanum vulgare 1. (Lamiaceac).
We conducted experiments exposing these plants to two distinct
conditions: moderate heat stress (heat priming) and infestation by
greenhouse whiteflies (Trialenrodes vaporariornm Westwood). Subsequently,
we subjected the plants to heat shock stress and measured alterations
in both leaf photosynthesis and secondary metabolite profiles over the
stress recovery period. Furthermore, we determined whether elevated
temperatures influence how the heteroecious biotrophic fungus Puccinia
coronata f. sp. avenae regulates photosynthetic activities and volatile
emissions in the primary host, common oat (Avena sativa 1.., Gramineae)
and the alternate host, alder buckthorn (Rbamnus frangula .., syn. Frangula
alnus P. Mill., Rhamnaceae). In the priming experiment, we investigated
the influence of stress priming on volatile emissions, focusing on volatiles
synthesized in the LOX, MEP/DOXP, and shikimic acid pathways.
Additionally, we examined the accumulation of non-volatile protective
secondary metabolites. In the fungal infection experiment, we examined
the impact of warm weather on the severity of P. coronata infection. We
assessed this impact by observing reductions in photosynthetic activity
and the induction of stress volatiles.

Paper I quantified the impacts of heat priming on time-dependent
modification of foliage photosynthetic characteristics and volatile
emissions and the synthesis of non-volatile secondary metabolites in
heat shock-stressed _A. willefolinm. Paper 11 studied the impact of mild
heat stress priming on severe heat stress responses and time-dependent
recovery of stomatal conductance, photosynthesis rate and Rubisco
activity, and the activation of defensive volatile synthesis pathways in
O. vulgare. Paper III investigated the interactive effects of combined T.
vaporariornm infestation and heat shock on foliage photosynthesis and
volatile emissions through the stress recovery period in O. vu/gare. Finally,
Paper IV explored P. coronata infection severity-dependent reductions
of photosynthetic activity and inductions of volatile emissions in
the primary host A. sativa and the alternate host R. frangula. Paper V
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generalized the results of Paper IV and emphasized the importance of
studying both primary and alternate hosts for pathogens with complex life
cycles. Overall, this thesis demonstrated that pre-exposure to both biotic
infestation and moderately warm weather promotes thermal tolerance,
whereas warmer weather itself can increase biotic stress severity. These
results contribute to the understanding of how plants cope with future
warmer environments and higher pathogen and herbivore pressures.
Quantitative data on VOC emission responses under complex interactive
stresses provide illuminative insight into predicting plant physiological
responses to contemporary climate change and aid in breeding crops
with improved stress tolerance.

14



2. LITERATURE REVIEW

2.1. Impacts of insect herbivory, fungal infection, and heat stress
on foliage photosynthetic characteristics

Herbivorous arthropod feeding is one of the key biotic stressors affecting
foliage photosynthesis. The quantitative impact of insect herbivory on
foliage photosynthesis and the underlying mechanisms for the reduction
of photosynthesis rate are influenced by the type of herbivore feeding
and the severity of infestation (Aldea ef al, 2006; Arimura et al., 2008,
2011; Delucia ef al., 2012). Feeding by defoliating insects mostly results
in the loss of photosynthetic tissues in the injured region of the leaf
and typically leads to decreases in net assimilation rates. However, in
some cases, the loss of leaf tissue results in a compensatory increase
in net assimilation per unit leaf area in the remaining leaf area (Bilgin
et al., 2010; Hoback ez al., 2015; Pincebourde & Ngao, 2021). Foliage
photosynthesis is also reduced remarkably by herbivory on specialized
tissues, for example by phloem feeders such as aphids and whiteflies
(Kucharik ez a/., 2016). In this case, inhibition of photosynthesis occurs
through increased water loss at the damaged tissue and disruption
in nutrient/fluid transport, and reductions in metabolic processes
throughout the leaf (Nabity ez a/, 2009; DelLucia ¢ al., 2012). In some
cases, plants respond to phloem-feeding insect herbivory by enhancing
CO2 uptake as a compensatory mechanism or due to an increase in sink
demand in the leaf (Nabity ez 4/, 2009, Kucharik ez /., 2016).

Fungal infections typically lead to reductions in photosynthetic activities
(Toome et al., 2010; Jiang et al, 2016; Kinnaste ef al, 2022). Fungal-
dependent reductions in photosynthesis have been demonstrated to be
quantitatively associated with the severity of the infection. In this case,
the reduction of photosynthetic activity can be due to stomatal and non-
stomatal inhibition: for instance, reductions in ribulose-1,5-bisphosphate
carboxylase-oxygenase (Rubisco) and photosynthetic electron transport
activities, and reductions in mesophyll conductance and CO, diffusion
in substomatal cavities (Aldea ez al., 2006; Toome ez al., 2010; Jiang et al.,
2016; Kinnaste ¢z al., 2022).

Among fungal infections is oat crown rust, a devastating plant disease
that primarily infects oats (Avena spp.), in particular the key crop common
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oat (Avena sativa 1..). In A. sativa, the disease is caused by the obligate
biotrophic fungus Puccinia coronata f. sp. avenae P. Syd. and Syd (Liu and
Hambleton, 2013). Sexual reproduction of the fungus is completed in
R. frangula, where fertilization takes place, while karyogamy and meiosis
occur in A. sativa (Nazareno et al., 2018). Puccinia coronata infection has
been demonstrated to reduce photosynthetic activity in plants, from
the time of inoculation of the fungus to sporulation. The infection
first causes reductions in photosynthesis by decreasing photosynthetic
capacity in the area infected, but as the infection expands, photosynthetic
activity decreases throughout the entire leaf. (Scholes & Rolfe, 1990).

Heat stress is one of the key stress elicitors that negatively impact
photosynthesis in plants. Photosynthesis is highly temperature
sensitive as even a transient rise in temperature to a little above optimal
growth temperature (e.g. T = 35 °C for 5 min) can lead to a decrease
in photosynthesis by inducing stomatal limitations and decreases in
Rubisco activity (Kurek e al, 2007; Barta ez al., 2010; Kask ez al., 2016;
Perdomo ez al., 2017). Further increases in heat stress severity result
in greater inhibition of photosynthesis (Kask ez a/, 2016; Okereke ez
al., 2022). In the case of transient moderately severe heat exposure,
photosynthesis typically recovers completely in less than 24 hours after
the application of the heat stress, but in lethal cases that involve direct
thermal damages of photosynthesis components and denaturation of
Rubisco, photosynthesis may take longer to recover completely, or not
recover at all (Salvucci & Crafts-Brandner, 2004; Song ez al., 2014).

2.2. Impact of insect herbivory, fungal infection, and heat stress
on volatile emissions

Plants synthesize a diverse array of volatile and non-volatile secondary
metabolites that are involved in the interactions of plants with biotic and
abiotic stresses. Some plant species are strong constitutive emitters of
certain specific volatiles such as isoprene and monoterpenes, but most
plant species release only a low level of volatile organic compounds
(VOC) under non-stressed conditions (Geron et al., 2001; Dani ez al.,
2014; Pazouki et al., 2016; Kanagendran ez 4/, 2018). Environmental
stresses can trigger plants to increase the emissions of VOC and the
accumulation of non-volatile secondary metabolites (Blande ¢ a/., 2014,
Golan e al, 2017; Kanagendran ez al, 2018). Several stress-elicited
reactive volatiles in plants act as non-enzymatic antioxidants against
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oxidative stress and other impaired environmental conditions (Brilli ez a/,
2009; Salerno ez al., 2017). While a part of these stress VOC emissions
may emanate from the already synthesized chemicals in the storage
pool of plants, others are de novo synthesized upon the perception
of stress (induced emissions) (Brilli ez a/, 2009; Arimura e al., 2011;
Lung et al., 2016). Stress volatile emissions from the leaves of plants
may start minutes to hours upon stress exposure. For localized abiotic
stresses, emissions usually start from the sites of damage and propagate
systemically throughout the leaves (Moran & Thompson, 2001; Arimura
et al., 2004; Niinemets, 2010).

Emissions of VOC are regulated by hormonal signalings such as
jasmonic acid (JA), salicylic acid (SA), ethylene, and abscisic acid
signaling. Plants typically activate distinct hormonal defense signaling
in response to different stresses. Plants primarily activate JA- dependent
signaling in response to abiotic stresses and biotic stressors that kill cells
or defoliate tissue, e.g. necrotrophic infections and chewing herbivores
(Wu & Baldwin 2010; Nabity ez a/., 2013). SA-dependent signaling is
primarily activated in response to piercing and sucking herbivory and
biotrophic infections (Wu and Baldwin 2010; Kazan & Lyon 2014). The
activation of either signaling pathway typically antagonizes the other
(Kunkel & Brooks, 2002; Bruinsma e# a/., 2009; Kazan & Lyon 2014).
However, activation of different signaling pathways dependence on
stress type is not always that clearcut, e.g. in Oryza sativa JA-dependent
signaling regulates the defense responses to Xanthomonas oryzae biotrophy
(Yamada et al., 2012; Ullah ef al., 2022). It has also been demonstrated
that the interaction between the JA and SA signaling pathways can be
synergistic (Wei e al., 2014; Li e al., 2019). For example, in Arabidopsis,
JA- and SA-dependent signalings were synergistically elicited in response
to biotrophic and necrotrophic pathogens (Tsuda ez a/, 2009). It has
further been shown that both JA and SA can induce common defense
responses (Tamaoki ez al., 2013).

Upon stress activation of defense signaling, the activity of several
secondary metabolic pathways is enhanced leading to the release
of a variety of volatiles (Niinemets e a/, 2017). Among the earliest
pathways modulated are the lipoxygenase (LOX) pathway, including
the 13-lipoxygenase pathway that synthesizes various short-chained
C5-C6 aldehyde/alcohols and their derivatives (LOX compounds, also
known as green leaf volatiles, GLV) and 9-lipoxygenase pathway that
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synthesizes oxylipins such as JA (Bate & Rothstein, 1998; Copolovici e#
al., 2011, 2012). LOX volatile emissions are ubiquitous stress indicators
and are among the earliest volatile signals observed upon stress exposure
(Copolovici et al, 2011, 2014; Jiang et al., 2016). There are several
constitutively active lipoxygenases in plants that rapidly elicit LOX
compound emissions contingent on the release of polyunsaturated fatty
acids from membrane phospholipids upon membrane-level damage
(Bate & Rothstein, 1998; Arneth & Niinemets, 2010; Copolovici e al.,
2012). Elicitation of LOX volatile emissions is accompanied by an
oxidative burst, and LOX emissions often mark the activation of defense
metabolic pathways that can prime for enhanced stress resilience and
alter future stress responses (Jansen e al., 2009; Niinemets ez al., 2013).
Elicitation of LOX compounds is quantitatively associated with the
intensity of stress (Copolovici e al., 2012, 2014; Jiang et al, 2017; Liu ez
al., 2022).

Stress also induces emissions of volatile isoprenoids including isoprene,
mono- and sesquiterpenes and their derivatives from the 2-C-methyl-D-
erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate (MEP/DOXP)
pathway in the plastid and the mevalonate (MVA) pathway in the cytosol,
and different phenolics/benzenoids emanating from the plastidial
shikimate pathway (Dudareva ez a/., 2005; Arneth & Niinemets, 2010;
Junker & Tholl, 2013). In the plastid, both shikimate and MEX/DOXP
pathways partly utilize the same substrate for the synthesis of various
pathway products, leading to a certain competition or coordination at
the substrate level between the two pathways (Pazouki & Niinemets,
2016; Niinemets ez a/., 2017). Both terpenoid and benzenoid emissions
can play a role in protecting photosynthetic apparatus by preserving the
integrity of the thylakoid membrane and scavenging reactive oxygen
species (Gonzalez-Burgos & Goémez-Serranillos, 2012a; Misztal ef al.,
2015).

In addition, stressed plants often emit other stress-associated volatiles
including the emissions of long-chained saturated fatty acid-derived
(FAD) alcohols and aldehydes and carotenoid breakdown products from
the plastidial geranylgeranyl diphosphate (GGDP) pathway (Chatterjee
et al., 2020; Okereke ez al., 2021, 2022). Overall, the biosynthesis of
volatiles involves a complex network of biochemical synthesis pathways
and the kinetics of volatile emissions can vary depending on the plant
species and the type of stress.
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Understanding the volatile emission responses of plants to different
stress types and combinations is important in understanding plant-
environment chemical interactions as well as devising VOC-driven
strategies for developing crop plants with improved stress tolerance.

2.3. Impact of interactive biotic and abiotic factors on plant
stress responses

Several previous studies have demonstrated that plant physiological
responses to the combination of abiotic and biotic stress differ from
responses to single stresses (DeLucia ef al, 2012; Catola ez al, 2018;
Ngumbi & Ugarte 2021). Multiple stress combinations typically result
in synergistic or antagonistic effects and rarely result in an additive
effect. For instance, in tomato (Solanum lycopersicum), herbivory by the
greenhouse whitefly (Trialenrodes vaporariorum) antagonized volatile
emissions (Darshanee ef al., 2017), but combined potato aphid (Siphum
euphorbiae) and heat stress synergistically enhanced emissions of
specialized volatiles (Catola ez 4/, 2018). Regardless of the responses of
physiological traits, exposure to one stress can prime defense responses
that are important for surviving future stresses.

2.4. Stress priming

Stress priming, also called stress hardening or training, refers to the
facilitation of protection by previous stress experience upon exposure
to subsequent severe stress. Moderate or sub-lethal stresses including
moderately warm temperatures and piercing and sucking herbivory
trigger the accumulation of defensive hormones such as SA and JA and
stimulate the formation of a certain stress ‘memory’ (Pastor ez al., 2013;
Hilker e al., 2019). Once primed, the plants have specific biochemical
adaptations or they can more rapidly induce defenses, ultimately
enhancing tolerance and acclimation of plants to subsequent more
severe stress(es). Thermotolerance, in particular, is induced by sub-
lethal abiotic stresses and different biotic stresses (Suzuki e al., 2015;
Sherin ez al., 2022). Research on priming has received growing attention
over the last decades as priming techniques have proven effective in
improving adaptability and tolerance to diverse stresses (Balmer e7 al.,
2015; Martinez-Medina e# al, 2016). Recent studies have expatiated
the underlying mechanisms that result in stress priming. For example,
transcriptome and proteome analyses showed that in heat-primed plants,
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the expressions of the genes encoding enzymes involved in primary
metabolism were reduced, whereas the expression of genes encoding
cellular receptors, signal transducers, chaperones, transcription factors,
heat shock proteins, and sucrose synthase were enhanced (Khan e# a/,
2022). Similarly, (Suzuki ef al., 2015) reported that light stress induced the
rapid (within seconds after stress exposure) accumulation of transcripts
that can enhance heat stress acclimation. Waterlogging priming enhances
waterlogging resistance via increasing ethylene biosynthesis and the
activity of antioxidant enzymes (Feng ¢ a/., 2022). On the other hand,
priming with biotic stressors increases primary metabolism, pattern
recognition, and chromatin modification (Khan e# @/, 2022). Priming is
important for the survival and acclimation of plants during subsequent
severe abiotic stress episodes (Leuendorf e al., 2020; Sherin ef al., 2022).

2.5. Aims and hypothesis of the study

This thesis was designed to study the impact of pre-exposure to sublethal
biotic and abiotic factors on subsequent severe stress responses in plants,
in particular, the impacts of pre-exposure to the greenhouse whitefly
(Trialeurodes vaporariorum) infestation on heat shock responses, moderate
heat priming on heat shock responses and warm temperatures on the
severity of fungal infection. We tested stress responses of physiological
traits including foliage photosynthetic characteristics (net assimilation
rate, stomatal conductance, intercellular concentration of CO, and
maximum Rubisco carboxylase activity, I ), and volatile and non-
volatile secondary metabolites.

The specific aims of this thesis were to:

1. a. Study modifications in photosynthetic characteristics and volatile
emissions in response to moderate and severe heat stresses in different
plant species through the stress recovery period (Papers I-III).

b. Investigate the impact of pre-exposure to moderate heat stress
(heat priming) on time-dependent recovery in photosynthetic
characteristics and volatile emissions in severely heat-stressed plants
(Papers I-II).
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c. Investigate the impact of heat priming on the accumulation of
total contents of phenolic and condensed tanning in heat-stressed

plants (Paper I).

2. a. Quantify the impact of pre-exposure to 1. vaporariorum herbivory
on heat shock-induced time-dependent responses of photosynthetic
characteristics and volatile emissions (Paper III).

b. Determine the role of stomatal conductance and biochemical
capacity of photosynthesis in time-dependent modification in
photosynthesis in heat-stressed plants (Papers I-III).

3. a. Quantify oat crown rust (Puccinia coronata) infection severity-
dependent reductions in photosynthesis and enhancement of stress
volatile emissions in different host species of varying sensitivity to
crown rust (Papers IV-V).

b. Investigate the impact of photosynthetic reductions on emissions
of stress volatiles (Papers IV-V).

c. Assess the contributions of stomatal limitations, and factors
determiningleaf biochemical photosynthesis capacity (photosynthetic
biomass per unit leaf area, key limiting element content) to infection
severity-dependent reductions in photosynthesis rate (Papers IV-V).

The hypotheses of this study were:

1. Heat shock stress in Achillea millefolium and Origanum vulgare will
greatly reduce photosynthetic activity and increase the emissions of
volatiles through the stress recovery period (Papers I-III)

2. moderate heat stress (priming) decreases photosynthetic activities
and modifies secondary metabolite synthesis pathways, as reflected
in the increased emissions of LOX volatiles and terpenoids, and
primed plants will have higher heat shock tolerance of photosynthetic
apparatus, such that reduction of photosynthesis is lower and
recovery is faster, and enhanced emissions of antioxidant volatiles
and accumulation of protective secondary metabolites (Papers I-II)
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3. 1. vaporariorum infestation will reduce photosynthesis rates and
operate primarily through the salicylic acid (SA)-dependent
pathways, resulting in elicitation of benzenoid emissions and minor
emissions of LOX volatiles and monoterpenes; and combined T.
vaporariornm and heat shock stresses will exert antagonistic effects
on VOC emissions and gas exchange characteristics during stress
recovery (Paper III)

4. P coronata infection will reduce photosynthesis and induce stress
volatile emissions in a stress severity-dependent manner, and
exposure to warm weather will increase the performance of fungi
resulting in the depletion of defense and eventually escalated tissue
damage, particularly in the sensitive host A. saziva (Papers IV-V).

5. Responses to P. coronata infection will vary in the primary host and
the alternate host (Papers IV-V).
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3. MATERIALS AND METHODS

3.1. Plant growth under controlled conditions (Paper I-III)

For Achillea millefolinm (Paper I) and Origanum vulgare (Paper II)
in the study of heat stress priming and for O. wulgare in the study of
combined insect infestation and heat stress (Paper III), seeds (source:
Nordic Botanical Ltd, Tartu, Estonia) were sown in plastic pots (2 L
tor A. millefolinm and 0.5 L for O. vulgare) filled with a 1:1 mixture of
quartz and commercial potting soil containing slow-release micro- and
macronutrients (Biolan Oy, Kekkild group, Finland). Achillea millefolinm
were cultivated in a plant growth chamber (FITOCLIMA S600PLLH,
Aralab, Lisbon, Portugal) and O. vu/gare in a growth room under similar
conditions. The conditions in the growth environment of the plants
were set as follows: ambient CO, concentration of 380—400 umol mol™
and relative humidity of 60—70%, photosynthetic photon flux density
(PPFD) at 600 umol m™*s™" at plant level, day/night temperatutres 25/20
°C (Papers I-III). For A. millefolinm (Paper I), light was supplied for a
16 h photoperiod, and for O. vulgare Papers II and III), for a 2 h period.
All the plants (Papers I-IIT) were watered to soil field capacity every
day. At the time of the experiments, the plants were three-month-old.
Fully mature upper canopy leaves were used in the experiments.

3.2. Plants for the field study (Paper IV)

This study investigated the quantitative changes in physiological
characteristics with the severity of Puccinia coronatainfection in the primary
host_Avena sativa and alternate host Rbannus frangula. The sampling site was
located in Pélva County, Estonia (58.6°N, 26.5°E, elevation 61 m) in the
summer of 2018. The summer (June-August) was warm with a monthly
average (*SE) air temperature of 19.5 * 1.4 °C, monthly precipitation
of 56 = 17 mm, and relative air humidity of 68.2 = 2.8% (data from the
Laboratory of Environmental Physics, Institute of Physics, University
of Tartu, http://meteo.physic.ut.ee). Air temperatures were considerably
higher than the corresponding long-term average recorded for 1991-
2020 (16.7 °C; the Estonian Environment Agency, http://www.embhi.ce).
Warm weather favors the growth and dispersal of P. coronata as well as its
virulence (Liu & Hambleton, 2013; Nazareno ez al., 2018).
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Rbammnus frangula was sampled in a mixed Norway spruce (Picea abies 1..)
and Scots pine (Pinus sylvestris 1.) forest near Veski village, Pélva County,
Estonia (58.6°N, 26.48°E, clevation 61 m) in mid-June. At this time,
>90% of the leaves on nearly all the R. frangula shrubs in the forest
were infected and had developed visible rust lesions. Leaves with varying
degrees of visible signs of P. coronata infection were collected from
seven infected shrubs and leaves with no visible signs of infection from
three non-infected shrubs. Rhamnus frangula shrubs were ~3 m tall with a
stem diameter of ~4 cm. Twigs ~20 cm long with multiple leaves were
harvested underwater, the cut end was retained in water, and the twigs
were immediately taken to the laboratory for measurements. Altogether,
15 leaves (three non-infected control and 12 infected leaves) with varying
degrees of infection were selected for physiological trait measurements
(Fig. 4A for representative images of leaves).

By the end of July, almost all A. sativa plants growing in the organic oat
field at Veski village (58.65°N, 26.47°E, clevation 61 m) were infected
and had visible uredinia and telia spots. In early August, ~2-month-old
A. sativa cv. ‘Kalle’ plants with leaves with varying degrees of infection
were collected by carefully uprooting the plants with the whole root
ball and attached soil. The plants were ~90 cm tall and in a vegetative
state. Each plant was immediately potted in a 1 L plastic pot. The pots
were filled with field soil, irrigated, and transported to a growth room
with day/night temperatures of 25/18 °C, relative humidity of 60-70%,
and ambient CO, concentration of 380—400 pmol mol™". Light (800
s at plant level) was provided for 12 h a day and plants were
watered to field capacity every 48 h. The plants were acclimated in the
growth room for four days. Three non-infected control and 20 infected
leaves with varying severity of infections from independent plants were

pwmol m™

measured. The severity of infection was quantified as the percentage
of the total leaf area covered by visible chlorotic and necrotic spots
(total damaged leaf area, DA). Mature topmost leaves of the same age
were selected for physiological measurements (Fig, 4A for images of
representative leaves).

3.3. Identification of Puccinia coronata f. sp. avenae (Paper IV)
The morphology of the aeciospores, urediniospores, and teliospores in
P. coronata-infected leaves was examined with an SEM (Zeiss 1.S15, Carl

Zeiss AG, Jena, Germany). The spores were imaged with the detector
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SE1 set at a working distance of 8.5-9 mm between the lens and sample
surfaces and with extra high tension voltages of 14.27, 15.0, or 17.6 kV.
The surface characteristics of the fungus were distinctly recognized in
the images (Fig. 4C) and based on the morphological features and the
host species, the pathogen was identified as Puccinia coronata £. sp. avenae.

3.4. Application of moderate heat priming (Papers I-II)

For heat priming in Paper I, seven plants were carefully moved to
another growth chamber similar to the chamber where the plants were
cultivated. In Paper II, the priming treatment was applied to six plants
by enclosing the leaves of individual plants in a temperature-controlled
glass chamber of a customized gas-exchange measurement system
(section 3.7 here for details of the system and glass chamber). For all the
experiments (Papers I-II), the environmental conditions in the priming
chamber were similar to the growth conditions of the plants except
for the temperature that was set at 35 °C for 1 hr. The temperature of
the priming chamber was reset to 25 °C immediately after the priming
treatment. For Paper I, three primed plants were further subjected to
heat shock treatment, while foliage gas exchange and volatile emission
rates were measured in the remaining four primed plants to test whether
the responses of primed plants to heat shock were due to heat shock
stress or heat priming. For Paper II, the gas exchange and volatile
emission characteristics were measured in three primed plants and the
remaining three primed plants were returned to the growth conditions
for 72 h and then subjected to heat shock treatment.

3.5. Trialeurodes vaporariorum infestation (Paper I1I)

Mature O. vulgare were infested with T. vaporariorum by exposing the
non-infected plants to heavily-infested O. vugare in the growth room for
one day. Four infected plants were placed at the edges of the growth
chamber and the non-infected plants were in the middle of the chamber.
Gas exchange and volatile measurements were conducted after 14 days
of infestation when there were only a few first-instar larvae on the lower
leaf surface. Six independent infested plants with upper canopy leaves
that hosted a flock of six to eight 1. vaporariorum per leat were sampled
for the measurements. Measurements were conducted in three infested
plants, and the remaining three infested plants were further subjected to
heat shock treatment.
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3.6. Heat shock application (Papers I-I1I)

Heat shock was applied using the standard procedure described by Liu
et al. (2022). Experimental leaves were enclosed in a chemically inert
polyester bag and immediately submerged in water heated to a stable
temperature of 45 °C in a temperature-controlled water bath (VWR
International, Radnor, PN, USA). The immersed leaves were kept in
the medium for 5.5 min (heat exposure of 5 min, considering that 30 s
was needed to reach the desired temperature due to the finite thermal
conductivity of the polyester bag). Additionally, non-stressed control
plants (six in Paper I, and three in Papers II and III) and three infested
plants (infested control Paper III) were treated similarly, except that the
water temperature was 25 °C. In each study, a total of six heat shock-
treated plants were measured, three primed and three non-primed in
Papers I and II, and three non-infested and three infested plants in
Paper III. Control plants were measured analogously to the heat shock-
stressed plants. For Papers, I and II, gas exchange data and VOC
samples were collected at 0.5, 5, 10, 24, 48, and 72h, and for Paper III,
at 0.5, 2.5, 5, 24, and 48 h after the treatment.

3.7. Gas exchange measurements (Papers I-1V)

Gas exchange measurements were conducted in a temperature-
controlled double-layered glass chamber (Copolovici & Niinemets, 2010
for a detailed description of the chamber). Concentrations of CO, and
H,O at the inlet and outlets of the chamber were measured using a dual-
channel infrared gas analyzer (LI-7000, LI-COR Biosciences, Lincoln,
NE for Paper I and CIRAS III, PP-systems, Amesbury, MA, USA for
Paper II-IV). Gas exchange and volatile measurements in enclosed
leaves were conducted immediately after gas exchange rates had attained
a steady-state rate, in ¢cz. 15—20 min after enclosure. Measurements were
conducted under the standard measurement conditions as follows: leaf
temperature of 25 °C, leaf-to-air vapor pressure deficit of 1.7 kPa,
PPFD of 800 umol m™s™', and CO, concentrations of 380—400 pmol
mol™". Foliage photosynthetic characteristics were calculated according
to von Caemmerer and Farquhar (1981).
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3.8. Volatile collection and GC-MS analysis (Paper I-IV)

Volatiles were collected during gas exchange measurements onto
stainless steel cartridges filled with graphitized carbon adsorbents for
maximum adsorption of C—C, _ volatiles (Kinnaste ¢ a/, 2014 for a
detailed description of the adsorbent cartridges). Background volatile
concentrations from empty chambers were collected before and after
measurements. The cartridges were analyzed using a Shimadzu TD20
automated cartridge desorber and Shimadzu 2010 GC-MS system
(Shimadzu Corporation, Kyoto, Japan) as detailed inKiénnaste e a/.
(2014). Pure chemical standards (Sigma-Aldrich, St. Louis, MO, USA)
and NIST library ver. 2.2 (2014) were used to identify the volatiles.
Volatile emission rates were calculated according to Niinemets e/ al.
(2011).

3.9. Determination of leaf dry mass per area, and key element
contents per dry mass (Paper IV)

Both leaf sides of the measured leaves were photographed. The total
leaf area and infected leaf area on both sides were calculated from the
pictures using ImageJ 1.8.0 (NIH, Bethesda, MD, USA), and D, values
for both leaf surfaces were estimated. The leaves were oven-dried at
70 °C for 72 h and weighed. Dried leaves of an approximately similar
severity of infection were ground together for elemental analysis. Dry
mass per unit area (LMA) was computed by dividing leaf dry mass by
leaf area. Nitrogen (NN,) and carbon (C) contents per unit dry mass
were determined by the dry combustion method (Vario MAX CNS
analyzer, Flementar, Langenselbold, Germany). Phosphorus content
per dry mass (P) was determined using an Agilent 4200 microwave
plasma-atomic emission spectrometer (Agilent Technologies, Inc., Santa
Clara, CA, USA) after digesting the sample in sulphuric acid.

3.10. Determination of total content of phenolics and condensed
tannins (Paper I)

The extraction of total phenolics and condensed tannins was carried
out according to the protocol detailed in Liu ef a/. (2019). Total phenolic
contents were determined by Folin— Ciocalteu assay by Liu ez a/. (2019).
Total phenolic contents were expressed as gallic acid equivalents (mg of
GAE g™! DM) using the standard curve of gallic acid. Total condensed
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tannins were measured according to the method described by Xu &
Chang (2007) with some modifications as explained here. In summary,
Aliquots of 100 pl leaf extract or (+)-catechin standard solution were
mixed with 1.5 ml of concentrated hydrochloric acid and 3 ml of 4%
(mass/vol in methanol) vanillin solution, and the mixture was incubated
for 15 min at 23 °C.

The absorbent was measured at 500 nm using methanol solvent. Total
condensed tannins were expressed as (+)-catechin equivalents (mg of
CAE ¢! DM) using the standard curve with (+)-catechin. The chemicals
used in this analysis were from Sigma-Aldrich Chemie GmbH.

3.11. Statistical analyses (Paper I-V)

For the heat stress study (Papers I-III), differences in averages of
photosynthetic characteristics and volatile emissions among different
treatment groups at each recovery point were tested using single—factor
ANOVA. Averages among the treatment groups were pairwise compared
by the least significant difference (LSD) test (Papers I-III). In Paper
ITI, Tukey’s post hoc test following one-way ANOVA was used to test
for differences in averages of total phenolic contents and condensed
tannins among the different treatment groups. In Paper IV, a paired-
sample ~test was used to test for the differences in damaged leaf areas
of lower and upper leaf surfaces. Quantitative relationships between
the severity of P. coronata infections and photosynthetic characteristics,
LMA, N, P, C,, and VOC emission rates were explored using linear
and non-linear regressions. In all the studies (Paper I-IV), where
required, the data used for testing the difference between averages of
treatment groups were log-transformed to satisfy the assumption of
homoscedasticity. In Paper I, all the statistical tests were conducted
using SPSS 22.0 (Chicago, IL). Data were visualized with Originl.ab 8.0
(OriginLab Corporation, Northampton, MA). In Paper IV, all statistical
tests and data visualization were conducted with R ver. 4.2.0 statistical
software (R Core Team, 2021). All the statistical tests (Paper I-IV) were
considered significant at P<0.05.
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4. RESULT

4.1. Effects of heat priming and heat shock stress on foliage
photosynthetic characteristics

In A. millefolium (Paper I), the net assimilation rate (4) was not affected
by heat priming (35 °C for 1 h) (Fig. 1A). Priming application uncoupled
the association between .4 and stomatal conductance to water vapor
(g; Fig. 1). Heat shock resulted in immediate decreases in A in both
primed and non-primed A. millefolinnz, in non-primed plants, 4 remained
lower than in control plants throughout the recovery period, whereas, in
primed plants, A4 recovered to control level at 24 and 72 h after stress
application (Fig. 1D). In non-primed plants, g decreased at 5-24 h after
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Fig. 1. Time-dependent changes in average £ SE net assimilation rate (after priming, A;
after heat shock, D), stomatal conductance (after priming, C; after heat shock, E), and
intercellular CO, concentration (after priming, E; after heat shock, F) of unstressed
control, heat-stressed non-primed (Heat), primed and heat- stressed (Priming + Heat)
and primed non-heat-stressed (Priming) leaves of Achillea millefolium. Asterisks refer to
the significant differences between control and different treatments at each recovery
time point (p <.05) (reproduced from Paper I).
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heat shock treatment, whereas, in primed plants, g was increased at 0.5 h
and 48 h after heat shock (Fig. 1E). Intercellular concentration of CO,
(C) was increased in all the heat shock-treated plants (Fig. 1F).

In O. vulgare, priming decreased A by 50% throughout the recovery period
(Fig. 2A and Fig. 1A in Paper II). Heat shock application resulted in
immediate decreases in 4 in primed and non-primed O. vulgare, but the
reductions were ten times greater in non-primed plants than in primed
plants (Fig. 2A and Fig. 1A in Paper II). At 24 h after the application of
heat shock in primed O. vulgare, A recovered to the level observed during
priming recovery and remained at that level throughout the experiments
(Fig. 2A and Fig. 1A in Paper II). In non-primed plants, .4 recovered
to the levels observed in primed plants at 48 h after treatment, and at
the end of the experiment, .4 recovered fully to the level in control
plants (Fig. 2A). Overall, all the heat stress treatments uncoupled A4
from g (Fig. 2A, B and Fig. 1A in Paper II). However, in all the heat
treatments in O. vu/gare (Paper II), we observed increases in C parallel
to reductions in A (cf. Fig. 2A, C). Heat stress treatments reduced the
apparent Rubisco carboxylase activity (17 ) (Fig. 2D and Fig. 1D in
Paper II). Time-dependent modification of 17 reflected the changes
in A,and IV was positively correlated with .4 (cf. Fig. 2A, D and Fig.
2 in Paper II).
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Fig. 2. Changes in net assimilation rate (4, A), stomatal conductance (g, B), the
intercellular CO, concentration (C; C), and maximum carboxylase activity of Rubisco
(V..o D) in non-stressed (control), heat- primed (priming), heat shock-stressed non-
primed (Heat shock) and heat shock-stressed primed (Priming + Heat shock) leaves of
Origanum vulgare (reproduced from Paper II).

4.2. Effects of combined insect feeding and heat stress on
photosynthetic characteristics

At2.5hafter heat stress treatment, 4 in non-infested O. vufgare (Paper I1I)
decreased by 25% and remained at that level throughout the experiment
(Fig. 3A). However, g in the non-infested plants was increased (Fig.
3B). Through the initial 5 h stress recovery period, .4 decreased by 64%
in whitefly-treated plants and by 70% in combined whitefly and heat
shock stress-treated plants in comparison to the control treatment (Fig.
3A). In all the infested plants, .4 had recovered fully at the end of the

experiment and the recovery was accompanied by increases in g (Fig.
3A).
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Fig. 3. Changes in net assimilation rate (A) and stomatal conductance to water vapor
(B) in non-stressed (control), heat shock-stressed (heat), Tralenrodes vaporariorum-
infested (greenhouse whitefly) and infested heat shock-treated leaves of Origanum
vulgare. Means were compared by least significant difference (LSD) test following one-
way ANOVA test. Asterisks refer to the significant differences between control and
different treatments at each recovery time point (p <.05) (reproduced from Paper III).

4.3. Effects of P coronata infection on foliage photosynthetic
characteristics

Inthe primaryhost.Avena sativa Paper IV-V), percentages of the damaged
area (DA) of upper and lower surfaces of infected A. sativa leaves were
similar (P=0.26, data not shown). In the alternate host R. frangula, visual
leaf damage was greater for the upper leaf surface than for the lower
surface (average + SE of upper surface versus lower surface=29 * 7%
versus 1.24 £ 0.16%, P<0.001; see Fig. 4B for representative sample
leaves). The quantitative changes between damaged leaf area and leaf
physiological characteristics were stronger with D, for the upper leaf
surfaces than with DA for the lower surfaces or with the average of the
D, of both leaf surfaces. Thus, for this study, we present only analyses
performed with the D, for the upper leaf surface.
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Fig. 4. Characteristic images of upper and lower leaf surfaces of the leaves of Avena
sativa (A) and Rbammnus frangula (B) showing different severities of crown rust fungus
(Puccinia coronata f. sp. avenae) infection, and SEM micrographs of the urediniospores,
teliospores, and aeciospores (from left to right) of P. coronata (C) (reproduced from

Paper IV).

In A. sativaleaves, A decreased exponentially with increasing the severity
of P. coronata infection (Fig. 5A). A decreased to almost zero level (107—
fold reduction in comparison to control) in the case of extreme infection.
Stomatal conductance decreased in the leaves with the reduced rates
of photosynthesis, but the reductions were less than reductions in 4
(Fig. 5A, B). As a result of reductions of g, C was also reduced as the
infection severity increased, but the reduction was stronger during the
initial stages of infection (Fig. 5B, C). In R. frangula leaves, A correlated
negatively with the severity of infection, but the reductions in .4 were
less than that observed in A. sativa (Fig. 5A, B). In R. frangula, g was
unaffected, but C increased slightly with increasing the severity of
infection (Fig. 5B, C).
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Fig. 5. Relationships of leaf net assimilation rate (A4, A), stomatal conductance to
water vapor (g, B), and intercellular CO, concentration (C, C) with the severity of oat
crown rust (Puccinia coronata) infection in the primary host Avena sativa (filled circles)
and the alternate host Rhanznus frangnla (open circles). The degree of leaf infection was
characterized by the percentage of the infected area (DA) of the lower leaf surface for
A. sativa and the upper surface for R. frangula. Data were fitted by non-linear regressions
for A. sativa and by linear regressions for R. frangula (reproduced from Paper IV).

4.4. Contribution of leaf dry mass per unit area and C, N, and P
contents per leaf dry mass to reductions in net assimilation rates

In A. sativa (Papers IV-V), leaf dry mass per area (LMA) decreased with
increasing severity of infection (Fig. 6A). Reductions in LMA were 1.6-
fold throughout the severity of infection (Fig. 6A). Net assimilation rate
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per dry mass (A,=A/LMA) decreased with the severity of infection
(#=0.76, P<0.001) and reached 54—fold reduction during extreme
infections (data not shown). Thus, taking into account the reductions
in A per unit area (107—fold, the contribution of infection-dependent
reductions in LMA to decreases in .4 was relatively small, implying that
reductions in net assimilations rates were primarily due to reductions in
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Fig. 6. Leaf dry mass per unit area (LMA; A), and carbon (B), nitrogen (C), and
phosphorus (D) contents per dry mass in leaves of _A. sativa with different severity
of P. coronata infection. Data in A were fitted by non-linear regression. Different
lowercase letters in B-D indicate significant differences among infected leaves with

different degrees of infection (reproduced from Paper IV).
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A, . Additionally, in infected A. sativa leaves, limiting mineral nutrients
(N, and P, ) decreased with increasing the severity of infections and C,,
increased in comparison to the non-infected control level (Fig. 6A, B).
In infected R. frangula, LMA, C,, N, , and P, were not affected (Paper

M M
IV).

4.5. Effects of heat priming and heat shock stress on volatile
emissions

In A. millefolinm, emissions of LOX compounds and isoprene were
enhanced at 0.5 h after priming application (Fig. 7A and Fig. 2A-B
in Paper I). LOX emissions recovered to the level in control plants at
2.5 h, whereas isoprene emissions recovered at 5 h after priming, but
the emissions of LOX compounds tended to increase through 24-72 h
priming recovery period (Fig. 7A and Fig. 2A, B in Paper I). Emissions
of monoterpenes and benzenoids decreased at 5 h after priming, but
increased significantly at the end of the experiment (Fig. 7C, D and Fig.
2D in Paper I). Monoterpenes were quantitatively the most important
volatile group emitted in both control and priming-treated plants (Fig. 7
and Fig. 2 in Paper I). Total emissions of VOC were also enhanced after
priming; and changes in total emissions mirrored enhanced emissions of
monoterpenes (Fig. 7C, E and Fig. 2C, E in Paper I).

Upon heat shock treatment (Paper I), emissions of LOX compounds,
isoprene, mono- and sesquiterpenes were enhanced in primed A.
millefolium, whereas, emissions of LOX compounds, mono- and
sesquiterpenes and benzaldehyde were enhanced in non-primed plants
(Fig. 8A and Fig. 4A-D in Paper I). The elicitation of LOX emissions
was greater in non-primed plants (Fig. 8A and Fig. 4A in Paper I).
By 24 h after treatment, emissions of all volatile groups in all the heat-
stressed plants (Paper I) had recovered to the level in control plants
(Fig. 8A-F). However, emissions of LOX compounds and benzenoids
increased at 48 h in primed plants and at 72 h in non-primed plants, and
monoterpene emissions increased at 72 h in all the heat shock-stressed
plants (Fig. 8A, C, F and Fig. 4A, C, F in Paper I).
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Fig. 7. Effects of heat priming treatment on emission rates of lipoxygenase pathway
compounds (LOX, A), isoprene (B), total monoterpenes (MT, C), benzaldehyde (D),
and total VOC (E) in A. millefolinm leaves at different times after the priming treatment.
Asterisks refer to the significant differences between the control and the priming
treatment at each recovery time point (p =.05) (reproduced from Paper I).
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(reproduced from Paper I).

In O. vulgare, priming enhanced LOX compound emissions at 0.5 h after
application (Fig. 9A), and the enhanced LOX emissions were higher
than those observed in A. willefolium (ct. Fig. 8A and 9A). LOX volatile
emissions in O. vulgare recovered to the level in control at 10 h but
rose again after 24 h recovery (Fig. 9A). Monoterpene emissions were
enhanced at 10 and 48 h after priming application (Fig. 9C). Despite
the increases observed in the emissions of individual volatile groups,
total volatile emissions in the priming-treated and control plants did not
differ throughout the recovery period (Fig. 9A-F).
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Fig. 9. Emission rates of lipoxygenase (LOX) pathway compounds (A), long-chained
fatty acid-derived (FAD) compounds (B), monoterpenes (C), geranylgeranyl (GGDP)
pathway compounds (D), benzenoids (E), and total emission of volatile organic
compounds (F) in control, moderate heat-stressed (Priming), heat shock-stressed non-
primed (Heat shock), and heat shock-stressed primed (Priming + Heat shock) Origanum
vulgare during 72 h recovery period. Different lowercase letters denote significant
differences (P < 0.05) among the treatment groups (reproduced from Paper II).

Heat shock stress (Paper IT) resulted in rapid enhancements of emissions
of LOX compounds, benzenoids, GGDP volatiles, and total VOC in O.
vulgare, irrespective of priming treatment (Fig. 9 and Fig. 3 in Paper II).
In addition, we observed rapid emissions of terpenoids (isoprene, mono-
and sesquiterpenes) in non-primed plants and FAD compound emissions
in primed plants (Fig. 9A-F and Table 1 in Paper II). In non-primed
plants, emissions of LOX compounds and monoterpenes decreased to
below the level of control at the end of the experiment (Fig. 9A). In
primed O. vulgare, overall emissions of volatiles recovered at 10 h after heat
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shock application, except monoterpene emissions that were enhanced
at that recovery time point (Fig. 9A-F). However, secondary emission
bursts were observed for most volatiles including LOX compounds,
monoterpenes, and GGDP pathway compounds at 24-48 h after heat
shock application, and as the result, total VOC emissions also increased
at 48 h. At the end of the experiment, volatile emissions in the primed
plants recovered to the level in control plants (Fig. 9A-F).

4.6. Effects of heat shock on foliage phenolic content in primed
and non-primed plants

All the heat stress treatments applied induced the accumulation of total
condensed tannins relative to the control treatment, but the concentration
was the highest in heat shock-stressed primed plants (Fig. 10A and Fig.
7B in Paper I). Total phenolic content only increased in heat shock-
stressed priming treatment (Fig. 10B and Fig. 7C in Paper I).
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Fig. 10. Concentrations of total condensed tannins (A) and total phenolics (B) in
control, non-primed heat shock stressed (Heat) and primed heat shock-stressed
(Priming + Heat) leaves and priming-treated (Priming) A. millefolium leaves at 72h
after the application of stress treatment. Different lowercase letters denote significant
differences (P < 0.05) among the treatment groups (reproduced from Paper I).
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4.7. Effects of insect infestation and heat shock on volatile
emissions

Non-stressed control O. vu/gare emitted different volatile classes including
LOX pathway compounds, FAD compounds, monoterpenes, benzenoids
and GGDP pathway volatiles(Fig. 11A-F). Whitefly feeding applied
alone decreased the emissions of LOX compounds and benzenoids to
below the level of detection (Fig. 11A, D). Whitefly infestation enhanced
the emission of monoterpenes moderately throughout the recovery
period (Fig. 11C). In addition, emission bursts of FAD compounds
were observed at 5 h, and GGDP volatiles through 2.5— 24 h whitefly-
stress treatment recovery period (Fig. 11A, E).

The application of heat shock alone in O. vulgare resulted in a rapid
enhancement of emissions of the volatile classes detected under
non-stressed control conditions (Fig. 11A-F). The emissions of these
volatile classes remained high throughout the experiment, except for
the emissions of FAD compounds that decreased at 5-24 h after heat
shock treatment (Fig. 11A-F). Overall, the increases in the emissions
of volatiles in the non-infested plants were more pronounced during
the first 5 h after heat stress treatment (Fig. 11A-F). In addition, we
observed the induction of sesquiterpene emissions at an average level
of 0.040 £ 0.01 nmol m™s™ through 0.5—5 h after heat stress treatment
(Table 1 in Paper III).

Benzenoids were the only volatile class that was enhanced significantly
upon heat shock application in infested plants; benzenoid emissions were
enhanced through 0.5-2.5 h (Fig. 11A-F). At 24 h after applying heat
stress in infested plants, emissions of LLOX and benzenoids decreased
to below the level of detection (Fig. 11A, D). However, emission bursts
of benzenoids were observed at the end of the experiment (Fig. 11D).

In addition, all the stress treatments induced the emissions of the stress
marker compound (E)-B-ocimene (Fig. 11F). Single stress treatments
elicited (E)-B-ocimene emission to a larger degree in the first 5 h after
treatment (Fig. 11F). As (E)-B-ocimene was quantitatively the most
important monoterpene emitted in the stressed plants, changes in total
VOC in the stressed plants reflected changes in the induction of (E)-§-
ocimene (Fig. 11F). At the end of the stress recovery period, (E)-3-
ocimene emissions were only detected in the plants treated with heat
shock alone (Fig. 11F).
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Fig. 11. Emission of total lipoxygenase pathway compounds (LOX, A) and long-
chained fatty acid-derived compounds (FAD, B), total monoterpenes (C), benzenoids
(D), geranylgeranyl (GGDP) pathway compounds (E), and (E)-B-ocimene (F) from
leaves of non-treated (control), heat shock-treated (heat), Trialeurodes vaporariorum-
infested (greenhouse whitefly), and combined heat shock-treated and T. vaporariorum-
infested (whiteflies + heat) plants during recovery. Asterisks refer to significant
differences between control and specific treatments at each recovery time point (p
<.05) (reproduced from Paper III).
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4.8. Effects of P coronata infection on volatile emissions in the
two host species

In A. sativa (Papers IV-V), P. coronata infection enhanced the emissions
of LOX compounds, MeJA, FAD compounds, terpenoids (mono- and
sesquiterpenes), GGDP compounds, and benzenoids (Fig. 12 and
Table 1 in Paper IV). The emissions of volatile reached the highest
level during moderate infection (Fig. 12). Emissions of all the volatile
classes scaled positively with the severity of infection from 0—40%, but
decreased with increasing the severity of infection from 40-80% (Fig.
12 and Fig. 5A-F in Paper IV).

In R. frangula (Papers IV-V), volatile emissions were moderately
impacted by P. coronata infection (Table 2 in Paper IV). The most
evident responses were the enhancement of LOX emissions in mildly
infected leaves and the enhancement of constitutive isoprene emissions
(Fig. 12 and Table 2 in Paper IV). The volatile emissions responses
were stronger in the primary host A. safiva than in the alternate host
R. frangula, except isoprene emissions that were much higher in the
constitutive emitter R. frangula (Fig. 12 and Table 1-2 in Paper IV).
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Fig. 12. Changes in total volatile emission in the primary host, the annual grass
Avena sativa, and the alternate host, the shrub R. frangula, under different severity of
the crown rust Puccinia coronata infection. The insets show the severity-dependent
emissions of different volatile groups including short-chained lipoxygenase (LOX)
pathway compounds, long-chained saturated fatty acid-derived (FAD) compounds,
monoterpenes, geranylgeranyl diphosphate pathway (GGDP) compounds and
benzenoids in the two host species (reproduced from Paper V).

43



5. DISCUSSIONS

5.1. Impacts of moderate heat stress on physiological responses:
preparing plants for subsequent severe heat stress

In Achillea millefolinm (Paper I), priming application somewhat enhanced
A despite reductions in g (Fig. 1A, B), suggesting that priming stimulated
photosynthetic clectron flow and, and/or increased sink activity and/
or increased the synthesis of rate-limiting enzymes of photosynthetic
apparatus (Salvucci & Crafts-Brandner, 2004; Schrader ez a/, 2004). In
O. vulgare (Paper II), A was moderately reduced despite g being stable
(Fig. 2A, B), and the reductions in .4 were associated with reductions
in maximum Rubisco activity (Fig. 2A, C). This is consistent with the
relatively low-temperature optimum of Rubisco activase as observed in
several studies (Schrader ez al., 2004; Kurek e al., 2007; Barta et al., 2010).
In A. millefolinm, decreases in g reflect stomatal closure to minimize
water loss due to high vapor pressure deficits (Grossiord ez al., 2020).

In priming-treated A. millefolinm, the stability of A was likely fortified
by emissions of isoprene (Fig. 1A and 7B). Several previous studies
have elucidated that isoprene-emitting species have a greater thermal
tolerance of photosynthetic capacity than non-emitter species (Sharkey,
2005; Monson et al., 2021). The low-level elicitation of LLOX volatiles in
A. millefolinm (Fig. TA) reflects only minor cell membrane damage, and
this is consistent with stable 4 (Fig. 1A). The delay in the enhancement
of monoterpene emissions in priming-treated plants (Fig. 7C and 9A)
reflects a delayed change of substrate availability or limited monoterpene
synthase activity. Alternatively, it might be that the plants prioritized other
chloroplastic metabolic pathways, e.g. synthesis of GGDP pathways
volatiles over monoterpenes as observed in O. vulgare in Paper II. The
emissions burst of monoterpenes observed at the later stages of priming
recovery might indicate increased activity of rate-limiting enzymes or
the availability of substrate for monoterpene synthesis. Altogether,
the priming treatment exerted stronger stress on O. vulgare than on A.
millefolium. In all cases, the responses of physiological processes observed
suggest that the moderate heat stress treatment was sufficient to trigger
priming defense responses.
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5.2. Heat priming enhanced heat shock stress tolerance of
photosynthesis

Reductions in photosynthesis upon heat shock treatment were smaller
in primed plants reflecting enhanced heat resistance in the plants (Fig.
1A and 2A). As demonstrated in Paper II, reductions in maximum
Rubisco activity were also relatively lower in primed plants. Priming
increased the heat tolerance of Rubisco activity possibly by enhancing
the expression of more heat stress-resistant Rubisco smaller subunit
genes or the production of thermal-stable isoforms of Rubisco activase
(Pastor et al., 2013; Khan ez al., 2022; Cavanagh ez al., 2023). In addition,
priming can increase thermal tolerance of photosynthesis by increasing
the accumulation of protective chemicals including heat shock proteins,
antioxidants, osmotica, and secondary metabolites that otherwise could
be barely synthesized upon sudden exposure to severe heat stress (Teskey
et al., 2015; Abid et al., 2016; Guihur e7 al., 2022). Thus, the enhanced
accumulation of condensed tannin and total phenolics observed in
A. millefolinm (Fig. 10B, C) might have played a role in protecting the
photosynthetic apparatus by scavenging heat-stress-induced formation
of reactive oxygen species (ROS).

In all the heat shock-stressed plants (Papers I-II), including non-primed
A. millefolinm, heat stress was not lethal, as A recovered upon cooling
(Fig. 1A, D, and 2A). Heat shock might have resulted in irreversible
damage to the photosynthetic apparatus or denaturation of Rubisco
into non-soluble aggregates in the non-primed plants where .4 did not
recover (Fig. 1A). In primed O. vulgare, there was no complete recovery
of A to pre-stress levels, suggesting thermal acclimation responses that
involved sustained phenotypic changes, e.g. channeling of resources
from primary to secondary metabolism (Dumschott e al., 2017).

5.3. Impacts of priming on volatile responses and implication on
heat stress tolerance

Our study (Papers I-II) demonstrated that heat shock elicited volatile
emissions differently in primed and non-primed plants. We observed
higher LOX emissions in non-primed plants (Fig. 8A and 9A), suggesting
severe cellular damage; greater damage can explain the greater decreases
in A. The strong emissions of long-chained saturated fatty acid-derived
(FAD) compounds (Fig. 9B) further indicate oxidative stress in non-
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primed plants (Okereke ¢ a/., 2021, 2022). In the case of primed plants,
LOX emissions initially recovered, indicating a direct effect of heat
shock on LOX substrate availability, but they rose at later recovery
periods (Fig. 8A and 9A), reflecting the activation of signaling pathways
that lead to the synthesis of protective metabolites and lipids essential
for membrane stability and thermal protection (Jiang ef a/, 2017; Niu
& Xiang, 2018; Guihur ez al., 2022). Indeed, in primed O. vulgare (Paper
IT), secondary emissions were observed for most volatiles indicating the
activation of different defense pathways.

The decreases in isoprene emissions in heat shock-stressed primed A.
millefolium (Paper I) reflect lower oxidative stress in comparison to non-
primed plants; alternatively, it might reflect changes in the proportion of
carbon allocation among terpenoid synthesis pathways, as the emissions
of mono- and sesquiterpenes were strongly elicited (Fig. 8B-D). In
Paper II, we observed that terpenoid emissions were elicited much
eatlier in non-primed O. vulgare (Fig. 9C), indicating a quick channeling of
MEP/DOXP pathway metabolites from essential isoprenoid synthesis
towards de novo volatile isoprenoid synthesis. Thus, this suggested strong
oxidative stress that prompted rapid and high terpenoid synthesis for
radical scavenging and enhancement of antioxidant status (Gonzalez-
Burgos & Goémez-Serranillos, 2012b).

In primed plants (Papers I and II), we observed relatively stronger
emissions of benzenoids indicating that the enhanced stress tolerance
in the plants was associated with the activities of shikimate/
phenylpropanoid pathways (Fig. 8E and 9E). At the end of the heat
shock recovery period, primed plants (Paper I) accumulated higher
amounts of phenolics and total condensed tannins (Fig. 10A, B), further
indicating increases in activities of biosynthesis pathways of phenolic
compounds (Suseela & Tharayil, 2018). Overall, our study (Papers I-II)
showed that heat tolerance and acclimation in primed plants involve the
adjustment of the relative activity of primary and secondary metabolic
pathways.

5.4. Whitefly infestation enhanced heat stress tolerance
Our study showed that .4 recovered 24 h after the removal of insect
infestation, and the recovery was supported by enhancement of g (Fig.

3A, B and Fig. 1A, B in Paper III). This suggested that this recovery
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period time was sufficient to seal phloem wounds and start the repair of
conductive networks. Whitefly feeding is specific to damaged/infested
sites, thus overall stress-related responses including reductions in .4
and volatile emissions might be expected to be low (Appel & Cocroft,
2014; Darshanee ez al., 2017), as observed in this study (Fig. 3A, B and
Fig. 11A-F in Paper III). Previous studies have demonstrated that T.
vaporariornm infestation enhances volatile emissions differently in host
species, for example, T. vaporariorum feeding enhanced emissions of LOX
volatiles and monoterpenes in Solanum melongena (Darshanee et al., 2017),
but in Melilotus albus, the insect enhanced the emissions of monoterpenes
and benzenoids (Liu ¢z al., 2022). In our study, 1. vaporariorum infestation
suppressed the emissions of LOX volatiles and enhanced monoterpene
emissions (Fig. 11A, C), similar to T. vaporariorum-intested Solanum
leopersicum (Darshanee ef al., 2017).

Additionally, in O. wulgare, T. vaporariornm infestation suppressed the
constitutive benzenoid emissions (Fig. 11D and Fig. 4 in Paper III).
It is unclear how emissions of LOX volatiles and benzenoids were
suppressed in the infested plants (Paper III), but we suggest it might be
a volatile-mediated mechanism to prevent volatile cues that can further
attract whiteflies to the damaged leaves (Darshanee e @/, 2017). Low
terpenoid emissions in the infested plants likely indicated low oxidative
stress-associated demand for volatile isoprenoids (Fig. 9C) as well as
the overall suppression of JA-dependent defenses by whitefly (Zarate
¢t al., 2007; Wang et al., 2017). Nevertheless, despite low emission rates,
terpenoid emissions possibly played a role in the repair of conductive
networks by alleviating wounding-generated ROS as reflected in the
negative correlation between .4 and monoterpenes (Fig. 7C in Paper
III). Further investigations at gene expression level and hormonal
signaling are required to elucidate how 1. wvaporariorum alters volatile
emission profiles.

In all the heat-stressed plants (Paper III), .4 was reduced, whereas, g
was increased (Fig. 3A, B), thus the reductions of .4 were due to non-
stomatal factors. The greater decrease in .4 observed immediately after
applying heat shock in pre-infested plants indicates the additive effect
of the interaction of heat stress with the already-reduced A. In heat-
stressed pre-infested plants, .4 recovered completely, suggesting that
pre-infestation improved the recovery capacity (Fig. 3A, B), possibly
through a certain convergence in stress response pathways (Kerchev
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¢t al., 2011; Peschiutta ez al., 2018; Liu et al., 2022). The recovery was
also aided by increases in g_that improved CO, availability for Rubisco
and the elimination of non-stomatal limitations of photosynthesis.
Through the experimental period, A4 in heat-stressed non-infested plants
decreased progressively (Paper III), indicating chemical limitations
of photosynthesis, however, the plants maintained a certain level of
physiological activity, suggesting the applied stress was not lethal.

Persistent release of LOX compounds and FAD volatiles in non-
infested plants (Paper III) reflects severe membrane-level damage
and sustained oxidative stress and can explain the progressive decline
of photosynthesis (Fig. 9A, B). In infested plants, emissions of LOX
compounds and monoterpenes, including the characteristic stress marker
monoterpene (E)-B-ocimene, were very low, implying a lower heat stress
impact (Fig. 9A, C). The plastidial synthesis of both monoterpenes and
benzenoids uses phosphoenolpyruvate as one of the substrates, thus
giving rise to competition or cooperation at the substrate level between
MEX/DOXP and shikimate pathways (Niinemets e a/, 2013). In our
study (Paper III), we observed similarities in the emission kinetics of
benzenoid and monoterpene emissions in non-infested heat-stressed
plants (cf. Fig. 9C, D), suggesting coordination at substrate levels in the
synthesis of different volatile classes. In infested heat-stressed plants,
monoterpene emissions were less enhanced than benzenoid emissions
(cf. Fig. 9C, D), indicating limiting enzyme activity-driven preferential
activation of the shikimate pathway over the MEX/DOXP pathways
(Niinemets, 2007; Niinemets ¢ al., 2010). At the end of heat stress
recovery, we observed bursts in emissions of benzenoids in infested
plants, indicating increases in the activity of the shikimate pathway and/
or accumulation of substrates for benzenoid synthesis. Altogether, our
gas exchange and volatile emissions data (Paper IIT) demonstrated that
whitefly infestation improved heat stress resistance and acclimation.

5.5. The impact of P coronata infection is more severe in the
primary host than in the alternate host

Our results (Papers IV-V) showed that at the highest levels of
infection, the total damaged area on leaf surfaces was quantitatively
higher in the monocot primary host Avena sativa than in the alternate
dicot host R. frangula, underscoring the greater infection vulnerability
of the primary host. Fungal penetration of leaf surfaces is increased by
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warmer temperatures and increased availability of light (Solanki e# 4/,
2019; Bebber, 2022). In dicots, the upper leaf surface is directly exposed
to light, possibly explaining the higher damaged leaf area observed for
upper leaf surfaces in R. frangula (Papers I'V-V). In addition, aeciospores
are formed on the lower leaf surface, and pycniospores on the upper leaf
surface (Nazareno e/ al., 2018), and it might be that at the given severity
of infection, the developmental stage of aeciospores lags behind the
development of pycniospores.

In infected R. frangula leaves, A decreased moderately with increasing
infection severity, whereas in A. sativa, A was almost completely inhibited
in severe stages of infection due to the spread of necrosis (Fig. 5 and
Fig. 2A in Paper IV). As demonstrated in previous studies, reductions
of photosynthesis in fungal-infected leaves quantitatively describe the
severity of the infection (Copolovici e al., 2014; Jiang et al., 2016). The
strong variations in reductions of A in the host species emerged due
to differences in physiological, structural, and chemical responses to
the pathogen (Papers IV and V). In A. sativa, reductions in 4 were
associated with stomatal limitations (Fig. 5A-C and Fig. 2A-C in Paper
IV), consistent with previous studies, e.g. Salix burjatica X S. dasyclados
infected with Melampsora epitea (Toome et al., 2010) and Populus deltoides
infected with Melampsora medunsa (Gortari et al, 2018). The negative
scaling of g with the severity of P. coronata infection is associated with
the overall decline in physiological activities. Decreases in g in A
sativa were paralleled by increases in C, indicating that the reduction in
photosynthetic capacity contributed to the decrease in 4. Decreases in
the content of nutrients limiting photosynthetic capacity (N and P; Fig.
5B, C) suggest that reductions in .4 were paralleled by the reductions
in the content of rate-limiting enzymes, including Rubisco content in
infected A. sativa.

Decreases in nutrient contents reflect fungal absorption of nutrients from
the mesophyll cells of leaves or resorption of nutrients from damaged
sites of leaves (Divon & Fluhr, 2007; Tavernier e¢f al., 2007). Reduction
in photosynthesis is further escalated by loss of photosynthetic biomass
reflected in the infection-severity dependent decreases in LMA (Fig. 5A
and Fig. 3 in Paper IV). In R. frangula, leaf nutrient content and LMA
were not affected by P. coronata infection, suggesting that this species was
less sensitive to the infection (Papers IV and V).
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In the sensitive host A. sativa, emissions of stress volatiles including LOX
compounds, FAD compounds, monoterpenes, benzenoids, and GGDP
compounds increased with increasing the severity of infection from 0 to
40% (Fig. 12 and Fig. 5 in Paper IV). Scaling of volatile emissions with
increasing severity of infections in primary hosts has been reported in
other studies (e.g. Copolovici ez al., 2014; Jiang et al., 2016). However, in
A. sativa, emissions of stress volatiles reduced during the late stages of P.
coronata infection, reflecting the shortage of substrate due to the decline
in overall leaf physiological activity (Papers IV and V). Previously, such
a decline in the stress volatile release has only been observed in leaves
infected by necrotrophic fungi (Huang ez /., 2003; Hammond-Kosack &
Rudd, 2008; Vandendriessche ¢z al., 2012).

In the alternate host R. frangula, LOX volatiles were enhanced to a much
lower degree than in A. sativa, suggesting a much lower oxidative stress
and damage in the alternate host (Paper IV). Analogous to primary
isoprene-emitting hosts infected by Melampsora spp. (Toome et al., 2010;
Copolovici ez al., 2014; Jiang e? al., 2016), P. coronata elicited the emissions
of mono- and sesquiterpenes and suppressed the emissions of isoprene
(Papers IV and V). In R. frangula, we observed a low-level elicitation of
volatiles, but surprisingly, emissions of isoprene were enhanced (Fig.
1B). This might indicate the upregulation of isoprene synthase activity
or overall isoprenoid synthesis in the MEP pathway (Sharkey ez a/, 2008;
Rasulov ¢z al., 2014; Niinemets ¢# al., 2021). The stress threshold for the
elicitation of mono- and sesquiterpenes was not exceeded in R. frangula,
suggesting a lower sensitivity of this species to the pathogen stress.
Overall, our study (Papers I'V-V) showed that changes in photosynthetic
traits and volatile emissions were stronger in the primary host than in the
alternate host, collectively emphasizing variations in the stress sensitivity
among the host species.
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CONCLUSION

This thesis provides quantitative insight into how pre-exposure to biotic
and abiotic stress factors alters subsequent stress responses of key plant
physiological traits and induces priming and acclimation responses.
Based on the results, it can be concluded that:

1.

Heat-primed plants demonstrated higher heat shock tolerance of
photosynthetic activities to heat shock, evident in smaller reductions
in the rates of photosynthesis and faster recovery (Papers I-II).
In primed Origanum vulgare, a certain decrease in photosynthetic
activity remained, suggesting a sustained priming effect (Papers II).
Heat shock stress resulted in the induction of emissions of stress
volatile organic compounds (VOC) including lipoxygenase (LOX)
pathway volatiles, long-chain saturated fatty acid-derived aldehydes,
mono- and sesquiterpenes, geranylgeranyl diphosphate (GGDP)
pathway compounds (carotenoid breakdown products) and
benzenoids (Papers I-III). Emissions of LOX pathways volatiles
were lower in primed plants, indicating lower oxidative stress. Upon
heat shock, primed plants prioritized certain metabolic pathways
(monoterpene versus LOX compound syntheses and benzenoids
versus monoterpenes) or classes of metabolites (monoterpenes
vs. isoprene). The rapid enhancement of benzenoid emissions in
primed O. vulgare (Paper I) and the greater accumulation of total
phenolic compounds in primed A. willefolium (Paper II) suggests
the involvement of the shikimate/phenylpropanoid pathway in
enhancing heat shock tolerance in primed plants. In comparison
to non-primed O. vulgare, emissions of volatiles recovered earlier in
primed O. vulgare, but rose again in subsequent phases of recovery,
indicating sustained activation of biochemical defense pathways.
Collectively (Papers I-II), these data suggest that moderate heat
stress leads to a sustained physiological stress memory that improves
plant resistance to subsequent severe heat stress episodes.

Greenhouse whitefly (T7ialeurodes vaporariorum)-infestation altered
plant photosynthetic and volatile emissions responses to severe
transient heat stress (Paper III). Heat shock decreased the net
assimilation rate (A4) in both infested and non-infested plants, but
infested plants fully recovered, indicating either a greater thermal
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tolerance or a greater photosynthetic recovery capacity in the
infested plants. Under heat stress, volatile emissions, particularly
LOX, terpene, and benzenoid emissions were much lower in infested
plants than in non-infested plants. Emissions of most VOC in non-
infested heat-treated plants had not recovered to pre-stress level at
the end of the 48 h stress recovery period. These results suggest
that diffuse interactions with sap-sucking insects can decrease stress
VOC emissions responses to heat stress and enhance the thermal
acclimation of photosynthetic activities. The priming effect of
biotic and abiotic stresses on thermal tolerance might reduce the
devastating impacts of extreme climate events on agricultural and
natural ecosystems.

Crown rust (Puccinia coronata) infection resulted in decreases in
foliage photosynthesis with increasing the severity of infection in
the primary host Avena sativa and the alternate host Rhamnus frangula
(Papers IV-V). Decreases in photosynthesis were much greater in
A. sativa, indicating a greater plant infection sensitivity. In 4. sativa,
but not in R. frangula, fungal infection led to reductions in nutrient
contents and loss of photosynthetic biomass. In the sensitive host
A. sativa, P. coronata infection induced strong emissions of stress
VOC with increasing the severity of infection, but the emissions
decreased at most severe infection, indicating an overall inhibition
of leaf physiological activity. In R. frangula, the infection enhanced
VOC emissions to a much smaller degree, but the emissions of
constitutive isoprene were strongly enhanced. These results suggest
that the infection elicited varying biochemical responses in the two
hosts and highlight major differences in the fungal stress sensitivity
of the different host species. We suggest that the severe stress
responses in A. sativa were due to fungal interaction with warm
weather that might have enhanced the fungal virulence.
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SUMMARY IN ESTONIAN

KOKKUVOTE EESTI KEELES

Koosesinevate biootiliste ja abiootiliste stresside moju taimedele:
stressivastustest kohanemiseni

Sissejuhatus

Taimed puutuvad looduses kokku erinevate keskkonnamdjudega,
sealhulgas mitut titpi abiootilise stressiga nagu korge ja madal
temperatuur, poud ja Ohusaaste, ning biootilise stressiga, mille on
pohjustanud nditeks nakatumine haigustekitajatega voi taimtoiduliste
putukate rinnak. Taimed kogevad sageli mitut iiksteisele jirgnevat
vOl samaaegset stressiolukorda. Kliimamuutused on suurendanud
kombineeritud stressi, eriti kuumastressi ja biootilise stressi ilmnemise
sagedust. Nii kuumastress kui ka erinevatest teguritest tingitud biootiline
stress pohjustavad fisioloogilisi, biokeemilisi ja molekulaarseid muutusi,
mis mojutavad negatiivselt taimede kasvu ja arenguprotsesse. Stress
aktiveerib taimes kaitsereaktsioone: aktiveeruvad signalisatsiooniteed,
mis omakorda kiivitavad biogeensete lenduvate orgaaniliste thendite
eraldumise ja mittelenduvate sekundaarsete metaboliitide kuhjumise.

Lenduvate orgaaniliste tthendite hulk ja kogus niitab taimede stressi
ulatust ja iseloomu nii kvalitatiivselt kui kvantitatiivselt. Stress voib
pohjustada ohuldhede juhtivuse ja Rubisco fotostinteesivoime langust,
mis kokkuvottes tingib taime fotosunteesi ja fiisioloogilise aktiivsuse
uldise vihenemise.

Uhe stressifaktori poolt aktiveeritud kaitsereaktsioonid véivad toimida
vastandlikult voi koostoimeliselt samal ajal toimiva teise stressifaktori
suhtes, mille kdigus muutuvad ka stressist tulenevad lendvad ithendid.
Eelnev kokkupuude kerge stressiga ehk praimimine, nagu taimtoiduliste
putukate moningane riinnak ja mdédodukalt soe temperatuur, voivad
suurendada stressitaluvust jirgnevate, tosiste stressiolukordade suhtes.
See toimub praimise ajal raku molekulaarsete mehhanismide keeruka
imberprogrammeerimise kaudu. Omandatud taluvus algab stressi
ettevalmistuse ja stressimélu/kohanemisreaktsiooniga, mis voivad pirast
stressiepisoodi jadda taimes aktiivseks mitme kuu jooksul.
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Seetottu oletatakse, et voOrreldes taimedega, kes ei ole libinud
ettevalmistust ehk eelnevat kerget kokkupuudet stressiga, kaotavad
ettevalmistuse libinud taimed tulevaste tOsiste stressiolukordade ajal
oma fotostinteesivoimest vihem ja kaasnev lenduvate stressithendite
eraldumine on viiksem. Taimede fisioloogiliste ja metaboolsete
reaktsioonide uurimine, mida kiivitavad koosesinevad stressid, on
stressireaktsioonide ennustamisel muutuvas kliimas tlioluline ja voib
anda kasulikku teavet samaaegselt mitme stressi suhtes vastupidavate
pollukultuuride aretamiseks.

Uurimist66 eesmirgid ja hiipoteesid
Doktorit66 tildised eesmirgid olid:

1. a. Uurida erinevate taimeliikide fotostinteesi nditajate ja lenduvate
orgaaniliste thendite emissioonide muutusi modduka ja tugeva
kuumastressi puhul stressist taastumise perioodil (I-III artikkel).

b. Uurida m6oduka kuumastressiga kokkupuute (kuuma praiming)
moju tugeva kuumastressi libinud taimede fotosiinteesi ja lenduvate
thendite emissiooni taastumisele soltuvalt ajast (I, IT artikkel).

Uurida eelneva kuumaga kokkupuute (kuuma praiming) moju
fenool- ja kondensparkaine tldsisaldusele kuumastressis taimedes (I
artikkel).

2. a. Mdirata eelnevalt taimtoidulise putuka, kasvuhoonekarilasega
(Trialeurodes vaporariorum), kokkupuutest tekitatud Soki moju ulatus
jirgneva kuumasokist pohjustatud fotostunteesi reaktsiooni ja
lenduviithendite eritumisele ajast soltuvalt (ITT artikkel).

b. Uurida ohuldhede juhtivuse ja fotostnteesi biokeemilise
suutlikkuse rolli kuumastressis taimede fotosiinteesi muutumises
ajast soltuvalt (I-IIT artikkel).

3. a. Mairata kaera kroonrooste (Puccinia coronata) suhtes erineva
tundlikkusega  peremeeslitkidel nakkuse raskusastmest soltuv
fotostinteesi vihenemine ja stressi iseloomustavate lenduvithendite
eraldusmise suurenemise ulatus (IV, V artikkel).

67



b. Uurida stressi kidigus viheneva fotosiinteesi moju lenduvithendite
eraldumisele (IV, V artikkel).

c. Hinnata Shulohedega seotud piirangute ja lehtede biokeemilise
fotostinteesi voimet mdidravate tegurite (fotostunteetiline biomass
lehe pindalatihiku kohta ja peamise piirava elemendi sisaldus) panust
nakkuse raskusastmest soltuvasse fotostinteesi kiiruse vihenemisse
(IV, V artikkel).

Hiipotees:

1. Hariliku raudrohu (Achillea millefolinm) ja hariliku pune (Origanum
vulgare) kuumasoki stress vihendab oluliselt fotostinteesi aktiivsust ja

suurendab lenduvithendite eraldumist stressist taastumise perioodi
jooksul (I-III artikkel).

2. Moodukas eelnev kokkupuude kuumaga (kuuma praiming) vihendab
fotostinteesiaktiivsustjamuudab sekundaarsete metaboliitide stinteesi
radasid, mis kajastub lenduvate LOX-ide ja terpenoidide suurenenud
emissioonis, ning kuumaga praimitud taimede fotostinteesi aparaadil
on suurem kuumasokitaluvus, sest fotosiintees viheneb viiksemal
midral ja taastumine on kiirem ning antiokstidantsete lenduviihendite
emissioon ja kaitsvate sekundaarsete metaboliitide kogunemine on
suurem (I, IT artikkel).

3. Nakatumine kasvuhoonekarilasega (1. vaporariorum) vihendab
fotostinteesi kiirust ja toimib peamiselt salitstiilhappest (SA)
soltuvate radade kaudu, mille tulemuseks on bensenoidide ja
vihesel mairal lenduvate LOX-i ja monoterpeenide emissioon;
kombineeritud herbivoori (1. wvaporariorum) ja kuumasoki stress
avaldab Sokist taastumise ajal antagonistlikku moju nii lenduvate
orgaaniliste thendite emissioonile kui ka gaasivahetuse iseloomule
(ITI artikkel).

4. Nakatumine kroonroostega (P. coronata) vihendab fotostunteesi
ja indutseerib stressi raskusastmest soOltuvalt lenduvihendite
emissiooni. Seente moju suureneb sooja ilmaga. Selle tulemuseks on
kaitsevoime ammendumine ja 16puks suurenev koekahjustus, mida
on eriti niha kaera (A. sativa) kui tundliku peremeesorganismi puhul
IV, V artikkel).
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5. Taime vastused nakatumisele kaera-kroonroostega on esimeses ja
jargnevas peremeesorganismis erinevad (IV, V artikkel).

Peamised tulemused

Selles t66s nditame, kuidas eelnev kokkupuude biootiliste ja abiootiliste
stressiteguritega muudab jirgnevaid taimede peamiste fisioloogiliste
tunnuste  stressireaktsioone ning kutsub esile praimimis- ja
aklimatiseerumisreaktsioonid neljas mudelliigis. Tulemuste pohjal voib
jareldada, et:

1. Eelnevalt kuumaga kokkupuutunud taimede fotostinteesi aktiivsus
ei soltunud kuumasokist samas ulatuses kui praimimata taimedel.
Praimitud taimed talusid kuumastressi paremini. See ilmnes
fotostinteesi kiiruse viiksemas vihenemises ja taimede kiiremas
taastumises (I, II artikkel). Eelnevalt stressiga kokku puutunud
harilikus punes (Origanum vulgare) jii teatud fotostunteesi aktiivsuse
langus alles, mis viitab praimimise pusivale toimele (I artikkel).
Kuumastress poOhjustas lenduvate orgaaniliste stressitthendite
eraldumise, sealhulgas lipoksiigenaasi (LOX) raja lenduvate ainete,
pika ahelaga kullastunud rasvhapetest pirinevate aldehtidide,
mono- ja seskviterpeenide, geranitldifosfaadi (GDP) raja Ghendite
(karotenoidide laguproduktid) ja bensenoidide eraldumise (I-ITI
artikkel). LOX-i radade lenduvate ainete emissioon oli praimitud
taimedes madalam, mis nditab madalamat oksudatiivset stressi.
Kuumasoki korral eelistasid praimitud taimed teatud metaboolseid
teid (monoterpeen versus LOX-thendi stntees ja bensenoidid
vs monoterpeenid) voi metaboliitide klasse (monoterpeenid vs
isopreen) (I, IT artikkel).

Bensenoidide emissiooni kiire suurenemine praimitud harilikus
raudrohus (A. millefolium) (I artikkel) ja fenoolsete Uhendite
koguhulga suurem kogunemine praimitud harilikus raudrohus
(IT artikkel) viitab $ikimaadi/fentilpropanoidi raja osalemisele
praimitud taimede kuumasokitaluvuse suurendamisel. Vorreldes
praimimata hariliku punega ehk taimega, kellel puudus eelnev
kokkupuude kerge stressiga, taastus lenduvate ainete eraldumine
praimitud taimes varem, kuid see suurenes taas taastumise
jirgnevates faasides, mis nditab biokeemiliste kaitseteede pusivat
aktiveerumist. Kokkuvottes (I, IT artikkel) niitavad need andmed,
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et taime kokkupuude moédduka kuumastressiga pohjustab piisivat
fiusioloogilist stressimdlu, mis parandab taimede vastupidavust
jargnevatele tosistele kuumastressi olukordadele.

Nakatumine kasvuhoonekarilasega (Irzalenrodes vaporariorumz) muutis
taimede fotosiinteesi ja lenduvithendite emissiooni reaktsiooni
vastuseks tosisele modduvale kuumastressile (III  artikkel).
Kuumasokk vihendas netoassimilatsioonikiirust (A) nii nakatunud
kui ka nakatumata taimedes, kuid nakatunud taimed taastusid peaaegu
taielikult. See niitab kas suuremat termilist taluvust vOi suuremat
fotostinteesi taastumisvoimet nakatunud taimedes. Kuumusestressi
korral oli nakatunud taimedes lenduvihendite emissioon, eriti
LOX-i, terpeeni ja bensenoidi eraldumine palju viiksem kui
nakatumata taimedes. Enamiku lenduvate orgaaniliste thendite
emissioon nakatumata kuumaga praimitud taimedes ei olnud
48-tunnise stressist taastumise aja lopuks saavutanud stressieelset
taset. Need tulemused viitavad sellele, et hajus vastastikkune moju
taimetoidulistest putukatest pohjustatud stressi ja kuumastressi vahel
voib vihendada lenduvate orgaaniliste stressiithendite emissiooni
vastuseks kuumastressile ja suurendada fotosiinteesi kohanemist
kuumaga. Taimede eelnev kokkupuude biootilise ja abiootilise
stressiolukordadega voib avaldada soodsat moéju taime termilisele
taluvusele ja seelibi vihendada darmuslike kliimastindmuste laastavat
moju pollumajanduskultuuridele ja looduslikele 6kostisteemidele.

Kaera kroonrooste (Puccinia coronata) nakkus pohjustas lehestiku
fotosunteesi vidhenemise, suurendades infektsiooni raskust
peremeestaimel, harilikul kaeral (Avena sativa) ja ka vaheperemehel,
harilikul paakspuul (Rbamnus  frangula) (IV,V artikkel). Kaera
fotosiinteesivoime vahenes suuremal madral, mis viitab nende
taimede suuremale nakkustundlikkusele. Kaeral pohjustas
seeninfektsioon toitainete sisalduse vihenemise ja fotostnteetilise
biomassi kadumise, kuid selline negatiivne moju puudus paakspuul.
Tundlikul peremeestaimel (A. sativa) kutsus kroonrooste esile suure
lenduvate orgaaniliste stressithendite eraldumise, mis suurenes
koos nakkuse raskusastmega. Emissioon vihenes koige raskema
infektsiooni korral, mis viitab lehtede fiisioloogilise aktiivsuse
tldisele parssimisele.

70



Vorreldeskaeragasuurenesroostenakkuse tottulenduvate orgaaniliste
thendite emission harilikul paakspuul palju viiksemas ulatuses, kuid
oluliselt suurenes konstitutiivse isopreeni emissioon. Need tulemused
viitavad sellele, et nakkus kutsus kahes peremeesorganismis esile
etinevad biokeemilised vastused. Tulemused niitavad suuri erinevusi
vaheperemees- ja peremeestaime litkide vastuses roosteseenega
nakatumisele. Tulemuste pohjal saab jireldada, et kaera taimede
tugevamad stressireaktsioonid olid tingitud seente koostoimest sooja
ilmaga, mis vois omakorda suurendada seente virulentsust.

Uuringu tulemused niitavad, et kvantitatiivsed andmed taimedest
lenduvate orgaaniliste thendite eraldumise kohta keeruliste
koosesinevate stressijuhtude korral annavad hea ilevaate taimede
tisioloogilise kiditumise ennustamiseks kliimamuutuste tigimustes ja
aitavad aretada parema stressitaluvusega pollukultuure.
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Abstract

The mechanism of heat priming, triggering alteration of secondary metabolite pathway
fluxes and pools to enhance heat tolerance is not well understood. Achillea millefolium is
an important medicinal herbal plant, rich in terpenoids and phenolics. In this study, the
potential of heat priming treatment (35°C for 1 hr) to enhance tolerance of Achillea
plants upon subsequent heat shock (45°C for 5 min) stress was investigated through
recovery (0.5-72 hr). The priming treatment itself had minor impacts on photosynthesis,
led to moderate increases in the emission of lipoxygenase (LOX) pathway volatiles and
isoprene, and to major elicitation of monoterpene and benzaldehyde emissions in late
stages of recovery. Upon subsequent heat shock, in primed plants, the rise in LOX and
reduction in photosynthetic rate (A) was much less, stomatal conductance (g5) was
initially enhanced, terpene emissions were greater and recovery of A occurred faster,
indicating enhanced heat tolerance. Additionally, primed plants accumulated higher con-
tents of total phenolics and condensed tannins at the end of the recovery. These results
collectively indicate that heat priming improved photosynthesis upon subsequent heat
shock by enhancing g5 and synthesis of volatile and non-volatile secondary compounds
with antioxidative characteristics, thereby maintaining the integrity of leaf membranes

under stress.

KEYWORDS

heat shock, secondary metabolites, volatile organic compounds

the severity of the stress (Niinemets, 2018; Pazouki et al., 2016;
Zhu et al., 2018). Even short-term sudden exposure to a tempera-

Supra-optimal temperatures exceeding the optimal environmental
temperature for plant growth and development constitute a partic-
ularly significant environmental hazard for sessile organisms such
as plants. As global warming proceeds, extreme atmospheric heat
events are expected to occur more frequently (IPCC, 2018), and
thus, heat stress is becoming one of the most frequent abiotic
stresses confronted by plants in nature (Perkins, Alexander, &
Nairn, 2012). The effects of heat stress on plants will depend on

ture strongly exceeding the optimal range such that can occur dur-
ing lightflecks in natural environments (Hiive et al., 2019; Singsaas
et al, 1999) will immediately result in suppressed foliage photo-
synthesis, formation of reactive oxygen species (ROS), elicitation
of lipoxygenase pathway (LOX) volatile emissions, and it might
eventually trigger programmed cell death-like processes in stressed
plant tissues (Bita & Gerats, 2013; Hive et al, 2019; Vacca
et al., 2004).

Plant Cell Environ. 2021;44:2365-2385.
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In the case of moderate heat stress, when plant temperatures
exceed the optimum temperature by 5-10°C, the resulting damage is
absent or when present, it is usually reversible upon return to lower
temperatures (Luo et al., 2011; Pazouki et al., 2016). Plant responses
to a moderate heat stress include immediate stress reactions such
as changing the leaf orientation and enhancing transpiration to cool
down the leaf (Hasanuzzaman, Nahar, Alam, Roychowdhury, &
Fujita, 2013). The effects of heat stress are also reflected in changes
in different secondary metabolite levels including direct changes in
emission rate of constitutively emitted volatile organic compounds
(VOCs), but also after-stress effects including synthesis of phenolic
compounds, induction of stress-induced volatiles and modifications in
antioxidative capacity of plants (Kask, Kannaste, Talts, Copolovici, &
Niinemets, 2016; Panchuk, Volkov, & Schéffl, 2002; Rivero et al.,
2001). The adaptive traits activated by plants when exposed to a
certain moderate stress stimulus are referred to as defence priming,
and serve to enhance plant tolerance to subsequent severe stress
(Martinez-Medina et al., 2016). Contrary to heat shock stress that can
be lethal, defence priming activates a low-cost adaptive and defensive
response at the same time without threatening the normal survival of
the plant (Martinez-Medina et al., 2016). Priming triggers synthesis
and accumulation of a wide range of secondary metabolites, mainly
plant defensive compounds, which include volatile compounds such
as volatile isoprenoids as well as non-volatile compounds such as
salicylic acid (Conrath et al., 2006; Frost, Mescher, Carlson, & De
Moraes, 2008; Niinemets, 2010). The physiological adjustments and
the stored secondary metabolites form the “stress memory” that stim-
ulates quicker responses to subsequent exposures to severe stresses
(Martinez-Medina et al., 2016; Niinemets, 2010).

Secondary metabolites including terpenoids and phenolics have
been demonstrated to play an important role in facilitating plant
resistance and acclimation to extreme heat stresses by potentially
directly improving heat tolerance or serving as antioxidants reducing
the extent of lesion development after heat stress (Holopainen &
Gershenzon, 2010; Loreto & Schnitzler, 2010; Possell & Loreto, 2013).
Heat stress-dependent damage can lead to immediate emissions of
LOX and terpenoids that are either stored or de novo synthesized
(Kask et al., 2016; Pazouki et al., 2016; Turan et al., 2019) and
a longer-term accumulation of phenolics continuing for hours to
days after stress exposure (Sgarbi, Fornasiero, Lins, & Bonatti, 2003;
Yoshikawa et al., 2018). Such response patterns involving progressive
syntheses of terpenoids and phenolics provides an efficient means
to cope with enhanced plant oxidative status in stressed plants (Liu,
Marques dos Santos, Kanagendran, Neilson, & Niinemets, 2019).
To the best of our knowledge, there is very limited information of
whether the heat priming can enhance the synthesis potential of key
secondary metabolites such as terpenoids and phenolics in primed
plants, and how priming alters the synthesis of these metabolites upon
exposure to a subsequent severe stress.

It is well established that 2-C-methyl-D-erythritol-4-phosphate/
1-deoxy-D-xylulose-5-phosphate (MEP/DOXP) and mevalonate (MVA)
pathways are the two pathways responsible for terpenoid synthesis in

plants, while shikimate and phenylpropanoid pathways are the core

pathways for the biosynthesis of the various phenolic compounds
(Herrmann & Weaver, 1999; Niinemets, Kénnaste, & Copolovici, 2013;
Vogt, 2010). These pathways are altered during the priming phase
to produce defensive metabolites and increase resistance to eventual
heat shock (Serrano, Ling, Bahieldin, & Mahfouz, 2019). Although
MEP/DOXP pathway and shikimate pathways synthesize different bio-
chemical metabolites, the two pathways are both located in plastids and
use the same photosynthetic intermediates. This can result in a competi-
tion between terpenoid and phenolic synthesis pathways, especially
when both are needed in large quantities and carbon input is limited
due to stress. Such a possible competition complicates prediction of
changes in metabolite profiles upon heat priming and heat shock stress.
The plant response and adaptation mechanisms under severe envi-
ronmental stresses associated with priming treatment have extensively
been investigated for biotic stresses, for example, using pathogens and
herbivores as priming stimuli (Dicke & Baldwin, 2010; Frost et al., 2008;
Pastor et al.,, 2013). In the case of abiotic stresses, there is evidence of
positive effects of early heat priming on subsequent abiotic stress toler-
ance (such as heat and drought) (Havaux, 1993; Wang et al., 2011,
2014; Wang et al., 2012). Most of these previous investigations were
either excessively concentrated on biotic stimuli such as pathogens,
microbes and natural/synthetic chemicals, or focused on crops such as
wheat or potato (Havaux, 1993; Mauch-Mani, Baccelli, Luna, &
Flors, 2017; Wang et al,, 2014). In the context of global warming,
a stronger emphasis on priming by abiotic stresses in different species,
in particular, by heat priming is needed to generalize from case studies
to responses of ecosystems to heat waves (Fan et al., 2018; Wang,
Heckathorn, Mainali, & Tripathee, 2016; Wang, Liu, & Jiang, 2017).
Achillea millefolium L. is a perennial herb that has been used as
an important medicinal plant since the antiquity (Saeidnia, Gohari,
Mokhber-Dezfuli, & Kiuchi, 2011). Due to a high constitutive defence
capacity, the foliage of A. millefolium grown under ambient non-
stressed conditions contains a large number of secondary metabolites,
in particular, volatile and non-volatile terpenoids including monoter-
penes, sesquiterpenes and their derivatives, and various phenolics
such as chlorogenic acids and flavonoids having antioxidative, antimi-
crobial and anti-feedant activities (Pazouki, Memari, Kénnaste,
Bichele, & Niinemets, 2015; Vitalini et al., 2011). Thus, A. millefolium is
an ideal species to investigate simultaneous modifications in rate of
synthesis and compound profiles of both terpenoids and phenolics
under stresses. The main aim of this study was to investigate whether
heat priming treatment enhances tolerance to subsequent heat shock
stress in the foliage of A. millefolium and understand how priming
alters secondary metabolite profiles without and with subsequent
severe heat stress. We examined how priming treatment impacted
the emission of VOCs, particularly those synthesized in MEP/DOXP
and LOX pathways, and also by comparing the accumulation of
phenolics as induced by heat shock in primed and non-primed
A. millefolium plants. We hypothesized that under heat shock stress:
(a) heat-primed A. millefolium leaves emit more VOCs, particularly ter-
penoids; (b) primed A. millefolium leaves accumulate more phenolics
than non-primed plants and (c) primed A. millefolium leaves have
higher heat resistance of photosynthetic apparatus such that the
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photosynthetic rate is reduced to a lower degree and recovers faster
upon exposure to severe heat stress.

2 | MATERIALS AND METHODS

21 | Plant materials

The plants of A. millefolium were grown from seed purchased from
Nordic Botanical Ltd. (Tartu, Estonia). The seeds were sown in 2 L
plastic pots filled with an 1:1:1 mixture of commercial garden soil with
added fertilizers (N:P:K = 10:8:16, Kekkild Group, Vantaa, Finland),
sand (AS Silikaat, Tallinn, Estonia) and vermiculite (Schetelig Group,
Vantaa, Finland). The plants were grown in a plant growth chamber
(FITOCLIMA S600PLLH, Aralab, Lisbon, Portugal) at day/night tem-
peratures of 25/20°C under 16 hr light period with relative humidity
of 60% and light intensity of 600 pmol m=2 s~1 at the plant level. The
plants were watered every other day to soil field capacity. At the time
of the experiments, the plants were 3 months old.

2.2 | Priming treatment

To apply the priming treatment, seven plants were carefully moved to
another identical growth chamber where the same growth conditions
were maintained except that the temperature was raised to 35°C for
1 hr under light. The temperature of the growth chamber was chan-
ged to 25°C immediately after the priming treatment and the plants
were allowed to recover for 72 hr. Gas exchange data and VOC sam-
ples were collected at 0.5, 5, 10, 24, 48 and 72 hr after the priming
treatment.

2.3 | Heatshock treatment

The heat shock treatment started in the morning after the plants had
been exposed to light for 1 hr. The heat shock treatment protocol
followed that in Copolovici, Kénnaste, Pazouki, and Niinemets (2012)
with some modifications detailed here. A circulating water bath
(VWR, Westchester, NY) was filled with distilled water and the tem-
perature was set to 45°C. To prevent any possible effects caused by
direct plant contact with the hot water or by blotting the leaves dry
after the treatment, the plant uppermost part was carefully enclosed
in a chemically inert polyester bag before immersion in the heated
water. Separate tests where the temperature was measured by an
infrared thermometer demonstrated that the temperature in the bag
reached the water temperature in about 30 s. Application of heat
resistant polyester bags (“cooking bags”) has been advocated by previ-
ous studies as these bags are heat stable and have minimum emission
and storage of volatile organics (Niinemets et al., 2011; Stewart-
Jones & Poppy, 2006). The immersed plant was carefully removed
from the warm water after 5 min, removed from the plastic bag

and immediately transferred to the measurement chamber system

(described below) for collection of VOCs and gas exchange measure-
ments at 0.5, 5, 10, 24, 48 and 72 hr.

A total of six plants were used for the heat shock experiment, three
primed and three non-primed plants. To test, whether the response of
primed plants to heat shock was due to the heat shock or priming treat-
ment itself, the other four primed plants not subjected to heat shock
treatment were measured in parallel with the heat shocked plants. Addi-
tionally, six non-heat-shock-treated plants (without priming and treated
by immersion in 25°C water) were used as controls and measured analo-
gously as the other plants. After 72 hr, the leaves from four treatments,
that is, control, non-primed + heat shock, primed + heat shock and
primed without heat shock were harvested, weighed and scanned for
leaf area measurement. A part of collected foliage was immediately
weighed, dried at 70°C in a drying-oven for 48 hr and leaf dry to fresh
mass ratio was estimated. Another fresh leaf sample was immediately

frozen in liquid nitrogen and stored at —80°C for further analysis.

24 | Gas exchange measurements

A custom-made eight-chamber open gas exchange system
(Copolovici, Kdnnaste, Remmel, & Niinemets, 2014) was used to mea-
sure plant photosynthesis and collect VOC samples (for design princi-
ple, see Copolovici and Niinemets (2010)). The system was equipped
with eight 2 L glass chambers whose stainless steel bottoms were
fixed on a wooden platform. A narrow slot was made through the cap
and wooden platform so the plants could be installed and air-tightly
sealed in the individual glass chambers. The ambient air was pumped
through a 10 L buffer volume and an HCl-activated copper tubing
to scrub ozone and humidified to about 60% before passing into
the glass chambers. The flow rate through each chamber was
maintained at 0.036 Ls™%. In the chambers, the CO, concentration
was between 380 and 400 pmol mol~* and the air temperature was
kept at 23°C (room temperature). The light intensity at the leaf sur-
face was 600 pmol m™2 s™* provided by a Heliospectra LX60 LED
plant growth lamp (Heliospectra AB, Goéteborg, Sweden). A LI-7000
CO,/H,0 analyser (LI-COR Biosciences, Lincoln, NE) was used to
measure CO, and H,O concentrations at the in- and outlets of each
individual chamber in sequence. Values of net assimilation rate (A) and
stomatal conductance (gs) were recorded after the gas flows stabilized
and leaf gas exchange rate reached a steady state, which typically
took 10-20 min after plant enclosure.

2.5 | VOC collection and analysis by GC-MS

The VOC samples were collected simultaneously with the gas
exchange measurements as described by Liu, Kaurilind, Jiang, and
Niinemets (2018). An air sample pump (210-1003MTX, SKC Inc.,
Houston, TX) was used to collect the volatiles at a constant flow rate
of 0.2 Lmin~" for 25 min. The volatiles were collected onto stainless
steel cartridges filled with three different carbon-based adsorbents
(Carbotrap, Supelco, Bellefonte, PA) to trap all VOCs between C3-C17
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(Kannaste, Copolovici, & Niinemets, 2014). The volatile samples in
the cartridges were desorbed by a Shimadzu TD20 automated
cartridge desorber and analysed with a Shimadzu 2010 Plus gas
chromatography-mass spectrometer (GC-MS; Shimadzu, Kyoto,
Japan) with a Zebron ZB-624 fused silica capillary column (0.32 mm
i.d., 60 m length, 1.8 pm film thickness, Phenomenex, Torrance, CA).
Individual VOCs were identified using authentic standards (Sigma-
Aldrich, St. Louis, MO) and by comparison of mass spectra in the
National Institute of Standards of Technology library (NIST 05). The
GC-MS system was calibrated by authentic standards (Kinnaste
et al,, 2014). Background VOC concentrations (blanks) from empty
chambers were subtracted from measurements with leaf samples.

2.6 | HPLC-Q-TOF-MS/MS analysis of individual
phenolic compounds

The extraction, detection and quantification of individual phenolic com-
pounds were performed according to Raal, Boikova, and Piissa (2015).
In brief, 100 mg frozen and homogenized leaf material was extracted
with 1.5 mL 60% (vol/vol) aqueous ethanol solution. The mixture was
shortly vortexed and extracted in an ultrasonic bath for 15 min. After
repeating the last step twice, the extraction was continued in a tube
rotator (Multi RS-60, BIOSAN, Riga, Latvia) at room temperature for
2 hr. Afterwards, the mixtures were centrifuged at 10,0009 for 10 min
with an Eppendorf MiniSpin (Eppendorf AG, Hamburg, Germany) at
room temperature. The obtained supernatants were transferred to glass
vials and LC analysis was conducted with a 1290 Infinity LC (Agilent
Technologies) using a Zorbax 300SB-C18 column (2.1 x 150 mm; 5 pm
film thickness; Agilent Technologies) kept at 40°C. For the elution of the
samples, a gradient of 0.1% formic acid in water (A) and acetonitrile
(B) was used as follows: 0.0 min 1% B, 45.0 min 40% B, 47.0 min
99% B, 57.0 min 99% B, 57.1 min 1% B, regeneration time 8 min. The
eluent flow rate was set to 0.3 ml min~*. The compounds were detected
by a mass-spectrometer (6540 UHD Accurate-Mass Q-ToF LC/MS,
Agilent Technologies) working in negative ionization mode in the mass
to charge ratio (m/z) range of 100-1,000 amu. Data acquisition and ini-
tial data processing were carried out by MassHunter software (Version
B.08.00, Agilent Technologies).

The phenolic compounds detected in the extracts of A. millefolium
leaves including caffeoylquinic acids (CQAs), dicaffeoylquinic acids
(diCQAs), luteolin and apigenin derivatives were identified and quanti-
fied using five-point calibration curves (r? > .99) with chlorogenic acid,
luteolin and apigenin (Sigma Aldrich, Darmstadt, Germany), respec-
tively. MS extracted ion chromatograms for specific [M—H]~ ions
were used to locate and quantify compounds.

2.7 | Estimation of total contents of phenolics,
flavonoids and condensed tannins

For extraction of total phenolics, flavonoids and condensed tan-

nins, 1 ml 50% (vol/vol) aqueous acetone was added to 50 mg

frozen, homogenized leaf powder on ice and vortexed. After incu-
bating the extraction mixture at room temperature with shaking
for 15 min, the mixture was vortexed again and centrifuged at
10,0009 for 5 min with a vortex mixer (Vortex Genie-2, Scientific
Industries, Bohemia, NY). The supernatant was transferred to new
tubes, 1 ml 50% acetone was added to the pellet and the extrac-
tion procedure was repeated twice. The supernatants of the three
extractions were combined and stored on ice in darkness for fur-
ther analyses.

Total phenolic contents were determined by Folin-Ciocalteu
assay (Singleton & Rossi, 1965; Xu & Chang, 2007) with modifications.
For the Folin-Ciocalteu assay, gallic acid (Sigma-Aldrich GmbH,
Germany) was used as the standard. The reaction mixture containing
40 pl standard solution/sample extracts, 1,560 pl deionized H,O and
100 pl Folin-Ciocalteu reagent (Sigma-Aldrich GmbH) was incubated
for 8 min at room temperature and 300 pl of 20% Na,COj3 (wt/vol in
distilled H,0) was added to each tube and vortexed. After incubation
for 2 hr at room temperature, the absorbance was determined at
765 nm with a Shimadzu UV2550PC spectrophotometer (Shimadzu).
Total phenolic contents were expressed as gallic acid equivalents
(mg of GAE g~ DM) using the standard curve of gallic acid.

Total flavonoid content was determined using a colorimetric
method as described by Xu and Chang (2007). Aliquots of 250 pl leaf
extract or (+)-catechin standard solution were mixed with 1.25 ml dis-
tilled H,O and 75 pl 5% NaNO, (wt/vol in distilled H,O) solution.
After 6 min of incubation, 150 pl of 10% (wt/vol in distilled H,O)
AlCl36H,0 solution was added to the mixture and incubated for
another 5 min at room temperature. After adding 0.5 ml of 1 M
NaOH solution, the mixture was brought to 2.5 ml with distilled H,O
and mixed well. The solution absorbance was determined immedi-
ately at 510 nm. Total flavonoids were expressed as (+)-catechin
equivalents (mg of CAE g~* DM) using the standard curve with
(+)-catechin.

Total condensed tannins were measured according to the method
described by Xu and Chang (2007) with the modifications explained
here. Aliquots of 100 pl leaf extract or (+)-catechin standard solution
were added to 3 ml of 4% (wt/vol in methanol) vanillin solution and
1.5 ml of concentrated hydrochloric acid. After incubating the mixture
for 15 min at room temperature, the absorbance was measured at
500 nm using methanol as a blank. Total condensed tannins were
expressed as (+)-catechin equivalents (mg of CAE g’l DM) using the
standard curve with (+)-catechin. All chemicals for these analyses
were from Sigma-Aldrich Chemie GmbH.

2.8 | Data analysis

Foliar photosynthetic characteristics A and g, were calculated
according to von Caemmerer and Farquhar (1981), and volatile emis-
sion rates according to Niinemets et al., (2011). In the priming phase,
the effects of priming treatment on gas exchange characteristics and
VOC emissions of A. millefolium foliage were tested by linear mixed
models (LMMs; SPSS 22.0, Chicago, IL) with the treatment (priming)
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and recovery time as fixed effects. In the subsequent heat shock
experiment, the impacts of heat shock, priming + heat shock and
priming treatments on time-dependent changes of gas exchange
characteristics, total and individual VOC emissions of A. millefolium
foliage were tested by using LMMs with the treatments (non-
primed + heat shock; primed + heat shock and primed without heat
shock) and recovery time as fixed effects. Paired comparisons among
the levels of the same factor were tested for significance by compar-
ing differences of least squares means. Assumptions of constant
variance and normality were checked by examining residual and
quantile-quantile plots and Log10-transformation was applied to
satisfy the requirements for LMMs when required (Marias,
Meinzer, & Still, 2017). In addition, linear and non-linear regression
analyses were performed to explore the relationships among gas
exchange characteristics and different VOC groups in different
treatments (Sigmaplot 11.0, Systat Software GmbH, Germany). Prin-
cipal component analysis (PCA) was used to evaluate the effects of
different treatments on the VOC compositions. Loading and score
plots were initially derived after mean-centring and cube root trans-
formation by MetaboAnalyst version 3.0 (Xia, Sinelnikov, Han, &
Wishart, 2015; Xia & Wishart, 2016) and then redrawn in OriginLab
8.0 (OriginLab Corporation, Northampton, MA). For the individual
and total phenolic compounds, one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test was used to compare
the concentration differences among differently treated groups. All
statistical tests were considered significant at p < .05.

3 | RESULTS

3.1 | Effects of heat priming treatment
on photosynthetic characteristics and VOC emissions
from A. millefolium plants

The heat priming treatment (35°C for 1 hr) did not affect A of A. mille-
folium plants (Figure 1a; Table 1). However, an immediate decrease in
g5 was observed after the priming treatment, followed by recovery,
during which g increased at 24 hr and reached 126% of that in con-
trol leaves (Figure 1b; p = .04 for the time x treatment interaction).
No significant changes in g were observed with further recovery
at 48 and 72 hr time points. Priming treatment had minor impacts
on intercellular CO, concentration (C), which mainly showed time-
dependent changes (Figure 1c; Table 1).

Although A was not affected, heat priming induced emissions of
different VOC groups in A. millefolium foliage. A significant increase of
LOX compound emissions and isoprene occurred already at 0.5 hr
after the priming treatment (Figure 2a,b; Table 1). Priming-induced
LOX emissions showed a time-dependent increase starting from
24 hr, while isoprene emission decreased with the time of recovery
(Figure 2a,b). On the other hand, emissions of monoterpenes and
the only benzenoid observed in the emission blend, benzaldehyde,
decreased at 5 hr after the priming treatment but significantly

increased by the end of the priming treatment (Figure 2c,d; Table 1).
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FIGURE 1 Effects of heat priming treatment (35°C for 1 hr)

on average + SE net assimilation rate (a), stomatal conductance

(b) and intercellular CO, concentration (c) of leaves of A. millefolium.
The priming treatment was applied by transferring seven plants
from one growth chamber at 25°C to another at 35°C. All other
environmental conditions were identical in the two growth
chambers. The priming treatment continued for 1 hr. After the
priming treatment, the plants were transferred again to 25°C and
allowed to recover for 72 hr before applying the heat shock
treatments. The gas exchange characteristics and VOC emissions
were measured at 0.5, 5, 10, 25, 48 and 72 hr after the priming
treatment. Linear mixed models were applied to test for the effects
of the treatment (priming) and the time of recovery. The summary of
linear mixed models is shown in Table 1. Asterisks refer to the
significant differences between control and different treatments at
each recovery time point (p < .05) [Colour figure can be viewed at
wileyonlinelibrary.com]

Total VOC emission was also enhanced in the primed plants at 72 hr,

mainly reflecting enhanced monoterpene emissions (Figure 2e;
Table 1).
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TABLE 1 Summary of linear mixed model analyses of the effects
of priming treatment (control, n = 6 vs. priming, n = 7) and recovery
time on gas exchange characteristics (net assimilation rate, A; stomatal

conductance to water vapour, gs; and intercellular CO,

concentrations, C;) and VOC (lipoxygenase pathway compounds LOX;
isoprene, ISO; monoterpene, MT; and benzenoid, BZ) emission rates

in A. millefolium leaves

Priming Time Priming x time
A F 1.16 3.98 0.30
P 0.30 <01 0.91
ES F 0.18 371 249
P 0.67 <.01 .04
G F 0.01 4.84 270
P 0.94 <.01 .03
LOX [ 4.55 290 1.84
P .04 .02 0.12
IS0 F 23.87 0.63 0.65
P <.01 0.68 0.66
MT F 0.02 5.65 3.10
P 0.88 <.01 .02
BZ F 0.10 0.56 3.62
P 076 073 .01
Total VOC F 2.00 411 172
P 0.17 <.01 0.15

LIU ET AL

o ©

@

LOX compounds (pmol m?

Control
Primin

oo
So

1
° o
S =
3 3

e
3
]

Isoprene (nmol m2s™)

*

nall

Lt
IS

E

s

£

£
=

s

o2
°

Note: Significant values are shown in bold and italic (p < .05).
Abbreviation: VOCs, volatile organic compounds.

3.2 | Photosynthetic characteristics of primed
and non-primed A. millefolium plants under heat shock
stress

Primed and non-primed A. millefolium plants responded somewhat
differently to heat shock treatment. Heat shock resulted in an immediate
decrease of A in both non-primed and primed plants at 0.5 hr after the
treatment, but the impacts on A were less in primed plants (Figure 3a;
Table 2). Although A in both primed and non-primed plants fell onto the
same level at 5 hr after the heat shock, in primed plants, the recovery in
A started earlier and it returned to the control level by 24 hr after the
heat shock. While in non-primed A. millefolium plants, A did not recover
to the control level during the whole recovery period (Figure 3a; Table 2).

In primed A. millefolium plants, heat shock caused two transient
enhancements in g, at 0.5 and 48 hr after application of heat shock
stress, but g remained similar to that in control plants through the
rest of the recovery period (Figure 3b; Table 2). In contrast, g in non-
primed plants was reduced between 5 and 24 hr after the heat shock
(Figure 3b; Table 2). Heat shock treatment resulted in significant
increases in C; in both primed and non-primed plants (Figure 3c;
Table 2). Different from primed plants maintaining relatively high C;
values, the C; in non-primed plants followed similar changing patterns
to the g (Figure 3c). For the primed plants not subjected to the heat
shock, all photosynthetic characteristics were maintained at the same
level as those in the control plants (Figure 3; Table 2).
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FIGURE 2 Effects of heat priming treatment (35°C for 1 hr) on
average + SE emission rates of lipoxygenase pathway compounds
(LOX, a), isoprene (b), total monoterpenes (MT, c), benzaldehyde
(d) and total VOC emission rates (e) of A. millefolium leaves at
different times after the priming treatment. Application of priming
treatment is described in Figure 1. Linear mixed models were applied
to test for the effects of the treatment (priming) and the time of
recovery. The summary of linear mixed models is shown in Table 1.
Asterisks refer to the significant differences between control and
different treatments at each recovery time point (p < .05) [Colour
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Time-dependent changes in average + SE net
assimilation rate (a), stomatal conductance (b) and intercellular CO,
concentration (c) of control (green bars), heat-stressed non-primed
(Heat, red bars), primed and heat-stressed (Priming + Heat, cyan bars)
and primed non-heat-stressed (Priming, blue bars) leaves of

A. millefolium. Heat shock treatment consisted of plant exposure to
45°C for 5 min. The plants were measured at 0.5, 5, 10, 25, 48 and
72 hr recovery at 25°C. Untreated plants measured at 25°C for 72 hr
were used as controls. Linear mixed models were applied to test for
the effects of the treatments (heat, priming + heat and priming) and
the time of recovery. The summary of linear mixed models is shown in
Table 2. Asterisks refer to the significant differences between control
and different treatments at each recovery time point (p < .05)

3.3 | VOC emissions in primed and non-primed
A. millefolium plants under heat shock stress

In total, 29 VOCs were detected in the emissions of primed and non-
primed A. millefolium leaves after the heat shock treatment (Table 3).
The emission rates of different VOC groups kept low in the control
plants as in the priming phase. For example, in the control plants, the
emission of LOX pathway compounds was close to the detection limit

and mostly consisted of hexanal (Figure 4a; Table 3). Similarly, isoprene
emission rate was also very low, up to 0.0043 + 0.0029 nmol m=2 s~*
(Figure 4b). Monoterpenes were quantitatively the largest emitted VOC
group in A. millefolium (Figure 4c; Table 3). A total of 11 distinct mono-
terpene compounds were detected in the control plants, but only one
sesquiterpene, longifolene, was detected (Figure 4c,d; Table 3).

Heat shock significantly altered VOC emission patterns in both
primed and non-primed plants (Figure 4; Tables 2 and 3). A strong
enhancement of LOX compound emissions in response to the heat
shock stress was observed at 0.5 hr in the stressed plants (Figure 4a),
and the emission rates of major individual LOX compounds ((E)-
3-hexen-1-ol, 1-hexanol and (2)-3-hexen-1-ol) reached the maximum
values at this moment of time (Table 3). The initial LOX emission burst
was remarkably lower in the primed than in non-primed plants
(Figure 4a). A secondary rise in LOX emissions was observed in non-
primed plants at 72 hr, but not in the primed plants (Figure 4a). Similar
to LOX emissions, emission rates of long-chained saturated aldehydes
(heptanal, 2-ethyl-hexanal and decanal) and the alcohol 1-octanol were
also elevated in both primed and non-primed plants during the recovery
period (Tables 3 and S1). In comparison with the primed plants sub-
jected to heat shock, non-stressed primed plants demonstrated continu-
ously higher LOX emissions during the recovery period (Figure 4a and
Table 3). These emissions were dominated by hexanal that comprised
up to 100% of the total LOX emissions (Figure 4a and Table 3). The
long-chained saturated aldehydes and alcohols, particularly heptanal and
1-octanol had significantly higher emission rates in non-stressed primed
plants similarly to heat shock stressed primed plants (Tables 3 and S1).

Heat shock treatment led to immediate increases in isoprene emis-
sions in both primed and non-primed plants although such an increase
was only statistically significant in non-primed plants (Figure 4b;
Table 2). In non-primed plants, enhanced isoprene emissions continued
till 10 hr after heat shock and isoprene emission rates decreased with
the time of recovery (Figure 4b). Differently from the heat shock
stressed primed plants in which isoprene emission did not show signifi-
cant increases through the recovery period, non-stressed primed plants
maintained significantly higher isoprene emissions through the 72 hr
recovery time (Figure 4b; Table 2).

Heat shock elicited strong monoterpene emissions with particu-
larly high emissions observed in primed plants at 0.5 hr after the
treatment when monoterpene emissions reached a maximum of
0.63 + 0.07 nmol m~2 s~* (Figure 4c) corresponding to 90% of total
VOC emission (Figure 4f). In non-primed plants, the maximum mono-
terpene emission rate was only 25% of that in the primed plants and
monoterpenes contributed 59% of total VOC emission (Figure 4c,f).
At 0.5 hr, four individual monoterpenes («-pinene, p-pinene, limonene
and p-cymene) together contributed more than 80% of total monoter-
pene emissions in both primed and non-primed plants (Table 3). In
the primed plants, total monoterpene emission rates were maintained
at a considerably higher level than those in the control and non-
primed plants for 10 hr after the heat shock treatment (Figure 4c). In
contrast, monoterpene emissions in non-primed plants fell to the level
observed in control plants at 5 hr with a secondary increase at 72 hr
when the maximum emission rate reached 0.19 + 0.07 nmol m™2 s™*
(Figure 4c). Due to the large share of monoterpene emission, total
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TABLE 2 Summary of linear mixed model analyses of the effects of treatments (Control, n = 6; Heat, n = 3; Priming + Heat, n = 3; and
Priming, n = 4) and recovery time on photosynthetic characteristics and VOC emission rates of A. millefolium leaves. ST stands for sesquiterpene

and other abbreviations are as in Table 1

Heat Time Heat x time  Priming + Heat
A F 1929 1813 9.80 15.65
P <.01 <.01 <.01 <.01
8s F 788 2826 2160 0.65
P .02 <.01 <.01 0.43
G F 1262 5.27 297 2875
P <.01 <.01 .02 <.01
LOX F 38153 2.63 246 236
P <.01 .04 .05 0.14
ISO F 4.82 228 3.84 0.20
P .05 0.07 .01 0.66
MT F 1092 3.50 0.89 14.81
P <.01 <.01 0.50 <.01
ST F 6.00 115 1.09 5.02
P .02 0.36 0.39 .04
BZ F 4.59 124 239 353
P .04 0.31 0.06 0.08
TotalVOC F 1272 3.95 121 15.59
P <.01 <.01 0.33 <.01

Note: Significant values are shown in bold and italic (p < .05).
Abbreviation: VOCs, volatile organic compounds.

VOC emissions in both primed and non-primed plants followed the
emission pattern of total monoterpenes (Figure 4c,f). For non-stressed
primed plants, total monoterpene emission rates remained at the con-
trol level and the proportion of monoterpenes contributed less than
35% of total VOC emissions except at 0.5 hr, when monoterpene con-
tribution reached to 72% of the total emissions (Figure 4c,f). Similar to
the plants under heat shock, total VOC emissions in non-stressed
primed plants increased considerably, but this increase was significant
only at 10 hr after the start of the recovery (Figure 4f; Table 2).

Once exposed to the heat shock, elicitation of sesquiterpene
emissions was observed in both primed and non-primed plants imme-
diately after the start of recovery (Figure 4d). Four sesquiterpene
compounds were detected in the sesquiterpene emission blends,
albeit the emission rates were low and total sesquiterpene emissions
did not exceed 0.01 nmol m~2 s™* (Figure 4d; Table 3). At 0.5 hr after
the heat shock, sesquiterpene emissions of primed plants were slightly
higher than those in non-primed plants, reflecting greater emissions of
longifolene and p-caryophyllene in primed plants (Figure 4d; Table 3).
During the whole recovery period, total sesquiterpene emissions in
non-stressed primed plants stayed at the control level (Figure 4d).

In addition to induction of sesquiterpenes, emissions of benzalde-
hyde, the only benzenoid detected in the VOC blend from heat shock
stressed A. millefolium plants, and two geranylgeranyl diphosphate (GGDP)
pathway compounds (6-methyl-5-heptene-2-one and geranylacetone)
were observed in heat-stressed plants (Tables 3). Heat shock effects on

benzaldehyde emission were moderate. In primed plants, significant

Time (Priming + Heat) x time ~ Priming  Time  Priming x time

14.84  10.89 1.95 1.67 133
<.01 <.01 0.19 0.16 0.27
655 1245 0.54 837 0.55
<.01 <.01 047 <.01 0.74
212 245 131 4.86 297
0.08 .05 0.28 <.01 .02
1.36 4.85 11.30 6.01 119
0.26 <.01 <.01 <.01 0.33
0.57 1.82 1379 125 0.85
0.72 0.13 <.01 0.30 0.52
371 3.15 031 243 1.68
<.01 .02 0.59 .05 0.16
1.52 118 1.07 0.20 047
0.21 0.34 0.32 0.96 0.80
1.10 6.40 0.34 2.81 3.38
0.38 <.01 0.57 .03 .01
279 3.99 3.95 219 223

.03 <.01 0.07 0.07 0.07

increases of benzaldehyde emission were observed through recovery
(Figure 4e; Table 2). In non-primed plants, significant benzaldehyde emis-
sions occurred at 72 hr (Figure 4e). The emission of 6-methyl-5-heptene-
2-one and geranylacetone generally decreased at 0.5 hr but recovered
and increased at the end of the recovery period in both non-primed and
primed plants (Tables 3 and S1). For non-stressed primed plants, benzalde-
hyde emission followed an increasing pattern and peaked at 48 hr of
recovery phase when that was also found significantly increased in heat
shock stressed primed plants (Figure 4e). Notably, in non-stressed primed
plants at 5 hr of recovery, the emission rate of 6-methyl-5-heptene-2-one
had increased to a more than 12-fold higher value than that in stressed
primed plants (Table 3).

According to the results of PCA, the variation in emission blends
at different times through recovery in plants of different treatment
groups was most strongly influenced by isoprene, LOX volatiles, mono-
terpenes and benzaldehyde (Figure 5a). PCA demonstrated that heat
shock stressed plants, regardless of whether earlier primed or not, were
clearly distinguished from controls due to changes in the emission rates
of detected VOCs, and furthermore, primed and non-primed heat-
stressed plants were also clearly differentiated (Figure 5b). Emissions of
all the LOX compounds were associated with non-primed stressed
plants, whereas isoprene and benzaldehyde were only associated with
non-stressed and heat shock stressed primed plants. Monoterpenes
including tricyclene, a-pinene and limonene constituted the characteris-
tic VOCs that separated the heat shock stressed plants from control and
non-stressed primed plants (Figure 5a).
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3.4 | Correlations among different volatile groups 2
. § g - 8 and photosynthetic characteristics i;
aj c =z = °© - ° In heat shock stressed primed plants, both isoprene and total sesquiter- =3
. pene emission rates correlated positively with total monoterpene emis- :j
-E sions (Figure 6a,b). In non-primed plants, there was a positive correlation g
;;b « s E between benzaldehyde and monoterpene emissions (Figure 6c), and ;
E E g 2 é é § LOX compound emission rate was positively correlated with the emis- :
o sion rate of isoprene (Figure 6d), but similar positive correlations of LOX ;
§ ¥ o 2 compound emissions with monoterpene and sesquiterpene emissions §
E g g é g 5 % -’é were weaker (Figure 6e,f). In non-stressed primed plants, only isoprene %
= correlated negatively with monoterpene emissions (Figure 6a). 2
g_ _§ In general, in heat shock stressed primed plants, the emissions of
.| z 3 3 ; isoprene, monoterpenes and sesquiterpenes were negatively corre-
E E é Q 2 § 3 5 ,é lated with A but positively correlated with gs (Figure S1b-d,g-i), while
é in non-primed plants, negative correlations were found between A and
@ 8 the emission rates of LOX compounds and isoprene; and benzaldehyde ?
é" z 5 G o 3 % g was the only compound scaling positively with g5 (Figure S1a,b,j). In g
£ S z z N 8 § non-stressed primed plants, isoprene emission scaled positively but @9
. é monoterpene emission scaled negatively with A (Figure S1b,c). g
i o ¢| 8
» S 3 « o 7 2
£ H + S PR Z
: Bl 8 S & 3 § 3.5 | Effects of heat shock treatment on foliage i
% phenolic contents in primed and non-primed ;
I 5| 2 A. millefolium 11
< ] S =
§5sbd 4 o ¢ 2 ) .
2 Zz z 3 z S 5 Accumulation of phenolic compounds was analysed 3 days after
o 5 the heat shock treatment. Heat shock did not significantly affect the =
é . g total flavonoid contents in both non-stressed and stressed plants
= ,_E _% P o 5 ‘: g regardless of the priming treatment (Figure 7a). In contrast to control
2|18 3 z = z ] 3—; plants, all other treatments induced accumulation of total condensed
3 :ﬂ) é’ tannins in A. millefolium foliage, whereas in heat shock stressed
" % 5 > E § primed plants the concentration reached up to 85 + 10 mg g~* DM
E g d o g W g g 5 (1.8-fold of control level, Figure 7b). In addition, total phenolic con-
B c z =z e ~e L tents also increased in the stressed primed plants (1.4-fold increase,
3 -ifu go Figure 7c). :
z 3 ] B ﬁ % In A. millefolium leaf extracts, 13 individual phenolic compounds g
2 b 3 % b % g including hydroxycinnamic acid derivatives (four CQA isomers and g
E‘ ; 2 § g b3 % _E Y four diCQA isomers), and flavonoids (three luteolin and luteolin deriv- é
o -% 9 atives and two apigenin derivatives) were identified and quantified %:
" % 5 E (Table 4; Figure S2). The dominant CQA detected in plants was chlo- g
1 P S 5 gg E § rogenic acid (CQA |). Heat shock increased the concentrations of indi-
5 z z S ; j§ vidual CQA isomers and total CQA contents similarly in primed and
] 5 . E % non-primed plants (Table 4). Heat shock also led to increases in diCQA
. E < X 3 5 - 2 g IV and total diCQA contents, whereas these increases were stronger
g 5 g 2 g 2 b9 é %ﬂ in non-primed plants (Table 4). In turn, by the end of the recovery,
:g . o %{: i non-stressed primed plants accumulated the highest individual CQA
% g . %’ : o g DO-' (except CQA ) and total CQA pools, as well as the highest individual
S e 3 3 § .53 389 diCQA (diCQA Il and IV) and total diCQA contents (Table 4). Although
é g g % § ?: i% % § g heat shock treatment did not affect individual flavonoid contents in all
z E4 2 § a“? § E (:9 D B plant groups, non-stressed primed plants accumulated evidently more
a < © % N é i g luteolin and apigenin derivatives than both control and stressed plants
< & S8 @ o O 53
[ Z2< (Table 4).
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FIGURE 4 Time-dependent changes in average + SE emission rates of LOX compounds (a), isoprene (b), total monoterpenes (MT, c), total
sesquiterpenes (ST, d), benzaldehyde (e) and total VOC emission rates (f) of control (green bars), non-primed heat-stressed (Heat, red bars),
primed and heat-stressed (Priming + Heat, cyan bars) and primed non-heat-stressed (Priming, blue bars) A. millefolium leaves at different times
through the recovery. Measurements and statistical analysis are as in Figure 3. The summary of linear mixed models is shown in Table 2. Effects
of heat shock treatment on individual VOC emissions are shown in Table 3. Asterisks refer to the significant differences between control and

different treatments at each recovery time point (p < .05)

4 | DISCUSSION

41 | How did heat priming alter VOC emission
patterns to prepare A. millefolium for subsequent heat
shock?

In plants, the photosynthetic apparatus, particularly thylakoid mem-
branes are highly susceptible to heat stress (Sharkey, 2005). Exceeding
certain temperature threshold can seriously impair the photosynthetic

apparatus (Kim & Portis Jr, 2005; Niinemets, 2018). In our study, in gen-
eral, the primed plants only adjusted g;, while A remained unaffected
throughout the time-period following priming treatment (Figure 1). Sta-
ble values of A suggest that 35°C treatment is an appropriate tempera-
ture condition to trigger heat priming defence in A. millefolium plants.
However, the heat treatment may in some cases result in high vapour
pressure deficit and lead to stomata closure (Devi & Reddy, 2018; Hiive
et al., 2019; Shinohara & Leskovar, 2014), which can eventually cause
an immediate decrease in gs upon the priming treatment (Figure 1b).
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FIGURE 5 Loading plot (a) and score plot (b) of the principal component analysis (PCA) of the VOC emission profiles of heat shock stressed

non-primed (Heat) and primed (Priming + Heat) plants, as well as non-stressed primed (Priming) and control A. millefolium plants. Emission rates of
all volatiles (Table 3 for compound names and codes) collected from three or four biological replicates through 72 hr after heat shock stress
together with those from non-stressed primed and control plants were used in the PCA. In the loading plot (a), the impact of volatiles increases
with the distance from the origin of the co-ordinate system. In the score plot (b), the mean scores + SE (n = 3 or 4 for each treatment) of principal
components (PC1 and PC3) were shown. The variation explained by the PC components is shown in both axes [Colour figure can be viewed at

wileyonlinelibrary.com]

The increase in g at later stages of priming recovery seemed indepen-
dent of A, as A remained constant after the priming treatment. This
contrasts numerous findings revealing that under optimal growth envi-
ronment, g5 positively correlates with A as temperature increases
(Leuning, 1995; Urban, Ingwers, McGuire, & Teskey, 2017). Since envi-
ronmental factors during the recovery period were stable, the priming
induced decoupling of the association between g; and A, was presum-
ably driven by active (such as abscisic acid-mediated) rather than passive
(hydraulic-mediated) mechanisms (Tombesi et al., 2015), which was fur-
ther supported by less affected C; levels in primed plants (Figure 1c).

After the priming treatment, LOX compounds, mainly hexanal
emissions (data not shown), were still observed among the VOC blends
in primed plants. LOX compounds are synthesized by LOXs from poly-
unsaturated fatty acids released from plant membranes upon different
stresses (Feussner & Wasternack, 2002; Porta & Rocha-Sosa, 2002).
Thus, induced emissions of LOX are normally considered as indicators
of leaf damage that can result due to different severe stresses includ-
ing wounding, acute ozone or heat shock (Kanagendran, Pazouki, &
Niinemets, 2018; Li, Harley, & Niinemets, 2017; Pazouki &
Niinemets, 2016; Rasulov, Talts, & Niinemets, 2019). However, the
total amount of priming-induced LOX was less than 5% of the whole
leaf VOC emissions (Figure 2a,e) and likely reflected only minor dam-
age of cell membranes and/or originated from an existing non-specific
storage pools of ready-made LOX compounds. The minor effects of
the priming treatment on A further emphasizes that the damage of
plastid membranes likely did not contribute to LOX compound emis-
sions in A. millefolium.

In this study, significant isoprene and monoterpene emissions in
primed A. millefolium foliage were observed (Figure 2b,c). The physiologi-
cal functions of isoprene and monoterpenes have been well docu-

mented; both are protective agents that function to defend directly and

indirectly leaf photosynthesis apparatus against high temperature
(Copolovici, Filella, Llusia, Niinemets, & Pefiuelas, 2005; Loreto, Férster,
Diirr, Csiky, & Seufert, 1998; Sharkey, Wiberley, & Donohue, 2008).
The direct defence has been associated with preservation of the integ-
rity of thylakoid membranes and indirect defence by their capacity
to scavenge ROS (Copolovici et al, 2005; Loreto, Pinelli, Manes, &
Kollist, 2004; Loreto & Velikova, 2001; Velikova et al., 2015). Thus, the
priming-induced enhancement of emissions of isoprene and monoter-
penes in A. millefolium might be one of the important mechanisms
protecting photosynthesis from more severe heat stress. Previous stud-
ies on field grown A. millefolium focused on mono- and sesquiterpene
emissions under ambient conditions (Pazouki et al., 2015). The current
study suggests that in addition to larger isoprenoids, isoprene emissions
elicited by heat priming in A. millefolium can be an important component
of the suite of priming-induced defensive mechanisms (Figure 2b). The
start of isoprene release was associated with the heat stress itself as
it correlated with LOX compound emissions both under priming
and under the heat shock treatments (Figures 2a,b and éd). Isoprene
might be produced non-enzymatically in stressed plants when the pool
size of dimethylallyl diphosphate (DMADP) or isopentenyl diphosphate
(IDP) builds up or pH rapidly changes in chloroplasts (Brilli et al., 2011;
Silver & Fall, 1991; Turan et al., 2019; Velikova, Pinelli, & Loreto, 2005).
Alternatively, the isoprene from heated A. millefolium foliage could be
produced by multi-substrate terpene synthases such as myrcene
synthase in Humulus lupulus that can synthesize both isoprene and other
terpenes depending on corresponding substrate availabilities (Pazouki &
Niinemets, 2016). As isoprene emissions occurred rapidly, as soon as
A. millefolium plants were subjected to priming treatment, it is not likely
that there is a specific isoprene synthase expressed instantly upon the
heat priming. However, gene expression level responses might have
been involved in the later stages of recovery (Figures 2b and 4b).
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FIGURE 6 Correlations between total monoterpene emissions and emissions of isoprene (a), total sesquiterpenes (b), and benzaldehyde

(c) and correlations between total LOX compound emissions and emissions of isoprene (d), total monoterpenes (e) and total sesquiterpenes (f) in
control, heat shock stressed non-primed (Heat) and primed (Priming + Heat) leaves as well as non-stressed primed (Priming) A. millefolium leaves.
Each symbol corresponds to the mean value of three or four independent biological replicates at 0.5, 24, 48 and 72 hr of plants from different
treatments, and error bars show +SE. Linear regressions were applied to data from non-stressed primed plants (a), heat shock stressed primed
plants in (a,b) and non-primed plants in (d,f) with the regression equations of y = 0.034-0.329x (a, non-stressed primed plants); y = 0.0007
+0.0204x (a, heat shock stressed primed plants); y = 1.92-107° + 0.0033x (b); y = 0.0011 + 0.2119x (d) and y = 0.0001+ 0.0057x (f). Non-linear

regressions were applied to the data from non-primed plants in (c) and (e) with the equations of y = 31.3x*** (c) and y = 0.169(1

Contrary to isoprene, monoterpene emissions did not show imme-
diate increases upon priming (Figure 2c). However, increased emissions
observed later during the recovery indicated that a progressive
increase in monoterpene synthesis capacity has probably occurred dur-
ing the recovery (Figure 2c). In plants, monoterpenes are synthesised
by condensation of DMADP and IDP by monoterpene synthases
(Pazouki & Niinemets, 2016), and a lack of an immediate response
upon priming, differently from isoprene, might indicate shift of the

substrate equilibrium to DMADP or limited monoterpene synthase

- P

activity. Notably, a significant emission burst of monoterpenes was
found at 72 hr after the priming (Figure 2c). This can reflect increase
of the transcription of monoterpene synthase enzymes in the later
stages of recovery (Kanagendran, Pazouki, Bichele, Kilheim, &
Niinemets, 2018; Pazouki et al., 2016). In addition, it can also indicate
greater availability of precursors for monoterpene synthesis. If so,
the enhanced pool of carbon substrates for monoterpene synthesis
might not originate directly from photosynthesis as A remained unaf-

fected during the recovery period, but from other sources, such as

88

1.4 0€SE 1'95d)1111°01/10p/0 Ra[unw reiqupaunuoyischuy wou papeofunodt L ‘1207 “0F0£S9€ 1

puosy pue susa | s 395 T€202/90/80] U K1eiqe U0 K311 31140 Anssanun) u

Aiqry upuo oiipy w0

SUROY SUOWIIOY) 2A1EAL) 21quay|dde S £q PAULACR a1 SAPIIE VO 25 JO 59



HEAT PRIMING ENHANCED PLANT HEAT TOLERANCE

w_WILEY_L2”

-
N
o

(a)

a
60
304
0

90 4

Total flavonoids (mg g™ DM)
©
o
T
F o

604

304

Total condensed tannins (mg g”' DM)

Total phenolics (mg g™ DM)
s 8 2
J— @J_
[0 QO

_.
N
o
;
.- ©

©
o
!

T - - = -
F% Fc-

0-

Control Heat Priming+Heat Priming
FIGURE 7 Concentrations of total flavonoids (a), total condensed
tannins (b) and total phenolics (c) in control, heat shock stressed non-
primed (Heat) and primed (Priming + Heat) leaves as well as non-
stressed primed (Priming) A. millefolium leaves at 72 hr after the heat
shock treatment was applied to stressed plants. The data shown are
average * SE from three independent biological replicates. Total
flavonoids and condensed tannins are expressed as mg g~* DM of
(+)-catechin equivalents, while total phenolic contents are expressed
as mg g~ DM of gallic acid equivalents. Different lowercase letters
indicate significant differences between different treatments analysed
by one-way analysis of variance (ANOVA) followed by Tukey's HSD
post hoc tests [Colour figure can be viewed at wileyonlinelibrary.com]

starch (Ferner, Rennenberg, & Kreuzwieser, 2012; Kreuzwieser &
Rennenberg, 2013; Schnitzler et al., 2004). We conclude that these
concurrent events, including the increase of g, fast isoprene emission

and progressively increased monoterpene emissions due to possible

substrate accumulation, or increased enzyme activity are involved in
the defence mechanisms that primed A. millefolium employs to adapt
to subsequent severe heat stress episodes.

4.2 | High potential VOC emissions enhanced
tolerance of primed plants to severe heat stress

In agreement with previous studies (Kask et al, 2016; Pazouki
et al., 2016), heat shock led to significant decreases in photosynthetic
rates in A. millefolium plants (Figure 3a and Table 2). The primed plants
had a higher tolerance to heat shock stress as photosynthetic character-
istics were less affected and their recovery time was shorter (Figure 3a).
A severe cellular damage reflected by long-term intense LOX compound
emissions possibly explained the immediate decrease in A in non-primed
plants in our study and in other studies (Hiive, Bichele, Rasulov, &
Niinemets, 2011). A higher membrane-level damage in non-primed
plants, moreover, is supported by a negative correlation between LOX
compound emissions and A (Figure S1a). Differently from the primed
plants, two LOX compound emission bursts occurred after the heat
shock in non-primed plants, indicating the onset of LOX pathway gene
expression level responses in the later recovery phase in non-primed
plants (Jiang, Ye, Li, & Niinemets, 2017). Interestingly, the heat shock
treatment could have suppressed the LOX pathway in primed plants as
the LOX emissions in non-stressed primed plants actually occurred at a
higher level during the whole recovery period (Figure 4a). Considering
that plants during heat waves can lose up to 5% of photosynthetic car-
bon via VOC emissions including the release of LOX volatiles (Salomon,
Rodriguez-Calcerrada, & Staudt, 2017), inhibition of LOX volatile emis-
sion can be one of the strategies of primed A. millefolium that allows sav-
ing resources for direct defences to cope with severe stresses, such as
monoterpene synthesis in this study.

Stomatal closure might be another reason accounting for the
decrease in A in heat stressed plants (Hasanuzzaman et al., 2013;
Huve et al., 2019). Given the increased C; in both primed and non-
primed plants under heat shock stress, non-stomatal rather than sto-
matal factors such as inactive PS I, ribulose-1,5-bisphosphate carbox-
ylase/oxygenase, etc. were more likely to account for the reductions
in A (Turan et al., 2019). Indeed, the current study found positive
correlations between gs and different VOC groups in heat shock
stressed plants, mostly in primed plants (Figure S1g-j). Increased g
cannot directly enhance emissions of most of the volatile compounds
(Niinemets & Reichstein, 2003; Niinemets, Seufert, Steinbrecher, &
Tenhunen, 2002). However, elevated g; in primed plants contributes
to a higher C; and thereby to maintenance of the photosynthetic rate
after the heat shock (Hasanuzzaman et al., 2013), even if heat shock
did suppress leaf photosynthetic capacity. This in turn is expected to
maintain the carbon flux to synthesis of key volatile groups, especially
to isoprene and monoterpene synthesis.

Although isoprene emission was elicited by heat shock treatment
in all plants, and in particular in non-primed plants, our results indicate
that heat shock might differently affect isoprene synthesis and emission

in non-primed and primed A. millefolium plants. Under non-stressed
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TABLE 4  Average * SE contents (mg g~* DM) of individual phenolic compounds detected and quantified by HPLC-Q-ToF-MS/MS in non-
primed (Heat) and primed (Priming + Heat) A. millefolium leaves subjected to heat shock stress and in non-stressed primed (Priming) and control

plants after 72 hr of recovery time

Phenolic compounds Control
Caffeoylquinic acids
Caffeoylquinic acid | (Chlorogenic acid) 6.07 +0.29*

Caffeoylquinic acid Il 0.410 + 0.066°

Caffeoylquinic acid Il 0.827 +0.034%

Caffeoylquinic acid IV 0.371 +0.015%

Total caffeoylquinic acids 7.67 +0.37%
Dicaffeoylquinic acids

Dicaffeoylquinic acid | 0.32+0.28

Dicaffeoylquinic acid Il 224+0.76

Dicaffeoylquinic acid Il 9.8+1.0°

Dicaffeoylquinic acid IV 4.53 +0.21°

Total dicaffeoylquinic acids 16.93 +0.517
Luteolin and luteolin derivatives

Luteolin glucuronide 044 +0.13

Luteolin O-glucoside 0.038 + 0.026

Luteolin 0.0012 £ 0.0012

Total luteolin derivatives 047 £0.16
Apigenin derivatives

Apigenin C-hexoside-C-pentoside 0.0136 + 0.0064

Apigenin 6,8-di-C-glucoside 0.104 £ 0.037

Total apigenin derivatives 0.117 + 0.044

Heat Priming + Heat Priming
7.41+037° 7.27 £0.19° 9.76 +0.32°
0.680 + 0.028™ 0.772 + 0.067° 0.73+0.11%
1.088 + 0.012°" 1.184 + 0.036" 2.82+0.12°

0.714 + 0.015" 0.656 + 0.020° 0.907 + 0.034°

9.89 £ 0.36" 9.89 £0.17° 14.22 £ 0.28°
1.31+0.63 0.79 £0.15 0.82 +0.45
74+18 433+13 5.91+0.35
11.48 +£0.19° 11.93+0.37° 16.25 + 0.67°
9.51+0.27° 7.87 +0.10° 9.57 £0.45°
29.65 +0.92° 249 +1.1° 325+1.5°
0.31+0.12 0.56 +0.14 0.808 + 0.051
0.0142 + 0.0055 0.067 + 0.025 0.0422 + 0.0059
N.D. 0.0008 + 0.0008 0.0007 + 0.0007
0.33+0.12 0.63+0.16 0.851 + 0.050
0.0071 + 0.0016 0.0105 + 0.0031 0.041 + 0.019
0.078 + 0.052 0.041 + 0.025 0.088 + 0.062
0.085 + 0.052 0.052 + 0.028 0.129 + 0.060

Note: N.D., not detectable. Different letters indicate statistically significant differences (p < .05; n = 3) among the treatments as tested by one-way ANOVA
followed by Tukey's HSD post hoc test. The roman numerals denote order of appearance for different compounds with distinct peaks on chromatograms

within given compound classes.

Abbreviations: ANOVA, analysis of variance; VOCs, volatile organic compounds.

conditions, isoprene synthesis is closely connected to photosynthesis
which provide carbon and energy for isoprene synthesis (Magel et al.,
2006; Niinemets, Tenhunen, Harley, & Steinbrecher, 1999). However,
the temperature optimum for isoprene synthesis is typically much
higher, by 10°C or more than that for carbon assimilation (Rasulov,
Huive, Bichele, Laisk, & Niinemets, 2010). This could provide an explana-
tion for the significant increase in isoprene emissions observed in
non-primed plants under the heat stress (Figure 4b). Moreover, in
non-primed plants, isoprene emission correlated negatively with A
(Figure S1b), and accordingly the increased isoprene emission occurring
at 5 hr in leaves with inhibited photosynthesis could have relied
on alternative carbon sources (Kreuzwieser et al., 2002; Schnitzler
et al., 2004). In the case of primed plants, heat shock treatment oppo-
sitely changed the positive correlation between isoprene emission
and A, and suppression of isoprene emission after heat shock is surpris-
ing given that priming itself increased isoprene emission (Figures 4b
and S1b). As discussed above, suppression of isoprene emission might
reflect overall lower oxidative stress, changes in the share of carbon
allocation between isoprene and monoterpene synthesis as well as
enhancement of non-volatile metabolite production (see below,
Table 4).

PCA results invariably underscored an essential role of monoter-
penes (e.g., a- and p-pinene) in the response to heat shock stress in
primed plants (Figure 5). In contrast to that found under moderate tem-
perature (Niinemets et al., 2002; Pefuelas & Llusia, 2003; Wright
et al, 2014), heat shock resulted in a negative correlation between
monoterpene emission and A in primed A. millefolium plants (Figure S1c).
Those emitted monoterpenes can originate either from specialized stor-
age tissues such as glandular trichomes on leaf surface or from a non-
specific storage in cellular membranes, or de novo synthesis (Borgen
et al., 2012; Figueiredo & Pais, 1994; Niinemets, 2010; Niinemets &
Reichstein, 2003). Considering the accumulated monoterpenes prior to
the heat shock treatment, in primed plants the immediate rise of mono-
terpene emissions after the heat shock could come from the storage
pool, for instance the pool in glandular trichomes. However, de novo
synthesis of monoterpenes might also contribute to this emission burst
in stressed primed plants as such a negative correlation between mono-
terpene emission and A also existed in non-stressed primed plants
(Figure S1c). In contrast to stressed primed plants, correlations existing
positively between monoterpene and LOX emissions but negatively
between A and LOX emissions indicated increased monoterpene emis-

sions in non-primed plants might be due to membrane damage.
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Moreover, the lack of substrate could be a limiting factor for mono-
terpene synthesis in heat shock stressed plants (Pazouki et al., 2016).
Sufficient accumulation of active metabolites (precursors) is another
advantage that primed plants possess over non-primed plants when both
are subjected to severe stress conditions (Ton et al., 2009). This, together
with the onset of gene expression, could be the main reasons for the
monoterpene burst at 72 hr priming recovery interval and immediately
after the heat shock in primed A. millefolium plants (Figures 2c and 4c).
Another factor that can contribute to changes in MEP/DOXP substrate
pool size is increased rate of chloroplastic carotenoid synthesis (GGDP
pathway) due to enhanced carotenoid turnover (Kask et al., 2016). How-
ever, regardless of priming treatment, both emissions of monoterpenes
and the GGDP pathway compounds, 6-methyl-5-heptene-2-one and
geranylacetone in stressed A. millefolium plants, were increased at 72 hr
since the heat shock (Figure 4c; Table 3), suggesting that monoterpene
synthesis was not limited by carotenoid turnover.

Heat shock in A. millefolium induced considerable sesquiterpenes
emissions, although at a relatively low level and mainly in the primed
plants (Figure 4d). In agreement with the measurements in field-grown
A. millefolium (Pazouki et al., 2015), p-caryophyllene was the dominant
sesquiterpene emitted by primed A. millefolium foliage. Sesquiterpene
synthesis normally occurs via MVA pathway in the cytosol, but sesqui-
terpenes can also be synthesized by multi-substrate terpene synthases
in chloroplasts provided the substrate, farnesyl diphosphate, is available
(Pazouki & Niinemets, 2016). MVA and MEP/DOXP pathways can
exchange common precursors, typically IDP, through the plastid mem-
branes (Laule et al., 2003), yet, this exchange occurs at a low level in
non-stressed conditions (Laule et al., 2003; Rasulov, Talts, Kannaste, &
Niinemets, 2015). Although the sesquiterpene emissions here might
come from the glandular trichomes, heat shock induced a dramatic rise
in monoterpene emissions in primed A. millefolium plants (Figure 4c,d),
and accordingly, it cannot be ruled out that heat shock enhanced IDP
transport from plastids to cytosol, leading to the enhancement of ses-
quiterpene emissions observed. This suggestion is supported by the pos-
itive correlation observed between monoterpene and sesquiterpene
emissions in the primed A. millefolium plants (Figure 6b). In non-primed
plants, the induced sesquiterpene emissions (Figure 4d) can be attrib-
uted to membrane damage caused by heat shock, reflected in a positive
association between sesquiterpene and LOX compound emissions
(Figure 6f).

43 | Does the accumulation of phenolic
compounds contribute to the enhanced heat tolerance
observed in primed A. millefolium plants?

In the current study, benzaldehyde is the only benzenoid found in the
constitutive VOC blend in A. millefolium foliage (Figure 4e). The signifi-
cant increase in benzenoid emissions observed during the recovery
period is a robust indicator that heat shock triggered certain acclima-
tion mechanisms, which engaged shikimate/phenylpropanoid path-
way. In fact, one of the most conspicuous features of A. millefolium

response to heat stress was that the primed A. millefolium plants

accumulated considerably higher phenolic contents than non-primed
plants (Figure 7). Previous studies have demonstrated that flavonoids
play an active role in quenching ROS in stressed plants (Di Ferdinando,
Brunetti, Fini, & Tattini, 2012; Nakabayashi et al., 2014; Tattini et al.,
2004). However, as the concentrations of individual flavonoids including
luteolin, apigenin as well as their derivatives did not change in our study,
the flavonoids were unlikely the phenolics group alleviating the heat
damage during recovery in A. millefolium plants (Figure 7a; Table 4).

Content of condensed tannins was increased in primed
A. millefolium, but it is not clear what is the role of this increase in heat
tolerance (Figure 7b). Previous studies have associated the accumula-
tion of condensed tannins to different environmental stresses includ-
ing UV radiation, herbivory, tropospheric Oz and so forth (Forkner,
Marquis, & Lill, 2004; Lavola, Julkunen-Tiitto, de la Rosa, Lehto, &
Aphalo, 2000; Peltonen, Vapaavuori, & Julkunen-tiitto, 2005). Con-
densed tannins also accumulate when plants are under moderate heat
condition; however, the exact role of condensed tannins in heat shock
tolerance is still not understood (Lees et al. 1994). Considering that the
condensed tannins are stored in vacuoles, where the polymerization of
condensed tannins is believed to further increase (Harding, 2019),
it is possible that condensed tannins in primed A. millefolium plants
had accumulated already during the priming phase. Although the con-
densed tannins are polymers of well-known antioxidant monomers,
due to their strong protein coagulation activity, it is unlikely that
they play a direct antioxidant role outside the vacuole (Adamczyk,
Simon, Kitunen, Adamczyk, & Smolander, 2017; Sato & Matsui, 2012).
Instead, given the increased total phenolic contents in primed plants
(Figure 7c), increased accumulation of condensed tannins might reflect
the overall increase in the activity of phenolic biosynthesis pathways
due to enhanced precursor availability.

CQAs and diCQAs, both potent antioxidants, were the dominant
individual phenolic compounds in A. millefolium foliar extracts
(Table 4; Figure S2), consistent with the findings of Vitalini et al. (2011).
Given the antioxidative properties of different CQA compounds (Oh,
Carey, & Rajashekar, 2009), CQA accumulation might be involved in
heat shock protection, especially in the primed A. millefolium plants
that had 1.8-fold higher leaf CQA content prior to heat stress applica-
tion than that in the non-primed control plants (Table 4). The decrease
in the content of CQA in stressed primed A. millefolium plants com-
pared to non-stressed primed plants supports the hypothesis that
CQA might directly function as ROS quenchers.

Interestingly, heat shock-induced diCQA accumulation was higher
in non-primed A. millefolium plants than in the primed plants (Table 4).
Given that diesters possess higher antioxidant properties than monoes-
ters (Mondolot et al., 2006), higher concentration of diCQAs together
with CQAs suggests a stronger antioxidative potential in non-primed
A. millefolium plants. Nevertheless, similarly to the CQA, diCQA level in
stressed primed plants was lower than in non-stressed primed plants,
again suggesting that diCQA participated in quenching of ROS. In com-
parison to primed plants, non-primed plants were predicted to suffer
more from oxidative stress brought about by heat shock and the recov-
ery was much delayed (Figure 3). Thus, although diCQA was assumed to
play a similar antioxidant role, the relatively higher diCQA accumulation
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in non-primed plants might be insufficient to protect from heat shock
stress.

5 | CONCLUSIONS

The present study investigated the mechanisms of how heat priming
treatment enhances tolerance to subsequent heat shock stresses
in A. millefolium plants. The primed A. millefolium plants showed higher
tolerance to heat shock, characterised by smaller reductions in photo-
synthesis rate and shorter recovery time. The results indicate that
A. millefolium plants show complex response mechanisms by adjusting
different secondary metabolic pathways. Under moderate heat stress
(priming), isoprene and monoterpene syntheses via MEP/DOXP path-
way are expected to play an important role in mitigating corresponding
stress, while the stress severity increases, sesquiterpene synthesis via
the MVA pathway, possibly together with intermediate contribution
from MEP/DOXP pathway, is further elicited. Under heat shock, primed
plants clearly prioritized certain metabolic pathways (monoterpene
vs. LOX compound syntheses) and particular group of metabolites
(monoterpenes vs. isoprene). Moreover, the significant accumulation of
total phenolic compounds in heat shock treated plants suggests occur-
rence of certain adjustments in shikimate/phenylpropanoid pathway
under heat stress. The increase in condensed tannins and CQAs at
the end of the heat shock recovery period suggests that the two
groups of phenolic compounds can be essential in coping with heat
shock stress in primed A. millefolium plants. Although the positive corre-
lations between monoterpenes and benzaldehyde emissions in heat
shock treated A. millefolium plants provided evidence of the cooperation
of terpenoid and aromatic compound synthesis pathways, further stud-
ies are still required to explore the nature of the time-dependent inter-
actions between the terpenoid and phenolics synthesis pathways in
stressed A. millefolium plants.
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ARTICLE INFO ABSTRACT

Keywords: Climate change enhances the frequency of heatwaves that negatively affect photosynthesis and can alter
Be"’-e“‘)“_js X constitutive volatile emissions and elicit emissions of stress volatiles, but how pre-exposure to mildly warmer
Heat acclimation es affects plant physiologi to severe heat episodes remains unclear, especially

Heat stress responses for aromatic plants with high and complex volatile defenses. We studied the impact of heat shock (45 °C/5 min)

Lipoxygenase volatiles
Monoterpenes
Photosynthesis
Rubisco activity
Sesquiterpenes

applied alone and after exposure to moderate heat stress (35 °C/1 h, priming) on foliage photosynthesis and
volatile emissions in the aromatic plant Origanum vulgare through 72 h recovery period. Heat stress decreased
photosynthesis rates and stomatal conductance, whereas the reductions in photosynthesis were primarily due to
non-stomatal factors. In non-primed plants, heat shock-induced reductions in photosynthetic activity were the

Volatile organic compounds greatest, but photosynthetic activity completely recovered by the end of the experiment. In primed plants, a
certain inhibition of p ic activity i suggesting a sustained priming effect. Heat shock
the emissit of volatiles i ij pathway volatiles, long-chained fatty acid-derived

compounds, mono- and sesquiterpenes, geranylgeranyl diphosphate pathway volatiles, and benzenoids,
whereas different heat treatments resulted in unique emission blends. In non-primed plants, stress-elicited
emissions recovered at 72 h. In primed plants, volatile emissions were multiphasic, the first phase, between
0.5 and 10 h, reflected the primary stress response, whereas the secondary rise, between 24 and 72 h, indicated
activations of different defense metabolic pathways. Our results demonstrate that exposure to mild heat leads to
a sustained physiological stress memory that enhances plant resistance to subsequent severe heat stress episodes.

stress-mediated reprogramming of gene activation networks and
metabolome leads to a tougher, stress-conditioned phenotype, and such
a heat-stress “memory” can remain active for several days to weeks
(Sanyal et al., 2018; Hilker and Schmiilling, 2019; Khan et al., 2022).
Such acquired-stress tolerance prepares plants for subsequent stress
exposure, a phenomenon known as defense priming. Priming reduces
the direct effect of subsequent severe stress by facilitating maximal
functioning and recovery of physiological processes (Wang et al., 2014;
Abid et al., 2016; Khan et al., 2022). For instance, in Triticum aestivum,
heat priming enhanced photosynthetic capacity via increased antioxi-
dant activity (Fan et al., 2018). In Achillea millefolium, priming improved
photosynthetic recovery and enhanced the synthesis of antioxidative
secondary metabolites (Liu et al., 2021).

1. Introduction

Heat waves are predicted to occur more frequently as global warm-
ing progresses (Rahmstorf and Coumou, 2011). High-temperature stress
in plants triggers physiological modifications that result in photosyn-
thetic reductions and alterations in constitutive and stress-induced
biogenic volatile emissions (Velikova et al., 2005; Copolovici et al.,
2012). Exposure to moderate heat stress can induce a series of thermal
acclimation responses, including activation of expression of heat shock
proteins, accumulation of secondary metabolites, and chromatin
remodeling and modification (Sanyal et al., 2018; Hilker and Schmiil-
ling, 2019; Niinemets, 2020; Guihur et al, 2022). Moderate
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Abbreviations

A net assimilation rate

GC; intercellular concentrations of CO,

DOXP  1-deoxy-D-xylulose 5-phosphate

FAD long-chained fatty acid-derived compounds
GGDP  geranylgeranyl diphosphate

& stomatal conductance

LOX lipoxygenase

MEP 2-C-methyl-D-erythritol 4-phosphate

MeSA  methyl salicylate

PPFD photosynthetic photon flux density
Rubisco ribulose-1,5-bisphosphate carboxylase oxygenase
Vemax Rubisco carboxylase activity

voc volatile organic compounds

Photosynthesis is a complex physiological process involving photo-
synthetic electron transport, photophosphorylation, and carbon assim-
ilation, and the underlying mechanism of heat stress inhibition of
photosynthesis is equally complex. Heat stress can reduce photosyn-
thesis by limiting stomatal diffusion, photosynthetic electron transport
and photophosphorylation, or the activity of ribulose-1,5-bisphosphate
carboxylase-oxygenase (Rubisco), the key enzyme for carbon fixation
(Salvucci and Crafts-Brandner, 2004; Moore et al., 2021). At tempera-
tures just above the thermal optimum, both stomatal and biochemical
factors may play an important role in limiting photosynthesis and the
contribution of either factor is largely species-dependent (Kask et al.,
2016; Turan et al., 2019; Okereke et al., 2021). Under extreme tem-
peratures, the mechanism underlying reductions in photosynthesis is
less clear, and once the thermal threshold is exceeded, photosynthesis
starts to decrease in a time-dependent manner even after returning to
lower temperatures (Hiive et al., 2011, 2019; Niinemets, 2018). In
several species, the association between net CO, assimilation rates (A)
and stomatal conductance to water vapor (g) is decoupled under severe
heat stress (Copolovici et al., 2012; Kask et al., 2016). In such a case,
photosynthesis may be directly constrained by inhibition of activities of
photosynthetic electron transport and/or Rubisco. Reductions in the
activities of biochemical processes can be completely reversible after
exposure to moderate heat stress, but lethal stress can involve irre-
versible damages, and recovery might not occur (Crafts-Brandner and
Law, 2000; Haldimann and Feller, 2004; Hiive et al., 2011). Although
heat priming can improve heat resistance of photosynthesis and prevent
the complete destruction of the photosynthetic machinery, improve-
ments in resistance might be coupled with reduced photosynthetic ac-
tivity in non-stressed conditions due to the maintenance of primed state
(Cen and Sage, 2005; Wahid et al., 2007). However, there is limited
information on potential interactions between heat stress priming and
the degree of recovery after exposure to severe heat stress.

Typically, lipoxygenase (LOX) pathway volatiles, also called green
leaf volatiles, including different Cs-Ce aldehydes and alcohols are
among the earliest volatiles elicited upon heat shock stress (Copolovici
et al., 2012; Chatterjee et al., 2020; Sulaiman et al., 2021). Emissions of
LOX pathway volatiles are quantitatively associated with the severity of
stress and damage sustained (Niinemets, 2010; Copolovici et al., 2011;
Niinemets et al., 2013). Shortly after the LOX emission burst, typically in
a few hours, stressed plants activate different defense pathways, leading
to the of different specialized volatiles including isoprenoids
(homo-, mono-, sesquiterpenes and their derivatives) from plastidial
2-C-methyl-d-erythritol 4-phosphate/1-deoxy-d-xylulose 5-phosphate
(MEP/DOXP) and cytosolic mevalonate pathways (Dudareva et al.,
2005; Sallaud et al., 2009), benzenoid compounds including methyl
salicylate (MeSA) and benzaldehyde from plastidial shikimate pathway
(Misztal et al., 2015; Sulaiman et al., 2021). In addition, heat stress often
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triggers the emissions of carotenoid breakdown products from the ger-
anylgeranyl diphosphate (GGDP) pathway in the plastid (Garcia-Pla-
zaola et al., 2017; Chatterjee et al., 2020; Okereke et al., 2021). The
onset of stress-induced volatiles signals the activation of key defense
pathways, and the volatile emissions elicited by heat stress often reflect
stress severity (Kask et al., 2016; Turan et al., 2019). Furthermore, the
emissions of antioxidant volatiles including terpenoids and benzenoids
play an important role in heat stress recovery by quenching reactive
oxidative species in the plant lipid phase and by activating systemic
resistance (Harrison et al., 2013; Faralli et al., 2020). Changes in the
activity of volatile emission pathways initiated by historical heat epi-
sodes can affect volatile emission responses during subsequent severe
heat stress episodes (Bruce et al., 2007; Holopainen and Gershenzon,
2010). However, there is limited information on how pre-heat expo-
sure-induced modifications in the magnitude of emissions and emission
profiles are associated with plant response to severe heat stress and re-
covery from severe heat stress.

We investigated the impact of moderate heat stress exposure (35 °C/
1 h) on foliage photosynthetic characteristics and volatile organic
C d (vOQ) in the c politan aromatic crop plant
Origanum vulgare L. (Lamiaceae) during subsequent severe heat stress
(45 °C/5 min; heat shock). The foliage of O. vulgare contains a high
amount of terpenoids and phenolic compounds due to the presence of
glandular trichomes on the leaf surface (Guti¢rrez-Grijalva et al., 2017;
Lombrea et al., 2020). Thus O. vulgare is a representative model for
studying stress-dependent changes in secondary metabolism in species
with high constitutive activity of secondary metabolic pathways. Our
study provides evidence of strong interactive effects of heat priming and
heat shock responses on stress response and recovery of photosynthesis
and volatile emissions. In particular, we demonstrate that 1) moderate
heat stress (priming) decreases photosynthesis rate and modifies sec-
ondary metabolic pathways as reflected in enhanced emissions of LOX
compounds and terpenoids; 2) heat stress-induced reductions in
photosynthesis are primarily due to non-stomatal factors 3) heat
shock-induced photosynthetic reductions are lower and recovery of
photosynthesis is faster in primed plants 4) heat shock application in-
duces unique volatile emission blends in primed and non-primed plants.

2. Material and methods
2.1. Plant material

Origanum vulgare plants were grown from seed obtained from
Nordic Botanical Ltd (Tartu, Estonia). The seeds were sown in 0.5 1
plastic pots filled with a 1:1 mixture of quartz and commercial potting
soil containing slow-release micro- and macronutrients (Biolan Oy,
Kekkild group, Finland). The plants were cultivated in a growth room
with an ambient CO, concentration of 380-400 pmol mol !, day/night
temperatures of 25/18 °C, relative humidity of 60-70% and photosyn-
thetic photon flux density (PPFD) of 800 pmol m2s!at plant level
supplied for 12 h photoperiod. The plants were irrigated to soil field
capacity every two days. The experiment was carried out with three-
month-old plants. Fully mature upper canopy leaves were used in the
experiments. Sampled upper canopies had 8-12 leaves and an average
total leaf area of 15.2 + 1.4 cm? (n=12).

2.2. Application of moderate heat priming treatment

Priming treatment was applied by enclosing the leaves in a
temperature-controlled glass chamber of a customized gas-exchange
measurement system (section 2.4 for details of the system and glass
chamber) for 1 h, from 08:00 to 09:00. The set atmospheric conditions in
the chamber were similar to the plant growth conditions, except that
chamber temperature was set at 35 °C (leaf temperature = 35 + 1 °C).
Immediately after the priming application, the chamber temperature
was reset to 25 °C. The priming treatment was applied to six plants, and
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in three of the treated plants, gas exchange characteristics were
measured right after the priming application. The remaining three
plants were returned to the growth conditions for 72 h and then sub-
jected to heat shock treatment.

2.3. Heat shock application
Heat shock was applied using the standard procedure described by

Kask et al. (2016), Liu et al. (2021), and Sulaiman et al. (2021). In
summary, experimental leaves were d in a lly inert
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using the open-access program OpenChrom ver. 1.2.0 (Alder) (Wenig
and Odermatt, 2010). Background volatile concentrations were sub-
tracted from measurements with plants. The detected volatiles were
grouped based on their biosynthesis pathways and analyzed as lip-
oxygenase (LOX) pathway volatiles (short-chained fatty acid-derived
compounds; green leaf volatiles), long-chained saturated fatty
acid-derived (FAD) compounds, carbohydrate derivatives (furans), ter-
penoids (isoprene, mono- and sesquiterpene), geranylgeranyl diphos-
phate pathway (GGDP) volatiles (carotenoid breakdown products) and
b ids (Table 1 for the list of compounds). The compounds detected

polyester bag (cooking bag), to prevent direct contact with water, and
immediately immersed in water kept at a stable temperature of 45 °C in
a temperature-controlled water bath (VWR International, Radnor, PN,
USA). The experimental leaves were kept in the medium for 5 min, plus
additional 30 s to account for the finite thermal conductivity of the
polyester bag. The heat shock treatment was applied to three
non-primed plants and three primed plants. The leaves were carefully
removed from the polyester bag immediately after heat shock treatment,
and inserted in the gas exchange measurement chamber for photosyn-
thetic measurements and volatile sampling. Three independent control
plants were treated in the same way, except that the water temperature
was 25 °C.

2.4. Gas exchange measurement and volatile sampling

Foliage photosynthetic characteristics were measured with a custom-
made open gas exchange system (Copolovici and Niinemets, 2010 for
details). The system had a 1.2 1 temperature-controlled double-glass
cylindrical chamber with a stainless steel bottom designed for sampling
trace gases. Light was supplied by four 50 W halogen lamps positioned
atop the chamber. For temperature control, water with a set temperature
was circulated between the chamber’s double glass layers. Air temper-
ature in the chamber was monitored by a thermistor (NTC, model

under non-stressed conditions were considered constitutive volatiles,
whereas compounds detected only after the application of stress treat-
ments were constitutive volatiles (Copolovici and Niinemets, 2016,
Table 1).

Foliage net assimilation rate (A), intercellular CO, concentration
(Cy), and stomatal conductance to water vapor (g;) were computed ac-
cording to von Caemmerer and Farquhar (1981), and volatile emission
rates according to Niinemets et al. (2010). The maximum Rubisco
carboxylase activity (Vemax) was calculated according to De Kauwe et al.
(2016) using the Rubisco kinetic characteristics of Galmés et al. (2016).
As C; was used as the substitute for chloroplastic CO, concentration, the
estimates of Vemay provide the apparent Rubisco maximum activity.

2.5. Statistical analyses

For all traits, averages with standard errors (SE) of three biological
replicates in each treatment were calculated. The individual and inter-
action effects of heat priming, heat shock, and recovery time on plant
physiological activities were tested using three-way ANOVA. Averages
at different heat stress recovery time points were compared using
Fisher’s least significant difference (LSD) following one-way ANOVA.
Where required, the data used for ANOVA were log-transformed to
improve the normality of distribution. The relationships of A with Vemax

ACC-001, RTI Electronics, Inc., St. Anaheim, CA, USA). The chamb
was flushed with ambient air drawn from outside the building (air flow
rate 0.036 L s 1). The air entering the chamber was purified by passing
through a custom-made ozone trap and a charcoal filter and humidified
to the desired relative humidity with a custom-made humidifier. After
leaf enclosure, standard measurement conditions of leaf temperature of
25 °C, leaf-to-air vapor pressure deficit of 1.7 kPa, PPFD of 800 pmol m™
2571 and CO, concentrations of 380-400 pmol mol ! were established.
The leaf temperature was monitored by a thermocouple attached to the
lower leaf surface. Concentrations of CO; and HyO at the inlet and
outlets of the chamber were measured using a dual-channel infrared gas
analyzer (CIRAS III, PP-systems, Amesbury, MA, USA). Gas exchange
measurements were conducted immediately after leaf gas exchange
rates had attained a steady-state rate, typically in ca. 18-20 min after
leaf enclosure. Measurements were conducted at 0.5, 5 h, 10, 24, 48, and
72 h after treatment.

Volatiles were collected simultaneously with gas exchange mea-
surements. A suction pump (210-1003 MTX, SKC Inc., Houston, TX,
USA) operated at a constant flow rate of 0.2 L min~! for 20 min was used
to collect volatiles onto a stainless steel adsorbent cartridge filled with
three different carbon-based adsorbents designed for maximum
adsorption of C3-Cy7 volatiles (Kannaste et al., 2014 for a detailed
description of the adsorbent cartridges and volatile sampling). Back-
ground volatile concentrations from the empty chamber were collected
every day before leaf measurements. Measured leaves were photo-
graphed and leaf surface area was computed with ImageJ 1.8.0 (NIH,
Bethesda, Maryland, USA).

The adsorbent cartridges were analyzed using a combined Shimadzu
TD20 automated cartridge desorber and Shimadzu 2010 GC-MS system
(Shimadzu Corporation, Kyoto, Japan) as described in Kinnaste et al.
(2014). Volatile compounds were identified and quantified using pure
chemical standards (Sigma-Aldrich, St. Louis, MO, USA) and NIST Mass
Spectral Library ver. 0.5. The GC-MS chromatograms were analyzed
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and VOC emissions were d using linear regressions. The impacts
of stress treatments on VOC emission blends were analyzed using the
principal component analysis after mean-scaling of the data. All statis-
tical tests were considered significant at P < 0.05. All statistical tests and
visualizations were conducted with R ver 4.2.0 statistical software (R
Core Team, 2021).

3. Results

3.1. Effects of heat priming and heat shock stress on photosynthetic
characteristics

Moderate heat stress (priming) decreased net assimilation rate (A)
two-fold throughout the recovery period, from 11 to 15 pmol m 2 s~ in
the control plants to 7-8 pmol m 2 s~ ! (P < 0.05 for Priming, Fig. 1A). At
0.5 h after heat shock application, A was 23-fold lower in non-primed
plants (P < 0.001 in comparison to control plants) and 10-fold lower
in primed plants (P < 0.05 in comparison to control plants, Fig. 1A). In
non-primed plants, A remained lower (P < 0.05) than in primed plants
for 24 h after treatment (Fig. 1A). Net assimilation rates in primed plants
and primed + heat shock-treated plants were similar (P > 0.05) except at
0.5 h after treatment (Fig. 1A). At the end of the experiment, A in non-
primed plants had recovered fully to the level of control, but in non-
primed plants, A was similar to the levels observed after priming
treatment and somewhat lower than in control (Fig. 1A).

Overall, stomatal conductance to water vapor (g;) was uncoupled
from A after heat stress applications (Fig. 1A and B). Reductions in g
were only observed at 0.5 h recovery time in plants treated with heat
shock alone (P < 0.05). Increases in intercellular concentrations of CO2
were observed parallel to reductions in A in all three heat treatments,
implying that reductions in A were primarily due to non-stomatal factors
(Fig. 1A, C). The maximum apparent Rubisco carboxylase activity
(Vemax) was reduced in all three heat treatments (Fig. 1A, D), the time-
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Table 1
Average + SE emission rates (nmol m 2 s~1) of volatile organic compounds (VOC) emitted by non-stressed (Control), heat shock-stressed (Heat), moderate heat-
stressed (Priming), and heat shock-stressed primed plants (Priming + Heat shock) Origanum vulgare leaves at 0.5, 5, 10, 24, 48, 72 h after treatment.

Emission rates (pmol m 25™")

0.5h 5h 10h
Volatiles Control ~ Heat Priming Control ~ Heat Priming Control ~ Heat Priming
+ Heat
Lipoxygenase pathways (LOX) volatiles
1 2-Ethyl- 0.137 039+ 020+ 025+ 010+ 035+ 024+ 022+ 0.137 015+ 0027+  0.046 %
hexanol * +£0.064 013 0.20 0.19 0.05 0.10 0.04 0.02 +0.064 015 0.027 0.046
2 3-Hexen-2- nd 0.0028 010+  nd nd nd 0048+ nd nd nd 0010+ 0011+
one** + 0.10 0.012 0.010 0.006
0.0028
3 Hexanal* 0.041 0.06+ nd 0.15 + 0.019 0.060 + nd 0.10 = 0.014 nd nd nd
+0.028  0.02 0.12 +0.011  0.030 0.10 +0.020
Long-chained saturated fatty acid-derived (FAD) compounds
4 Decanal 0.068 021+ nd 0.45 + 0.068 0.024+ 0206+  0.27 + 015+ 074+ 0024+ nd
+£0.076 011 0.41 +£0.076  0.024 0.109 0.27 0.03 0.37 0.109
5 Heptanal * 0.057 0.041 nd nd 0.066 nd 0.0016 0.045 nd 0.0014 nd
+0.021  + +0.017 £0.0016  +0.007 +
0.031 0.0013
6 Octanal* nd 0.097 nd nd nd 0022+ nd 0.127 + 0.059 0.00012  nd
+ 0.012 0.112 + +
0.039 0.032 0.00012
7 Nonanal * 0.346 0174 nd 0.33 & 035+ 0026+ 00143 0305+  0.165 0.433 0012+ nd
+0143  + 0.32 0.08 0.026 + 0.305 +0.085 =+ 0.012
0.057 0.0143 0.433
Carbohydrate-derived volatile
8 2-Methyl- nd 0.074 nd nd nd 0.084 + nd nd nd nd nd nd
furan™* + 0.043
0.043
9 2-Pentyl- nd 0.010 nd 0.0024 nd 0018+ 00046 003+ nd 00009  0.006+ nd
furan** + 40.0024 0.005 + 0.027 + 0.006
0.010 0.0025 0.0009
10 Furaneol * nd nd nd nd nd nd nd nd nd nd nd
Isoprene and derivatives
11 Methacrolein 0.028 018+ 0114+ 0044+ 0195 0.08 + 0043+ 019+ 0.076 £+ 0.106 +
+0.028  0.09 0.066 0.044 +0.141  0.08 0.043 0.09 0.076 0.106
12 Isoprene™* nd 0.035 nd nd nd 0.0207 nd nd nd 0.0535  nd nd
+ + +
0.031 0.0208 0.0319
Monoterpenes
13 3-Carene™ 0.007 0.050 0022+ 00013 0139+ nd nd 0.0417  nd nd nd
+0.005 + 0.022 + 0.071 +
0.027 0.0006 0.0379
14 Camphene ™" nd 0.029 0.037+ nd nd nd nd nd nd nd nd nd
+ 0.037
0.009
15 Limonene™ nd 0.005 nd nd 0.0048 nd nd nd nd nd nd
+ +
0.005 0.0046
16 f-Myrcene™* nd 0.018 0016+ 0051+ nd 0027+ nd nd nd 00139 0051+ nd
+ 0.015 0.038 0.027 + 0.038
0.018 0.0139
17 «-Ocimene ™+ nd 0.029 nd nd nd nd nd nd nd nd nd
+
0.029
18 a-Pinenet 0.012 037+ nd 0064+  0.0063 052+ nd nd 0.011 0.0038 0201+ 053+
+0.007 011 0.064 + 0.19 +£0.005 & 0.023 0.53
0.0017 0.0038
19 a-Terpinene**  nd nd 0.0203 nd 0.006 +  0.0043  nd nd nd 0.0009 nd
+0.0203 0.006 + +
0.0043 0.0009
20 - Thujene ™ nd 0.0012  nd nd nd 0.0007 nd nd nd 0.069 nd nd
+ + +
0.0008 0.0007 0.069
Sesquiterpenes
21 «Famesene*™  nd 0.048 nd nd nd nd nd nd nd 027+ nd nd
+ 0.27
0.048
Geranylgeranyl diphosphate pathways volatiles
22 6-Methyl-5- 0.056 042+ nd 15+£08  0.066 0.26 + 0.066+ nd 0.038 087+ 0031+ nd
hepten-2-onet  £0.022 025 +0.008 018 0.066 +£0.028  0.87 0.031
23 Geranyl 0.031 027+ nd 0.41 % 0.031 0.05 £ 009+ 021+ 0.031 025+ 020+ nd
acetone* +£0.021 026 0.16 +£0.021  0.04 0.05 0.21 +£0.021 025 0.20
Bengzenoids
(continued on next page)
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Table 1 (continued)

2

Emission rates (jmol m

0.5h 5h 10h
Volatiles Control  Heat Priming  Priming  Control  Heat Priming  Priming  Control  Heat Priming  Priming
+ Heat + Heat + Heat
24 Benzaldehyde™  0.036 014+ nd 0.13 + 00343 015+ nd 0.15 = 0.024 055+  0.009 %
+0.008  0.08 0.09 + 0.03 0.07 +0.009 032 0.009
0.0022
25 Benzothiazolet  nd 0.068 nd 0.061 + nd nd nd nd nd nd nd nd
+ 0.034
0.036
26 Methyl nd nd nd nd nd nd 0038+ nd nd nd 011+ nd
salicylate** 0.036 0.11
Emission rates (umol m~2s~")
24h 48h 72h
Volatiles Control  Heat Priming  Priming  Control  Heat Priming  Priming  Control  Heat Priming  Priming
+ Heat + Heat + Heat
Lipoxygenase pathways volatiles
1 2-Ethyl- nd 0.054 0108+ nd nd 0.16 = 0044+ 0302+ nd nd 0.09 = 0.034 +
hexano* + 0.044 0.16 0.027 0.129 0.09 0.034
0.057
2 3-Hexen-2- nd nd nd 0047+  nd nd 00026 0.0019 nd nd 0.026 £  0.0058
one™+ 0.026 + +0.0019 0.026 +0.0058
0.0026
3 Hexanal ¥ 0.0011  nd nd nd nd nd nd 0028+ 0123 nd nd 0.012 +
+ 0.028 40123 0.012
0.0011
Long-chained-saturated fatty acid-derived compounds
4 Heptanal ™ 0.014 nd nd 0.0009 0.009 nd nd 0.0003 0.026 nd nd 0.0067
+0.007 £0.0009  +0.009 £0.0003  +0.007 +0.0067
5 Decanal * 015+ 0068 0029+ nd 0.057 0.49 = 0.0024 0092+  0.026 0023  nd 0.14 +
0.02 + 0.027 40057 0.49 + 0.075 £0.02 + 0.07
0.030 0.0024 0.023
6 Octanal**+ nd 0.008 0002  nd nd 0019+ nd 0.039 + nd 0.015 +
+ + 0.019 0.025 0.015
0.019  0.0026
7 Nonanal ™ 0.054 0.023 00068 0057+  0.054 0.29 = nd 0.10 = 0.073 nd nd 0.10 £
+0.048 + 0.057 +£0.048 029 0.05 +£0.073 0.05

+
0.012 0.0068
Carbohydrate-derived volatiles

2-Methyl- nd 0.080  nd nd nd 0.00043  nd 0032+ nd nd nd nd
furan™ + + 0.032
0.020 0.00043
9 2-Pentyl- nd 0.0013 00026 0049+  nd 0026+ nd 0005+  nd nd nd 0.017 +
furan*+ + + 0.021 0.019 0.005 0.001
0.0013  0.0008
10 Furaneol ™ nd nd nd nd nd 0026+ nd nd nd nd nd nd
0.019
Isoprene and derivatives
1 Methacrolein™ 011+ 017+ nd 0.15 + nd 0.087 + nd nd nd 0.065 nd 0.23 +
0.07 0.17 0.05 0.087 + 0.23
0.065
12 Isoprene ™+ nd 006+ nd 0.06 + nd nd 00041 0036+ nd nd nd nd
0.06 0.06 + 0.036
0.0041
Monoterpenes
3-Carene™ 0.094 0.059  nd nd 0.0616  nd nd 0.09 & 0.011 nd nd 0.046 +
+0.094 + + 0.06 +0.011 0.046
0.021 0.0417
14 Camphene ™™ nd nd nd 0.010 + nd 0.0125 nd 0.0139 nd nd nd 0.0085
0.010 + £0.0139 +0.0085
0.0125
15 Limonene™* nd 0.009 00011  nd nd nd nd 0008+  nd nd nd 0.005
+ + 0.008 0.005
0.005  0.0011
16 f-Myrcene™* nd nd nd 0008+  nd nd nd nd nd nd nd 0.010 +
0.008 0.010
17 a-Ocimene™+ nd nd nd 0.0046 nd 0039+ nd nd nd nd nd nd
+0.0046 0.039
18 a-Pinene ™t nd 024+ 015+ nd nd 0094+ 037+ 021+ 0.099 nd nd 0.14 +
0.14 0.15 0.094 0.19 0.06 +0.071 0.14
19 a-Terpinene™™  nd 0.018 0016+ nd nd nd nd 0.0012 nd nd nd nd
+ 0.016 £0.0012
0.018

(continued on next page)
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Table 1 (continued)
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Emission rates (umol m

0.5h 5h 10h
Volatiles Control  Heat Priming  Priming  Control  Heat Priming  Priming  Control  Heat Priming  Priming
+ Heat + Heat + Heat
20 «-Thujene ™" nd nd nd 0.0029 nd 0.015 + 0.036 + nd nd nd nd nd
+0.0029 0.015 0.036
Sesquiterpenes
21 a-Farnesene™*  nd 0.0067  nd 0.0014 nd nd nd nd nd nd 0.044 £ 014+
+ +0.0014 0.044 0.09
0.0067
Geranylgeranyl diphosphate pathways volatiles
22 6-Methyl-5- 0.039 nd 0049+ 031+ nd 0.78 £ nd 0.25 & 056+ nd nd nd
hepten-2-onet 4 0.039 0.024 0.16 0.78 0.19 0.56
23 Geranyl 0.129 0214 029+ nd 0.129 0.33 £ 0008+ 0072+  0.054 nd nd 0.086 +
acetone™ +0129 015 0.16 +0129 033 0.008 0.072 +0.054 0.043
Bengzenoids
Benzaldehydet  nd 0.069 0092+ nd nd 0145+ nd 0.087 £+ 0075 nd nd nd
+ 0.059 0.108 0.087 +0.075
0.009
25 Benzothiazole™  0.023 nd 0.0041  nd nd nd nd 0011+ nd nd nd 0.009 +
+0.013 + 0.011 0.009
0.0041

Constitutive VOC, marked by “+7, refers to VOC emitted from control leaves in pre-stressed conditions. Induced volatiles, marked by (++), refers to VOC emitted in

stressed conditions. nd - not detectable.

dependent changes in Vemax mirrored changes in A (cf. Fig. 1A and D),
and Vmay scaled positively with A (Fig. 2).

3.2. Elicitation of volatile organic compound emissions by heat priming
and heat shock stress

Altogether, emissions of 26 volatile compounds were observed in the
emissions from leaves of stressed and non-stressed plants of O. vulgare
(Table 1 for the list of compounds). The emitted volatiles belonged to
five volatile groups: lipoxygenase pathway (LOX) products, long-
chained-saturated fatty acid-derived (FAD) compounds, carbohydrate-
derived volatiles, geranylgeranyl diphosphate (GGDP) pathway vola-
tiles, monoterpenes, isoprene derivatives (methacrolein) and benze-
noids (Table 1). Control leaves of O. vulgare were characterized by low-
level emissions of 11 volatiles (Table 1). Different heat stress treatments
had different impacts on volatile emissions (Table 1, Fig. 3A-G). Priming
treatment resulted in rapid emissions of LOX volatiles, and these emis-
sions recovered to the level in control plants at 48 h after treatment
(Fig. 3A). Emissions of monoterpenes were increased at 10 and 48 h
(Fig. 3D), isoprene and a-farnesene at 48 h (Table 1), and GGDP volatiles
at 10 h after priming (Fig. 3E). Albeit the increases in emissions of in-
dividual VOC groups that were observed in the priming-treated plants,
total emissions of VOC in the priming-treated plants were similar (P >
0.05) to that in control plants throughout the recovery period. Heat
shock effects on volatile emissions were different in primed and non-
primed O. vulgare (Fig. 3A-G). In non-primed plants, emissions of LOX
compounds, terpenoids (isoprene, mono- and sesquiterpenes), benze-
noids, GGDP volatiles, and total VOC were rapidly ent d
upon heat shock treatment (Table 1, Fig. 3A-G). Emissions of carbohy-
drate derivatives were induced in non-primed plants at 0.5-48 h after
heat shock treatment. Emissions of LOX compounds and monoterpenes
in non-primed plants were higher than in control, but at 72 h recovery
period, the emissions decreased to below the level in control (P < 0.05 in
comparison to control plants, Fig. 3A, D). Emissions of benzenoids
recovered to the control level at 24 h after heat shock treatment
(Fig. 3F). GGDP volatile emissions initially recovered at 5 h, but an
emission burst was observed at 10 h after treatment (Fig. 3E). In addi-
tion, an emission burst of FAD compounds was observed at 10 h after
heat shock application. Total VOC emissions recovered to the level in
control at the end of the experiment (Fig. 3G).

In heat shock-stressed primed plants, emissions of LOX compounds,

FAD compounds, GGDP volatiles, benzenoids, and total volatiles were
rapidly enhanced after the application of heat shock stress; emissions of
FAD compounds, GGDP volatiles, benzenoids, and total volatile recov-
ered at 5 h, whereas emissions of LOX compounds recovered at 10 h after
treatment (Fig. 3A-G). Emissions of carbohydrate-derived volatiles
(furans) were induced in primed plants at 0.5-5 h after the application of
heat shock stress. At 0.5 h after heat shock treatment, emissions of
carbohydrate derivatives were lower in primed plants than in non-
primed plants. The emissions of monoterpenes were enhanced at 10 h
after stress application, similar to moderately heat-stressed (priming)
plants (Fig. 3D). Secondary emission bursts were observed in the com-
bined priming and heat shock-stressed plants. Emissions of LOX com-
pounds and GGDP volatiles rose again at 24-48 h, monoterpene
emissions at 48 h (Fig. 3A, D, E) and isoprene and sesquiterpene emis-
sions (Table 1) at 48-72 h after treatment. Carbohydrate-derived vola-
tiles were induced again at 24-72 h after combined priming and heat
stress treatment. Total volatile emissions also increased at 48 h,
reflecting the second rise of emissions observed for several volatile
groups (Fig. 3G). At the end of the experiment, volatile emissions in heat
shock-stressed-primed plants and control plants were quantitatively
similar (Fig. 3A-G).

Through the 72 h recovery period, LOX emissions correlated nega-
tively with A in heat shock-stressed plants (Fig. 4A). In primed heat
shock-treated plants, A correlated negatively with LOX compound
(Fig. 4B) emissions and total volatile emissions (Fig. 4C) through 0.5-10
h recovery period.

Emissions of constitutive volatiles (volatiles present in non-stressed
control plants) in non-primed plants were at the highest level at
0.5-10 h after heat shock treatment (Table 1, Fig. 5A). In primed heat-
shock-stressed plants, emissions of constitutive volatiles were at the
highest level at 0.5 and 48 h recovery times (Table 1, Fig. 5A). At 0.5 h
recovery time, in particular, emissions of constitutive volatiles were 5-
fold greater in non-primed and 10-fold greater in primed plants than
corresponding induced emissions (Table 1, Fig. 5A and B). Emissions of
induced volatiles were at the highest level at 10 h in heat shock-treated
non-primed plants (Table 1, Fig. 5A). In primed plants, emissions of
induced volatiles demonstrated a biphasic pattern, decreasing through
0.5-10 h and increasing through 24-72 h after treatment (Table 1,
Fig. 5A). At the end of the experiment, emissions of constitutive volatiles
and induced volatiles in primed plants were higher (P < 0.05) than in
non-primed plants (Table 1, Fig. 5A and B).
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Fig. 1. Changes in net assimilation rate (4, A), stomatal conductance to water
vapor (g, B), i CO, ion (C;; C), and carboxylase
activity of Rubisco (Vemax, D) in non-stressed (control), heat-primed (priming),
heat shock-stressed non-primed (Heat shock) and heat shock-stressed primed
(Priming + Heat shock) leaves of Origanum vulgare. Priming was applied by
exposing the leaves to 35 °C for 1 h. Heat shock was applied by exposing the
leaves to 45 °C for 5 min. Experimental leaves were measured at 0.5, 5, 10, 24,
48, and 72 h after treatment application under the following conditions:
chamber CO, concentration of 400 pmol mol ' and vapor pressure deficit be-
tween the leaf and the atmosphere of 1.7 kPa, photosynthetic photon flux
density of 800 pmol m 25", and leaf temperature of 25 °C. Data are shown as
averages +SE of three independent plant replicates. Three-factor ANOVA was
used to determine the significance of heat stress treatments and their interactive
effects. All statistical effects were considered significant at P < 0.05 and are
illustrated with asterisks in (A-D).
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3.3. Alteration of volatile blends by different heat treatments

Different stress volatiles were induced by different types of stress.
The LOX pathway compound, 2-ethyl-hexanol emissions was induced in
heat shock-treated plants irrespective of priming. The carbohydrate-
derived compounds 2-methyl-furan and furaneol were elicited mainly
in non-primed plants and 3-hexen-2-one in primed plants (Table 1). As
for ber id: i of b ldehyde and benzothiazole were eli-
cited in heat shock-stressed plants regardless of priming, but methyl
salicylate (MeSA) emissions were only detected in non-primed plants
(Table 1). Emissions of MeSA were also observed after priming appli-
cations (Table 1). A similar set of monoterpenes was detected in
differently-treated plants (Table 1).

Principal component analysis illustrated that different heat treat-
ments led to unique combinations of VOC blends (Fig. 6A-D). In heat-
shock-stressed plants, volatile blends varied for primed and non-
primed plants at different recovery times (Table 1, Fig. 6A-D). In
particular, at 0.5 h recovery time, non-primed plants were characterized
by strong emissions of isoprenoids including isoprene, methacrolene, 3-
carene, o-pinene, a-farnesene and camphene, the carbohydrate-derived
compounds 2-pentyl-furan and 2-methyl-furan, and the benzenoid
benzaldehyde; whereas primed plants were distinguished by emissions
of the LOX volatile 2-ethyl-hexanol, the FAD compound nonanal and
GGDP volatiles 6-methyl-5-hepten-2-one and geranyl acetone (Fig. 6A
and B). At 48 h, higher emissions of 2-ethyl-hexanol, nonanal, decanal,
benzaldehyde, 2-pentyl-furan, furaneol and GGDP volatiles distin-
guished the emissions in non-primed plants, whereas emissions of 3-
hexen-2-one, hexanal, 3-carene, limonene, camphen, p-myrcene and
benzothiazole characterized emissions in primed plants (Fig. 6C and D).

4. Discussion

4.1. Impacts of moderate heat priming on heat shock responses of
photosynthesis

Our results elucidated that exposure to moderate heat stress (35 °C)
alone resulted in moderate decreases in photosynthetic activities in
O. vulgare (Fig. 1A). In several previous studies, e.g. in Achillea mil-
lefolium (Liu et al., 2021) and Melilotus albus (Liu et al., 2022), photo-
synthesis rate was not affected by similar pre-heat treatment. Thus, the
priming treatment exerted a stronger stress on O. vulgare in our study.
This is further supported by changes in volatile emissions observed after
the priming stress application (see section 4.2).

Previous studies have shown that heat shock stress can induce
transient or permanent photosynthetic reductions and VOC emissions
(Pazouki et al., 2016; Urban et al., 2017; Turan et al., 2019) and the
degree of changes in these physiological processes can be influenced by
previous stress episodes (Teskey et al., 2015; Khan et al., 2022). We
demonstrated that heat shock-induced reductions in photosynthesis
were smaller in primed O. vulgare (Fig. 1A) in agreement with previous
studies (e.g. Fan et al., 2018; Liu et al., 2021; Liu et al., 2022). In our
study, the reductions in photosynthesis were primarily due to
non-stomatal factors, in particular, due to reductions in Rubisco
maximum activity (Fig. 1A-D and 2). The temperature sensitivity of
maximum Rubisco carboxylase activity varies among species, whereas
the carboxylase activity itself typically has a very high optimum tem-
perature of around 50 °C; Rubisco activase is very temperature sensitive
(Salvucci and Crafts-Brandner, 2004; Galmés et al., 2016), as the result,
heat stress can lead to inhibition of Rubisco activity. For example,
moderate heat stress did not reduce photosynthetic capacity in Nicotiana
tabacum (Rizhsky et al., 2002), but reduced photosynthetic capacity by
16% in Gossypium hirsutum (Crafts-Brandner and Law, 2000). In our
study, photosynthetic capacity was reduced by 50% in (Fig. 1D),
reflecting the high sensitivity of Rubisco enzymatic activity in O. vulgare.

Photosynthetic capacity in O. vulgare recovered upon leaf cooling
(Fig. 1D) indicating that the heat stress applications were not lethal and
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might be attributed to Rubisco inactivation, rather than to direct dam-
age to photosynthetic apparatus or denaturation/aggregation of Rubisco
into insoluble complexes (Crafts-Brandner and Law, 2000; Salvucci and
Crafts-Brandner, 2004). The relatively lower sensitivity of photosyn-
thetic capacity in priming + heat shock-stressed plants (Fig. 1D) sug-
gested that priming increased the thermal tolerance of Rubisco activity.
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Fig. 3. Emission of lipoxygenase (LOX)
pathway compounds (A), long-chained fatty acid-
derived (FAD) compounds (B), carbohydrate-derived
compounds (C), monoterpenes (D), geranylgeranyl
(GGDP) pathway compounds (E), benzenoids (F), and
total emission of volatile organic compounds (VOC)
(G) of control, moderate heat-stressed (Priming), heat
shock-stressed non-primed (Heat shock), and heat
shock-stressed primed (Priming + Heat shock) Orig-
anum vulgare during 72 h recovery period (0 h cor-
responds to the time heat stress or control treatment
was applied). Each bar represents the treatment
average + SE measured at different recovery times.
Averages at each recovery time were compared by the
least significant difference (LSD) test following one-
way ANOVA. Different lowercase letters denote sig-
nificant differences (P < 0.05) among the treatment
groups.

rates

Such an improvement can occur by changes in the small subunit
composition of Rubisco or by expression of a thermal-stable isoform of
Rubisco activase (Law et al., 2001). In addition, pre-heat exposure can
improve thermal tolerance and protect photosynthetic processes upon
subsequent heat stress by increasing the accumulation of protective
chemicals including heat shock proteins, antioxidants, secondary
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Fig. 4. Correlations between net assimilation rate (A) and emissions of lip-
oxygenase (LOX) pathway compounds (A, at 0.5-72 h; B, at 0.5-24 h) and total
volatiles (C, at 0.5-24 h recovery period) in non-stressed (control), moderate
heat-treated (priming), heat shock-treated non-primed (heat shock), and heat
shock-treated primed (priming + heat shock) Origanum vulgare leaves. Each
data point represents the average (+SE) of three independent replicates
measured at 0.5, 5, 10, 24, 48, and 72 h (A) and 0.5, 5, 10, and 24 h (B and C)
after heat stress treatments.

metabolites, and osmolytes that are otherwise produced in insufficient
quantity, if at all, when plants are suddenly confronted with severe heat
stress (Wang et al., 2014; Teskey et al., 2015; Abid et al., 2016; Guihur
et al., 2022).

When photosynthetic processes recover completely to pre-stress
levels, the synthesis of certain protective agents is also slowed down
or stopped (Vihervaara et al., 2017). We observed that after the appli-
cation of priming and combined priming and heat shock treatment,
photosynthetic capacity did not recover completely to pre-stress levels
(Fig. 1D). Such priming effect indicates sustained phenotypic change
that could reflect certain maintenance of the inhibition of Rubisco ac-
tivity or chloroplastic osmotic medium or overall divergence of re-
sources from primary metabolism (e.g. resorption of N from
photosynthetic proteins) to secondary metabolism (Dumschott et al.,
2017). Thus, although priming avoids the potentially devastating effect
on foliage photosynthetic activity, the trade-off can be reduced photo-
synthetic activity in non-stressed conditions. Previous studies have

Plant Physiology and Biochemistry 196 (2023) 567-579

5
A < Control
£ Priming
4 ® Heat shock

® Priming + Heat shock

Constitutive volatile (nmol m2s™")

Induced volatile (nmol m2s7")

Recovery time (h)

Fig. 5. Changes in average + SE (n = 3) emission rates of total constitutive (A)
and induced volatiles (B) in priming-treated, heat shock-treated, and combined
priming and heat shock-treated leaves of Origanum vulgare at 0.5, 5, 10, 24, 48,
72 h after heat treatment applications (0 h corresponds to heat treatment
application time). Constitutive and induced volatiles as indicated in Table 1.

revealed that heat-stressed plants can avoid complete recovery of
photosynthetic activity as a thermal acclimation and energy-saving
strategy for subsequent stress encounters (Cen and Sage, 2005; Wahid
et al., 2007).

Regarding the impact of heat shock on stomatal conductance (gs), no
universal heat responses of g; have been observed across studies; at
supra-optimal temperatures, g can decrease, increase or even be inde-
pendent of temperature (Rizhsky et al., 2002; Urban et al., 2017).
Despite large variation among studies, there is evidence that stomatal
closure under supraoptimal temperatures typically occurs in plants with
constitutively higher g (Marchin et al., 2022). We observed decreases in
& after applying heat shock in non-primed plants (Fig. 1D), whereas, in
the previous experiments (Sulaiman et al., 2021), similar stress resulted
in increases in g in O. vulgare. However, the photosynthesis rates and g
in control plants were greater in the current study (Fig. 1A and B) than in
Sulaiman et al. (2021). This suggests that the plants in the current study
might have operated close to the maximum water use capacity as
determined by stem hydraulic conductance. Thus, exceeding the phys-
iological capacity upon heat shock might have led to cavitation and
sustained reduction in g (e.g. Cardoso et al., 2018).
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4.2. Impact of heat shock on volatile emissions in primed and non-primed
plants

Enhanced emission of lipoxygenase (LOX) volatiles is typically the
first stress signal observed upon heat shock stress (Copolovici et al.,
2012; Chatterjee et al., 2020; Okereke et al., 2022). Stress-elicited LOX
volatiles are rapidly biosynthesized by constitutively active lip-
oxygenases upon the release of polyunsaturated fatty acids from mem-
brane phospholipids (Stolterfoht et al., 2019; Vincenti et al., 2019). LOX
emissions bursts indicate severe stress that results in the formation of
reactive oxygen species (ROS) and membrane-level damage (Jansen
et al., 2009; Niinemets et al., 2013). In contrast to previous studies (Liu
etal., 2021, 2022), pre-heat application alone resulted in the elicitation
of LOX emissions in O. vulgare (Fig. 3A), suggesting a certain degree of
oxidative stress and activation of defense pathways. LOX emissions can
play a vital role in defense priming and triggering subsequent stress
responses (Farag and Pare, 2002; Niinemets et al., 2013). Upon heat
shock, the initial emission phase lasted for 10 h in primed plants
(Fig. 3A), and we suggest that these emissions reflect the direct effect of
heat shock on LOX substrate availability. In the case of non-primed
plants (Fig. 3A), such a direct effect of heat shock lasted for 48 h sug-
gesting severer damage. The secondary emission phase observed in the
primed plants may indicate the activation of signaling pathways that
lead to the expression of a suite of genes coding proteins responsible for
the synthesis of protective chemicals as well as for modifications in plant
membrane constituents that can confer long-term thermal protection
(Jiang et al., 2017; Niu and Xiang, 2018; Guihur et al., 2022; Tsvetkova
et al., 2002).

We also observed enhanced emissions of various long-chained-
saturated aldehydes (FAD) in heat shock-stressed plants, and that

2
PC 1 (43%)

576

these emissions occurred earlier in primed plants (Fig. 3B). Although the
processes resulting in the formation of FAD compounds is not well-
known, heat stress-enhanced release of FAD compounds can reflect
stress development and accumulation of ROS in the chloroplast (Niu and
Xiang, 2018; Sulaiman et al., 2021; Okereke et al., 2022). Additionally,
in this study, heat stress induced the emissions of furans,
carbohydrate-derived compounds (Table 1, Fig. 3C). Carbohydrate de-
rivatives have been shown to have hydroxyl radical scavenging prop-
erties (Mawlong et al., 2016; Wang et al., 2019). In heat shock-treated
plants, emissions of carbohydrate-derived compounds followed a
similar kinetic as LOX pathway emissions (cf. Fig. 3A and C), thus
emissions of carbohydrate derivatives might reflect a defensive mecha-
nism for alleviating heat stressed-induced oxidative stress (Mawlong
et al., 2016).

Terpenoid emissions can play a protective role against extremely
high temperatures by scavenging reactive oxygen species and increasing
the stability of the thylakoid membrane (Harrison et al., 2013; Faralli
etal., 2020). The rapid heat shock induction of mono- and sesquiterpene
emissions in the non-primed O. vulgare (Fig. 3D) is consistent with
previous studies (Sulaiman et al., 2021). We suggest that these emissions
reflect de novo synthesis of isoprenoids. The de novo biosynthesis of
isoprene and monoterpenes occur via the plastidial MEP/DOXP path-
ways, and sesquiterpene biosynthesis occurs via the cytosolic mevalo-
nate pathway, although stress can also elicit de novo formation of
sesquiterpenes in the plastid (Dudareva et al., 2005; Sallaud et al., 2009;
Pazouki and Niinemets, 2016). In non-primed plants (Table 1), we
observed rapid induction of isoprene and its oxidation product meth-
acrolein which might have resulted from non-enzymatic isoprene syn-
thesis or due to the activity of multi-substrate terpene synthases, as the
formation of isoprene synthase is unlikely during such rapid heat
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application (Velikova et al., 2005; Niinemets et al., 2010).

In primed plants, elicitation of terpenoid release was delayed
(Fig. 3D), probably due to a substrate level control; once primed, the
plants likely prioritized other chloroplastic metabolic pathways, e.g.
carotenoid synthesis in the GGDP pathway over monoterpenes synthesis
(Lu and Li, 2008). Enhanced carotenoid turnover was reflected in the
emissions of the carotenoid breakdown products geranyl acetone and
6-methyl-5-hepten-2-one (Fig. 3E) and might have played an important
role in alleviating oxidative stress and improving thermal acclimation
(Havaux, 2014; Garcia-Plazaola et al., 2017). The emissions of mono-
and sesquiterpenes during secondary emission bursts (Fig. 3D, Table 1)
reflect de novo synthesis of isoprenoids that may occur due to substrate
accumulation and/or stimulation of the activity of rate-limiting enzymes
(Pazouki et al., 2016; Serrano et al., 2019; Liu et al., 2021).

We observed the elicitation of shikimate pathways-derived volatiles,
mainly benzothiazole and benzaldehyde upon heat shock stress treat-
ment (Table 1, Fig. 3F). The enzymes responsible for the biosynthesis of
these benzenoid compounds remain unclear. However, Huang et al.
(2022) demonstrated that in Petunia species, the biosynthesis of benz-
aldehyde occurred in peroxisomes via the p-oxidative or non-p-oxidative
pathways. The inductions of both benzothiazole and benzaldehydes
have previously been associated with oxidative stress (Okereke et al.,
2021; Sulaiman et al., 2023). Thus, the relatively higher emissions of
benzenoids (Fig. 3F) in non-primed plants may suggest severer cellular
stress. We observed the emissions of methyl salicylate (MeSA) in
non-primed plants at 72 h (Table 1) which may reflect the accumulation
of salicylic acid (SA). Although we did not detect MeSA after the
application of heat shock in primed plants, the MeSA emissions observed
after priming treatment (Table 1) may indicate SA accumulation which
might have played a role in enhancing the activation of defense path-
ways and heat stress acclimation (Wang et al., 2010). SA formation
under non-lethal heat stress can increase the accumulation of proline
and total content of osmotic that can enhance membrane integrity
(Cvikrova et al., 2013; Nguyen et al., 2016; Guihur et al., 2022). Thus, in
primed plants, the SA-dependent defenses had already been activated
before heat shock stress application, whereas they were likely activated
at the end of the experiment at 72 h in non-primed plants.

Stress VOC emission is an indicator of stress and stress-related
physiological responses such as the activation of secondary metabolic
pathways (Holopainen and Gershenzon, 2010; Hirao et al., 2012).
Photosynthetic reductions are also associated with physiological stress
(Velikova et al., 2005; Turan et al., 2019; Sulaiman et al., 2023). In
primed plants, photosynthesis correlated negatively with LOX com-
pound emissions and total volatile emissions in the primary emission
phase, 0.5-10 h after stress application (Fig. 4B and C), indicating that
the recovery of volatile emissions in this phase reflects the alleviation of
heat stress. In the case of non-primed plants, the alleviation of direct
effects of heat shock stress was prolonged (Fig. 1A-D, 3A-G and 4A). In
primed plants, the secondary emission phase observed constitutes in-
creases in constitutive volatile emissions and strong induction of vola-
tiles (Fig. 5A and B) indicating increases in the activity of already active
defense metabolic pathways and the induction of different defense
pathways.

Different heat treatments altered the composition of VOC emissions
differently (Table 1). The composition of volatiles emitted at different
times during stress recovery indicate the type of stress and the different
biochemical pathways activated (Niinemets et al., 2013; Misztal et al.,
2015). The richer blend of LOX compounds (Table 1, Fig. 6A-D) induced
in non-primed plants suggests much more severe cellular damage. The
emissions of carbohydrate derivatives indicate severe stress in
non-primed plants. For instance, the emissions of 2-methyl-furan were
observed in severely heat-stressed Nicotiana tabacum (Turan et al., 2019)
and Brassica nigra (Kask et al., 2016). The different characteristic iso-
prenoid emissions (isoprene, mono- and sesquiterpenes) observed upon
heat shock stress in non-primed plants (Fig. 6A and B) reflect stress
activation of synthesis of different terpenoids. The more diverse blend of
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different terpenoid and benzenoid compounds (Fig. 6A-D) in
non-primed plants further suggests that the heat stress elicitation of
volatile defense pathways was greater in this treatment. Priming abol-
ished much of the constitutive and induced volatile responses (Fig. 6A
and B), suggesting that heat resistance was achieved by other physio-
logical modifications, e.g. sustained activation of defense pathways and
accumulation of protective secondary metabolites (Niu and Xiang, 2018;
Tsvetkova et al., 2002). Further studies are required to investigate the
heat shock stress indicators including pool sizes and accumulation of
non-volatile secondary metabolites.

5. Conclusion

This study investigated the impact of severe transient heat stress on
photosynthetic characteristics and volatile emissions in non-primed and
pre-moderate heat-stressed leaves of O. vulgare through 72 h stress re-
covery period. Our results demonstrated that photosynthetic reductions
were greater in non-primed plants, in particular, 2-fold greater than in
primed plants at 0.5 h after heat shock, indicating that pre-exposure to
moderate heat stress increased heat stress tolerance. Overall, photo-
synthetic reductions were primarily due to non-stomatal factors,
including reduced Rubisco activity. Upon return to lower temperatures,
photosynthetic activity in non-primed plants fully recovered to that in
non-stressed control plants, but the recovery was delayed. In primed
plants, photosynthetic recovery was faster, but certain photosynthetic
inhibition remained by the end of the experiment, indicating a sustained
priming effect that may be indicative of a trade-off between photosyn-
thetic activity and metabolic reprogramming in primed plants to
enhance defenses.

Heat shock stress resulted in major emissions of volatile organic
compounds including LOX pathway volatiles, and long-chain saturated
fatty acid-derived aldehydes, carbohydrate derivatives, monoterpenes,
sesquiterpenes, GGDP pathway compounds and benzenoids in primed
and non-primed plants, but comparatively, in primed plants, the emis-
sions recovered earlier and rose again, indicating a continuous activa-
tion of biochemical defense pathways. Bouquets of volatiles were
different for primed and non-primed plants, and in the primed plants,
volatile blends varied for primary and secondary emission phases,
indicating the activation of varying biosynthesis pathways. Volatile
emission data collectively indicated that heat stress resistance was
enhanced by heat priming. In nature, high-temperature episodes can last
hours to days and the duration of heat stress may influence plant re-
sponses. Thus, our findings may not reflect typical heat stress responses
in the field, but demonstrate the rapid ability of primed plants to acti-
vate acquired thermotolerance and acclimatory responses during sub-
sequent warm days. We argue that knowledge of heat stress history is
important in predicting plant physiological responses during subsequent
heat stress episodes and developing crop plants with improved heat
stress tolerance.
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Heatwaves are expected to become more frequent and directly exert major stress on plants. Warmer weather can
also increase the frequency of biotic infestations. However, how biotic stress alters heat resistance and how
interacting heat and biotic stresses alter volatile organic compound (VOC) emissions remain unclear. We studied
how heat shock (45 °C for 5 min) and Trialeurodes vaporariorum infestation alone and in combination affect

Monoterpene
Sesqui ‘efpe"e foliage photosynthetic characteristics and VOC emissions in Origanum vulgare, right after heat stress lhruugh 48 h
Terpene recovery. Heat stress alone decreased pt thesis rate (A) but i d stomatal d (),

of lipoxygenase pathway volatiles (LOX), benzenoids and terpenoids. Neither A nor VOC emissions recovered to
pre-stress values at 48 h after stress application. Whitefly infestation reduced A and increased g;, and resulted in a
moderate increase in terpene emissions, but inhibited constitutive LOX and benzenoid emissions. Heat stress
applied on whitefly infestation reduced A and increased g, and resulted in a much lower enhancement of LOX
and terpene emissions. Photosynthetic characteristics fully recovered at 48 h after stress treatment. Our results
suggest that under phloem-feeding insect herbivory, VOC emission responses to extreme temperature are highly
desensitized and photosynthetic thermal tolerance is improved.

Heat-shock response

2-C-methyl-p-erythritol 4-phosphate/1-deoxy-p-xylulose 5-phosphate
(MEP/DOXP) and cytosolic mevalonate (MVA) pathways (Dudareva

1. Introduction

Environmental stress can trigger plants to modify physiological
characteristics including volatile organic compound (VOC) emission
(Blande et al., 2014; Rinnan et al., 2014; Jud et al., 2016). Stress-elicited
VOC synthesized via different secondary metabolism pathways can offer
direct protection, such as repelling herbivores and serving as
non-enzymatic antioxidants, or indirect protections by triggering
different defense pathways in plants (Niinemets et al., 2013; Salerno
etal., 2017; Brilli et al., 2019). Among the earliest volatiles elicited upon
stress exposure are lipoxygenase (LOX) pathway volatiles, also called
green leaf volatiles, that consist of different C5- and C6-aldehydes and
derivatives (Loreto et al., 2006; Niinemets et al., 2010a, b; Scala et al.,
2013). Emissions of ubiquitous LOX volatiles start in a time scale of
minutes after stress exposure and are usually accompanied by long-term,
hours to days, activation of different defense pathways leading to the
emissions of various specialized volatiles including isoprenoids (homo-,

mono-, sesquiterpenes and their derivatives) from plastidial
* Correspondent author.
E-mail address: Hassany \@emu.ce (H.Y. Sulaiman)
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et al., 2004, 2005; Sallaud et al., 2009) to benzenoids primarily origi-
nating from the shikimate pathway in the plastid (Rostds et al., 2006;
Iriti and Faoro, 2009; Misztal et al., 2015). The degree of recovery upon
stress-elicited emissions depends on stress severity (Copolovici and
Niinemets, 2010; Grote et al., 2019; Niinemets et al., 2013).

Plants in nature often encounter sequential or simultaneous biotic
and abiotic stress combinations, such as heat and insect infestation
(Holopainen and Gershenzon, 2010; Niinemets, 2010; Pareja and
Pinto-Zevallos, 2016). Plant response to one stressor can be suppressed
or enhanced by the presence of another stressor, as the hormonal
pathways controlling stress and recovery responses function synergis-
tically or antagonistically (Ben Rejeb et al., 2014; Atkinson et al., 2015).
In the case of sequential or superimposed stress effects, metabolic
changes initiated by the preceding stresses can prime responses to sub-
sequent stressors (Cardoza et al., 2002; Copolovici et al., 2012; Baurle,
2018; Hilker and Schmiilling, 2019). Due to changes in plant
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physiological activity and oxidative status induced right after the stress
and priming/acclimation responses occurring through recovery, the
effects of sequential stressors can often be interactive rather than addi-
tive, regardless of the time between the occurrence of both stresses
(Niinemets, 2010; Atkinson et al., 2015; Hilke and Schmiilling, 2019).
Moreover, VOC emission responses to combined stresses are species- and
stress-specific and cannot be easily predicted based on the activity of
stress signaling pathways in response to single stress (Holopainen and
Gershenzon, 2010; Niinemets, 2010). For example, ozone stress reduced
herbivore inducible emissions in Brassica napus (Himanen et al., 2009),
whereas in Solanum lycopersicum, ozone stress amplified emission re-
sponses to Bemisia tabaci infestation (Cui et al., 2014). Drought

Environmental and Experimental Botany 189 (2021) 104551

interactions, as unlike aphid species that punctures several sites,
whitefly confines itself to one site on a minor vein of the phloem and
feeds on this site continuously, 21-30 days, and typically does not
damage the epidermal or mesophyll cells before piercing the phloem
cells (Kempema et al., 2007; Walling, 2008). So far, only a few studies
investigated herbivory induced-VOC in Origanum spp. and all the pre-
vious studies were conducted with chewing herbivores (e.g., Akhtar and
Isman, 2004; Carroll et al., 2017; Agliassa and Maffei, 2018). To our
knowledge, VOC emissions induced by heat stress applied alone or in
combination with insect feeding have not been investigated in O. vul-
gare. We hypothesized that the presence of GWF infestation acts pri-
marily through the SA-dependent pathway and results in foliage

enhanced volatile emissions in Spodoptera exigua-fed Solanum a
(Dawood et al., 2016), whereas in Vicia faba, drought reduced volatile
emissions induced by Trissolcusbasalis feeding (Salerno et al., 2017).
Despite the gain in knowledge, the physiological mechanisms for
study-to-study differences in VOC emission responses to frequently
co-existing stresses remain largely unclear.

Heat stress in plants results from exposure to supraoptimal temper-
atures (T > 35 °C), leading to a reduction in net assimilation rate (A) due
to damage in the thylakoid membranes of chloroplast and inactivation of
Rubisco (Camejo et al., 2005; Demirevska-Kepova et al., 2005; Luo et al.,
2011), and with damage of plasma membrane and a burst of reactive
oxygen species (ROS), particularly in severe stress case (Wahid et al.,
2007; Hueve et al., 2011). Herbivory leads to direct physical damage
due to removal of plant parts (chewing herbivores) or piercing specific
plant tissues by phloem-feeding herbivores such as aphids and white-
flies, and by xylem-feeding herbivores such as spittlebugs and leafhop-
pers. Both heat and herbivory stress independently prompt qualitative
and quantitative changes in VOC profiles with several converging fea-
tures including elicitation of LOX and terpene emissions (Niinemets
et al., 2013; Turan et al., 2019; Faiola and Taipale, 2020), but their
combined effects are poorly understood.

It is further important to mention that different types of herbivores
elicit different defense responses in plants. While chewing herbivores
elicit LOX pathway and jasmonic acid (JA) dependent defenses, phloem-
feeders elicit salicylic acid (SA) dependent defenses (Holopainen and
Gershenzon, 2010; Eberl et al., 2018; Zhang et al., 2018). Stress elici-
tation of either signaling typically antagonizes the other (Kempema
et al., 2007; Van der Does et al., 2013). Heat stress, on the other hand,
typically elicits JA-dependent signaling pathways (Sharma and Laxmi,
2016; Xu et al., 2016), and heat stress resistance can be enhanced by SA
accumulation due to physiological modifications such as enhanced
proline content and overall enhanced osmotic content that improve
membrane integrity (Chen et al., 2009; Islam et al., 2009; Cvikrova
et al., 2013; Nguyen et al., 2016). Membrane-level damage due to heat
shock can be further amplified by chewing herbivore-dependent JA
accumulation (Balfagon et al., 2019 for review). Conversely, piercing
herbivore-dependent SA accumulation can increase the plant resistance
to heat stress and antagonize JA-dependent volatile emissions (Thaler
etal., 2012; Tsai et al., 2019). The suppression of the JA signaling may
result in an overall decrease in VOC emission (Engelberth et al., 2001;
Eberl et al., 2018). Thus, different types of herbivory can result in
different interactive responses during heat stress.

In this study, we investigated how heat shock and greenhouse
whitefly feeding individually and in conjunction alter the kinetic of VOC
emissions and foliage photosynthetic characteristics in Origanum vul-
gare. Origanum vulgare L. (Lamiaceae) is a cosmopolitan crop plant with
highly aromatic foliage due to large glandular trichomes containing high
amounts of terpenoids (Chun et al., 2005; Agliassa and Maffei, 2018)
and benzenoids toxic to herbivorous insects (Carroll et al., 2017).
Greenhouse whitefly (Trialeurodesvaporariorum Westwood, hereafter
GWF) is a polyphagous phloem-feeder species, notorious for invading
and feeding on I luding O. vulgare (Gabarra
et al., 2004; McKee et al, 2009). The insect family Aleyrodidae
(whitefly) is a good model for studying phloem-feeding insect-plant

vegetabl

and minor changes in LOX volatiles and terpenoids,
and that GWF infestation reduces volatile responses during heat shock
stress and that the two stress effects will exert antagonistic effects on
VOC emissions and gas exchange characteristics during the recovery
period.

2. Materials and methods
2.1. Plant material and growth

Origanum vulgare seeds purchased from Nordic Botanical Ltd (Tartu,
Estonia) were sown in well-drained 0.5 1 plastic pots filled with 1:1
mixture of quartz and commercial potting soil that included slow-release
essential micro-and macronutrients (Biolan Oy, Kekkila group, Finland).
The plants were cultivated in a plant-growth room conditioned at day/
night temperature of 24/18 °C, an ambient air CO, concentration of
380-400 pmol mol ! and relative humidity of 60-70 % and daylight
intensity of 600 pmol m2 s at plant level supplied for 12 h photoperiod.
The plants were watered to soil field capacity every two days. Three-
month-old plants with fully mature leaves were used in the experiments.

2.2. Insect infestation

Mature O. vulgare plants were infested with GWF by placing them in
a circular arrangement around the point of intersection of squarely ar-
ranged already heavily infested plants in the plant-growth room. To
avoid the accumulation of black sooty mold that can be observed when
the lower leaf surface covered by insect excreta (honeydew) becomes
colonized by fungi, the measurements were conducted after 14 days of
infestation. Preceding the measurements there were only a few first
instar larvae on the lower leaf surface. Sampled upper canopy leaves of
independent plants that hosted a flock of six to eight GWF adults per leaf
were used in the experiments. In total 12 independent plants were used
in the experiments, six non-infested and six infested plants, in which
three infested and three non-infested plants were further subjected to
heat shock treatment.

2.3. Heat shock treatment

Heat shock was applied as described previously (Liu et al., 2020)
with some modifications here. In summary, upper canopy leaves were
firstly enclosed in a polythene bag, to avoid water penetration, and
immediately immersed into distilled water set at a stable temperature of
45 °C using a temperature-controlled water bath (VWR International,
West Chester, Pennsylvania, USA). The treatment time was 5 min, but
the bag was immersed in the medium for 30 s longer to account for the
finite thermal conductivity of the polyethylene bag. The control plants
(infested and non-infested) were treated in the same way, except that the
water bath temperature was 25 °C. The plants were carefully removed
from the polyethylene bag and inserted in the measurement chamber for
foliage gas exchange and volatile measurements in less than 1 min after
the treatment. This experimental set-up was carried out in three repli-
cates each for non-infested and infested plants. All the insects were
removed from the infested plants, including infested control plants,
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before applying the heat shock treatment.
2.4. Gas exchange measurements and volatile sampling

A custom-made open gas exchange system was used to measure the
rate of photosynthesis (Copolovici and Niinemets, 2010 for details of the
measurement system). The system has a temperature-controlled dou-
ble-walled cylindrical glass chamber with stainless steel bottom
designed for trace gas sampling. The temperature of the chamber was
maintained at the desired level by circulating water with the set tem-
perature between the double layers of the chamber. The air temperature
inside the chamber was monitored by a thermistor (NTC thermistor,
model ACC-001, RTI Electronics, Inc., St. Anaheim, CA, USA). The air
was drawn from outside at a constant flow rate of 0.036 1s~*, purified by
passing through a custom-made ozone trap and a charcoal filter, and
humidified to the desired relative humidity using a custom-made hu-
midifier (Copolovici et al., 2012; Copolovici and Niinemets, 2010).
Sampled leaves were enclosed in the glass chamber and a chamber
temperature of 25 °C (leaf temperature = 25 + 1 °C) was established.
The enclosed leaves were illuminated by a light intensity of 600 pmol
m2 57! supplied to the plants using four 50 W halogen lamps installed
right above the chamber. All other envir ] variables in the
chamber were set to correspond to the plant growth conditions (section
2.1). An infrared dual-channel gas analyzer (CIRAS II, PP-systems,
Amesbury, MA, USA) was used to measure the concentrations of HyO
and CO, at the chamber inlet and outlet.

Gas exchange measurements were taken immediately after gas flows
stabilized and foliar gas-exchange rates attained a stable value, typically
in ca. 15—20 min after leaf enclosure. Volatiles were collected concur-
rently with gas exchange measurements. A suction pump (210-1003
MTX, SKC Inc., Houston, TX, USA) operated at a flow rate of 0.2 L min 1
was used to collect 4 L of gas samples onto a stainless steel adsorbent
cartridge filled with three different Carbotrap (Supelco, Bellefonte, PA,
USA) adsorbents for optimum adsorption of C3-C17 volatiles (Kannaste
etal., 2014 for details of cartridges). The measurements were carried out
at 0.5 h, 2.5 h, 5 h, 24 h, and 48 h after the treatments. The measure-
ments in independent control plants were carried out analogously.
Volatiles were also collected regularly from the empty measurement
chamber to estimate background volatile concentrations. Pictures of all
the sampled leaves were taken with a digital camera at 1200 dpi and leaf
surface area was measured with ImageJ 1.8.0 (NIH, Bethesda, Maryland,
USA).

2.5. GS-MS analyses

The adsorbent cartridges were analyzed using a combined Shimadzu
TD20 automated cartridge desorber and Shimadzu 2010 GC-MS system
(Shimadzu Corporation, Kyoto, Japan) following the procedure
described in Kénnaste et al. (2014). The compounds were identified and
quantified using chemical standards (Sigma-Aldrich, St. Louis, MO,
USA) and NIST library ver. 05. Background volatile concentrations in
the empty chamber were subtracted from the concentrations reached
with leaves enclosed. We grouped volatiles based on their metabolic
pathways of synthesis and analyzed qualitative and quantitative changes
as LOX pathway volatiles, terpenoids, benzenoids, fatty acid-derived
compounds (FAD), and geranylgeranyl diphosphate pathway (GGDP)
volatiles (carotenoid breakdown products, Table 1 for the list of com-
pounds). As hexanal can be produced both via LOX pathway and the
pathway forming other saturated aldehydes, but under stress, it pri-
marily comes from LOX pathway (Heiden et al., 2003), hexanal was
considered as the LOX pathway product and all other aliphatic saturated
compounds with more than six carbon atoms as FAD volatiles.

2.6. Data analyses

The A and stomatal conductance to water vapor (g per leaf area

Environmental and Experimental Botany 189 (2021) 104551
were calculated from gas meast according to von
Caemmerer and Farquhar (1981). The VOC emission rates were calcu-
lated according to Niinemets et al. (2011). The effect of heat shock, GWF
infestation and recovery time and their interaction on gas exchange
characteristics and VOC emission rates were tested by using three-way
ANOVA. Means at different time points through stress recovery were
statistically compared using Fisher’s least square difference following
one-way ANOVA. Where necessary, the data used for ANOVA tests were
log-transformed to improve the distribution of variances. The relation-
ships among different VOC groups and gas exchange characteristics in
different treatments were explored using linear regression. The differ-
ences in treatment group volatile blends were explored by principal
component analysis (PCA) after mean-centring and logarithmical data
transformation. The differences in the volatile blends were also explored
by permutational multivariate analysis (PERMANOVA) using the
Bray-Curtis dissimilarity statistic. The data were log-transformed before
PERMANOVA. All statistical tests were considered significant at P <
0.05. All statistical computations and visualizations were conducted
with R ver. 4.2.0 statistical software (R Core Team, 2020).

h

3. Results
3.1. Stress effects on photosynthetic characteristics

In the non-infested control plants, A was stable at a level of 7-9 pmol
m2s?! throughout the experiment (Fig. 1a). At 2.5 h after heat stress
application, the A in the non-infested plants significantly (P <0.01)
decreased to a level of 5.2 + 0.7 pmol m 2 s and remained at that level
throughout the experiment (Fig. 1a). Whitefly effects on A varied among
different time points through the recovery period (P <0.01 for Whitefly
x Time; Table 2). GWF infestation applied alone significantly decreased
A to a level of 4.9 + 1.1 pmol m~2 5™ (P <0.05 compared to control)
through the initial 5 h recovery period (Fig. 1a;). Combined heat shock
and insect infestation significantly decreased A to a level of 2.8 + 0.6
pmol m~2 s (P <0.01 compared to control) through the first 5 h after
treatment (Fig. 1a). At 24 h after treatment, all infested plants, regard-
less of heat stress treatment, had recovered partly, and by the end of the
experiment, they had fully recovered (Fig. 1a).

Stomatal conductance (gs) in the non-infested control plants was at a
stable level of 32—40 mmol m 25, Upon heat shock treatment, g; in the
non-infested control plants immediately increased (P <0.01) and
remained at a high level of 54—72 mmol m~2 s throughout the
experiment (Fig. 1b). Insect infestation alone and combined heat shock
and insect infestation treatment respectively increased g to an elevated
level of 60 + 14 mmol m 2 s and 67 + 9 mmol m~2 s (P <0.01
compared to non-stressed conditions) at 0.5 h after treatment (Fig. 1b).
However, between 2.5-5 h after treatment, g in all the infested plants,
regardless of heat stress treatment, was at the level of g in non-stressed
control plants (Fig. 1b). The g, subsequently increased with time of re-
covery, reaching a level of 70 + 23 mmol m~2s™! in infested plants not
treated with heat and a level of 101 + 8 mmol m 2 s (P < 0.01
compared to control) in heat-treated infested plants (Fig. 1b).

3.2. Emission of lipoxygenase pathway products and long-chained fatty
acid-derived volatiles

LOX product emissions were at a very low level of 0.021-0.062 nmol
m 2 s in non-infested control plants (Fig. 2a; Table 1). Upon heat
shock, LOX emissions in non-infested plants strongly increased (P
<0.01) to alevel of 2.66 + 0.16 nmol m 25! and remained high through
the recovery period (Fig. 2a; Table 1). No LOX emissions were detected
in plants treated with only GWF feeding (Fig. 2a). The interaction be-
tween heat shock and whitefly infestation was significant for LOX
emissions (P < 0.01, Table 2). LOX emissions in the combined heat and
whitefly-stressed plants declined from control level to below the level of
detection at 24 h and 48 h after treatment (Fig. 2a). Baseline emissions of
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Table 1

Average + SE emission rates (nmol m 2 s™) of volatile organic emitted by ts d (Control, n = 3), heat-stressed (Heat, n = 3), Trialeurodes
vaporariorum-infested (Whiteflies, n = 3) and heat-stressed T. vaporariorum-infested (Whiteflies -+ Heat, n = 3) Origanum vulgare leaves at 0.5 h, 2.5 h, 5h, 24 h and 48 h
recovery interval. N.D refers to not detectable.

2

05h 25h 5h
Control  Heat  Whiteflies  Whiteflies ~ Control  Heat  Whiteflies  Whiteflies ~ Control  Heat  Whiteflies  Whiteflies
+ Heat + Heat + Heat
LOX pathway compounds
1 Pentanal 0003+ N.D. N.D. N.D. 0003+ N.D. N.D. N.D. 0002  N.D.  N.D. N.D.
0.003 0.003 +
0.001
2 Hexanal 001+ 115 ND 009+ 0004+ 018+ ND 0.04 = 0010 002+ ND 0.0002 +
0.01 + 0.09 0004 018 0.02 + 0.02 0.0002
092 0.006
3 1-Hexanol 0008+ 171 ND N.D 0001+ 375+ ND N.D 0001 150 N.D N.D
0008 0001 375 + £1.50
171 0.001
4 (E)-3-Hexen-1-o0l 0.0019 N.D N.D N.D 0.001 + 0.23 + N.D N.D 0.001 0.15 + N.D N.D
+ 0001 020 + 0.15
0.0010 0.001
Long-chained fatty acid-derived compounds
5 Heptanal 0.015 + 0.41 N.D 0.069 + 0.007 £ N.D 0.06 + N.D 0.014 N.D 0.10 = N.D
0003 0.039 0.005 0.06 + 010
031 0.007
6  2Ethylhexanol  N.D 006 ND 027 + N.D 039+  0.09:+ N.D N.D 035+ 235+ 052+
+ 0.07 030 0.05 0.35 116 0.52
0.06
7 1-Octanol 0.020 = N.D N.D N.D 0.011 £ N.D N.D N.D 0.01 + N.D N.D N.D
0.002 0.003 0.003
8 1-Nonanol 0.009 + N.D N.D N.D 0.002 + N.D N.D N.D 0.009 N.D N.D N.D
0.009 0.002 +
0.009
Terpenoids
9 Isoprene N.D ND  ND 005+ N.D 035+ 017+ 013+ N.D 0020 0136+ 005+
0.05 022 047 013 + 0136 0.05
0.029
Monoterpenes
10 «-Thujene N.D 090 0004+  ND N.D 1474 014+ N.D N.D N.D 013+ N.D
= 0.004 075 0.04 0.02
0.20
11 a-sabinene N.D 0.47 N.D N.D N.D 0.59 + N.D N.D N.D 0.52 + N.D N.D
+ 032 0.49
0.35
12 «pinene 001+ 051 012+ 0.045 + 0007+ 031+ 064+ 0042 + 012+ 03+ 054+ 0037 +
0004 0.01 0.004 0001 009 007 0.03 0003 0.08 0.06 0.006
0.01
13 Camphene N.D N.D N.D N.D N.D 0.011 0.04 + N.D N.D 0.03 + 0.038 + N.D
+ 0.02 0.03 0013
0.006
14 «-Ocimene N.D 016 0002+  ND N.D 044+ ND N.D N.D 165+ 0045+  ND
+ 0.002 0.33 1.31 0.045
0.15
15 (E)-p-Ocimene N.D 2.69 1.51 £ 0.07 = N.D 6.83 = 1.67 £ 0.04 = N.D 11.43 1.78 = 0.037 +
+ 0.88 0018 267 119 0.002 £538 124 0.001
1.05
16 3-Carene 0007+ 011 ND 0017 + 00005 011+ 018+ 0.006 + 0001 0062 024 0.0038 +
0.004 + 0.009 + 0.07 0.09 0.006 + +0.02 0.098 0.0031
0.07 0.0002 0.006
17 4-Carene N.D 0.54 N.D N.D N.D 0.62 + N.D N.D N.D 0.55 + N.D N.D
+ 036 0.09
0.22
18 Limonene 00003 053 ND 0015 + 0001+ 046+ 0032+  ND 0002 021+ 0036+  ND
+ + 0.015 0.001 0.27 0.019 + 0.21 0.019
00003 023 0.002
19 a-Phellandrene N.D 0.07 N.D N.D N.D 0.25 + 0.25 + N.D N.D 0.179 0.067 + N.D
+ 017 017 £013 0,067
0.06
20 Carvacrol N.D 037  ND 0.041 + ND 043+  0.03:+ 0.009 N.D 0014 00005+  ND
+ 0.041 032 0.03 0.009 + 0.00005
035 0.014
21 Terpinolene N.D 0.11 N.D N.D N.D 0.21 + 0.03 + 0.0001 + N.D 0.176 N.D N.D
+ 021 0.03 0.0001 +
011 0176
22 a-Terpinene N.D 033 ND N.D N.D 032+ 007+ N.D N.D 0376 003+ N.D
+ 028 0.07 £020 003
0.24
23 y-Terpinene N.D N.D N.D N.D N.D N.D N.D

(continued on next page)
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Table 1 (continued)

05h 25h 5h
Control Heat Whiteflies ~ Whiteflies Control Heat Whiteflies ~ Whiteflies Control ~ Heat Whiteflies ~ Whiteflies
+ Heat + Heat + Heat
1.59 145+ 017+ 144+ 0260+
+ 078 0.05 0.89 0.09
085
24 p-Myrcene N.D N.D N.D N.D N.D 0.75 = N.D N.D N.D 0.868 N.D N.D
054 £085
25 Thymol N.D 0.22 N.D N.D N.D 0.12 = N.D N.D N.D N.D N.D N.D
+ 0.06
0.19
26 p-Cymene N.D 003 011+ N.D N.D 006+ N.D N.D N.D N.D N.D N.D
+ 0.09 0.06
0.01
Sesquiterpenes
e 018 005+ 0.036
27 a-Bisabolene N.D + N.D ND N.D 0.02 N.D N.D ND = ND N.D
0.019
0.18
Benzenoids
004x 002 0039 + 0.02% 0.08 = 0082 + 0026 o314
28 Benzaldehyde + N.D N.D + N.D N.D
0.02 002 0.039 0.01 0.01 0015 o009 006
091
0029 + 048 + 005+ 074+ 080+ 001+ 134+
29 Toluene 0.029 ;sg ND 036 0.03 03 NP 071 0.01 0.84 ND ND
Geranylgeranyl diphosphate pathway products
30 6-Methyl-5- 0.06 + 228 N.D 0.21 + 0.007 + 0.30 = 0.68 + 0.027 + (3:045 0.56 + 2.69 = 0.159 +
heptene-2-one 001 L4 010 0007 030 034 0.027 o023 056 2,024 0108
020+ 08 002+ 020+ 043+ 002+ 0215 0387+
31 Geranylacetone 0.01 ;47 N.D N.D 0.01 0.06 0.43 N.D 0.01 4020 0.14 N.D
24h 48h
Control Heat Whiteflies  Whiteflies + Control Heat Whiteflies  Whiteflies +
Heat Heat
Lipoxygenase pathway compounds
Pentanal 0.002 + N.D. N.D. N.D. 0.004 £ 0004  N.D. N.D. N.D.
0.001
2 Hexanal 0.001 + 1.23£062 N.D ND 0.004£0004 0.08+008 ND N.D
0.001
3 1-Hexanol 0.034 + 118+118  ND N.D 000140001 132£132 ND N.D
0.034
4 (B)-3-Hexen-l-ol 0194019 0018+ N.D N.D 0.0003 = N.D N.D N.D
0.010 0.0003
Long-chained fatty acid-derived compounds
5 Heptanal 0.015 + N.D N.D N.D 0.012 + 0.012 N.D N.D N.D
0.007
6 2-Ethyl-hexanal N.D N.D N.D N.D N.D 2.33 +1.38 N.D N.D
7 1-Octanol 0.020 + N.D N.D N.D 0.010 + 0.003 N.D N.D N.D
0.003
8  1-Nonanol 0.009 + N.D N.D N.D 0008 +0.008 N.D N.D ND
0.009
Terpenoids
9 Isoprene N.D N.D N.D 0.16 + 0.16 N.D N.D N.D 1.17 + 0.63
Monoterpenes
10 a-Thujene N.D N.D 0.008 + N.D N.D N.D 0.12 +0.12 N.D
0.008
11 aesabinene N.D 0144007 ND N.D N.D N.D N.D N.D
12 aPinene 0.007 + 0026+001 076+022  0.034 +0.007 0.03 +0.02 0130 + 0394004  0.097 +0.03
0.002 0.015
13 Camphene N.D N.D N.D N.D N.D N.D N.D N.D
14 «-Ocimene N.D 0.04 + 0.04 N.D N.D N.D N.D N.D N.D
15 (B)}f-Ocimene N.D 1504046 150046  0.0550.015 N.D 0514023 ND N.D
16 3-Carene 0.001 + 0019 + N.D N.D 0001 £0.001  0.065+ N.D 0.074 + 0.043
0.001 0.009 0.058
17 4-Carene N.D 0.326 + 0.27 N.D N.D N.D N.D N.D N.D
18 Limonene 0.001 + 0.017 + N.D N.D 0.001 + 0.001 N.D N.D N.D
0.001 0013
19 a-Phellandrene N.D N.D N.D N.D N.D N.D N.D N.D
20 Carvacrol N.D 0.020 + N.D N.D N.D N.D N.D N.D
0.014
21 Terpinolene N.D N.D N.D N.D N.D N.D N.D N.D
22 a-Terpinene N.D N.D N.D N.D N.D N.D N.D N.D
23 y-Terpinene N.D 0224010 0167 +014 ND N.D N.D

(continued on next page)
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Table 1 (continued)

24h 48h
Control Heat Whiteflies Whiteflies + Control Heat Whiteflies Whiteflies +
Heat Heat
0.067 + 0.010 +
0.040 0.005
24 o-Myrcene N.D 0.05+002 ND N.D N.D 0234011 ND N.D
25  Thymol N.D N.D N.D N.D N.D N.D N.D N.D
26  p-Cymene N.D N.D N.D N.D N.D N.D N.D N.D
27  Sesquiterpenes N.D N.D N.D N.D N.D N.D N.D N.D
a-Bisabolene
Benzenoids
28 Benzaldehyde 0.007 + N.D N.D N.D 0.009 + 0.006 0.17 +£ 0.17 N.D 0.20 + 0.06
0.007
29 Toluene 0.01+001  092+013 ND N.D 0.003 +0.003  0.23+023 N.D 1.45 + 0.12
i pathway
30.  6-Methyl-5-heptene-2-  0.037 + 0184011 0139+ N.D 0.039+0039 1384105 016+016  N.D
one 0.027 0.139
31 Geranylacetone N.D 0.23 +0.19 0.68 + 0.39 N.D N.D 1.18 £ 0.73 0.14 +0.12 N.D
12 Fig. 1. Changes in net assimilation rate (a) and
(a) Control (b)| stomatal conductance to water vapor (b) in
1201 g Feat mature leaves of Origanum vulgare in non-
10 l Wh!tefl!es * ++ | stressed leaves (control), heat shock-stressed
| W Whiteflies + Heat * leaves (heat), Trialeurodes vaporariorum infes-
o 1 g 100 ted leaves (whiteflies) and combined heat
E ,T'\ 8 1 E ,T'\ shock-treated and T. vaporariorum-infested
g Nw g Nw 801 | + (heat + whiteflies) leaves, from treatment
l‘; ‘E % . T ‘E through recovery (0 h corresponds to the
£ 5 6 * [ 8 S application of heat shock or control treatment).
3 £ 5 £ 60 Heat shock treatment was applied by immer-
6 = . T E sion the leaves in 45 °C water for 5 min. Both
i 4 . g = non-heat-stressed control and insect-infested
z i 7] 40 control leaves were treated by immersion in
[ 25 °C water for 5 min. Infested plants were
2 20 colonized by T. vaporariorum for 14 days until
measurement and each leaf was colonized by
ca. six T. vaporariorum adult insects. The insects
| oA | ] | | were removed from all the infested plants
05 25 5 24 48 05 25 5 24 48 before heat application. Each data point is the
Recovery time (h) Recovery time (h) mean (+ SE) of three independent plant repli-

cates measured at different recovery times after
heat application. Means were compared by least
ignifi i test ing one-way
ANOVA test. Significant differences between
control and stress-treated plants at different recovery interval are shown as: *P < 0.05, **P < 0.01, and *** P < 0.001.

Table 2

Summary of three-way ANOVA for the effects of heat treatment (n = 6), whiteflies infestation, (n = 6), and recovery time (0.5 h, 2.5 h, 5 h, 24 h, 48 h) and their
interaction on gas exchange characteristics (net assimilation rate, A; stomatal conductance to water vapor, g;) and volatile organic compounds (lipoxygenase pathway
compounds, LOX; monoterpene, MT; benzenoid, BZ; long-chained fatty-acid derived ds, FAD; ger diphosphate pathway products, GGDP) emission
rates in Origanum vulgare leaves. Significant values are shown in bold and italic (P < 0.05).

Heat Whiteflies Time Heat x Whiteflies Heat x Time Whitefly x Time Heat x Whiteflies x Time
1a F 10.75 15.92 10.95 3.71 2.31 24.10 2.40
P <0.01 <0.01 <0.01 0.05 0.13 <0.01 <0.12
24 F 9.68 5.14 5.13 1.26 0.41 10.44 0.84
P <0.01 0.03 0.03 0.26 0.52 <0.01 0.36
3 LOX F 20.37 20.38 0.13 19.15 0.16 0.06 0.08
P <0.01 <0.01 0.72 <0.01 0.69 0.80 0.77
4 MT F 24.51 15.72 24.46 189.12 4.66 3.37 24.90
P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
5 BZ F 36.77 230 0.06 0.69 0.11 3.70 3.39
P <0.01 0.13 0.80 0.41 0.74 0.05 0.07
6 FAD F 1.40 0.90 0.17 7.93 3.71 6.92 1.23
P 0.24 0.34 0.67 <0.01 0.05 0.01 0.27
F 0.41 0.00 0.07 23.63 0.14 0.96 0.05
7 GGop P 0.52 0.97 0.79 <0.01 0.70 0.33 0.81
6
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Control
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Whiteflies

¢ Lox

Whiteflies + Heat | ««

Fig. 2. Emission of total lipoxygenase
(b) pathway compounds (LOX, a) and long-
chained fatty acid-derived compounds
(FAD, b) from leaves of non-treated
(control), heat shock-treated (heat),
Tri vaporari infested
(whiteflies), and combined heat shock-
treated and T. vaporariorum-infested
o (whiteflies + heat) plants during re-
¥ covery (0 h corresponds to the heat
O shock or control treatment, Fig. 1 for
the details of experimental treatment
and measurement conditions). Statisti-
cal analysis and data presentation as in

1 Fig. 1.
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FAD were at the level of 0.06 + 0.01 nmol m 2 s in the non-infested
control plants (Fig. 2b). Heat shock applied alone significantly
increased (P <0.05) FAD emissions to level of 0.60 = 0.14 nmol m 2 s
through 0.5-2.5 h after treatment (Fig. 2b). At 5 h and 24 h after heat
shock application, FAD emissions were not detected; however, at 48 h
after heat treatment, FAD emissions rose again at a level of 2.32 + 1.38
nmol m~2 s\, Whitefly infestation applied alone reduced FAD emissions
to below the level of detection, although a pronounced emission of FAD
at a level of 2.35 + 1.16 nmol m 2 s (P < 0.01 compared to non-
stressed plants) was observed at 5 h after stress treatment (Fig. 2b).
The interaction between heat stress and whitefly infestation was sig-
nificant (P < 0.01, Table 2) for FAD as the emissi were

5 24 48

Recovery time (h)

for whitefly infestation) monoterpene emissions throughout the recov-
ery period (Fig. 3a). However, combined stress treatment kept mono-
terpene emissions at control level throughout the recovery period (P >
0.05 compared to control level, Fig. 3a). The increase in monoterpene
emissions by single stress treatments was more pronounced in the first 5
h after treatment, especially in the heat-stressed non-infested plants
where the emission reached the maximum value of 18.4 + 9.5 nmol m?
s (P < 0.01 compared to control plants) at that recovery interval
(Fig. 3a; Table 2). Also, stress marker (E)-f-ocimene emissions in the
heat-treated non-infested plants were elicited to a larger degree in the
first 5 h after treatment, whereas elicited to a relatively lower degree

b 1y (Fig. 3b). In the first 5 h, (E)-p-ocimene emissions in the

only detected at 0.5—5 h after combined stress treatment at an elevated
level of 0.27 + 0.07 nmol m 2 s (P < 0.01 in comparison with control
plants, Fig. 2b).

3.3. Emission of terpenoid

Total monoterpene emission rate was 0.020 + 0.008 nmol m 25! in
non-stressed control plants (Fig. 3a). Both heat stress and whitefly
feeding when applied alone increased (P < 0.01 for heat stress; P < 0.05

exclusive whitefly-treated plants were lower than in exclusive heat-
treated plants but higher than in heat-treated infested plants (Fig. 3b).
However, at the end of the recovery period, (E)-p-ocimene emissions
were not detected in both heat-treated infested plants and infested
plants not treated with heat (Fig. 3b).

In addition to monoterpene, sesquiterpene emissions were observed
at an invariable level of 0.040 + 0.01 nmol m 25! through 0.5-5 h after
subjecting non-infested plants to heat shock; thereafter the emissions
were not detected (Table 1). Isoprene emissions were also observed

30 @ ® C |
1 o ontrol
Heat 20
Whiteflies
254 Whiteflies + Heat
. 16
37 50l S =
e k:
3E 237
S G 154 - o 2
= £ 3
8 =
104
ol | . e 4
il
oL Pl i [ P
05 25 24 48 05 25 5 24 48

Recovery time (h)

Recovery time (h)

Fig. 3. Total emission of monoterpenes (a) and (E)-p-ocimene (b) from leaves of non-treated (control), heat shock-treated (heat), Trialeurodes vaporariorum-infested
(whiteflies) and combined T. vaporariorum feeding- and heat shock-treated (whiteflies + heat) plants during recovery. The heat shock and control treatments were
applied at 0 h. Description of experimental treatment and measurement conditions, statistical analysis and data presentation as in Fig. 1.
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through the first 5 h after treatment at a level of 0.23 + 0.15 nmol m~2 s~
L in plants treated with heat alone and at a level of 0.19 + 0.11 nmol m ™2
stin plants treated with GWF infestation alone (Table 1). In combined-
stressed plants, isoprene emissions were observed immediately after
treatment at a level of 0.056 + 0.056 nmol m 25! and remained at that
level until at 48 h when the emissions elevated to a level of 1.76 + 0.13
nmol m~2 s (Table 1).

3.4. Benzenoid emissions

Two b id comp ds (b ldehyde and toluene) were
detected in the emissions from O. vulgare. Benzenoid emission was 0.05
+0.01 nmol m 25! in non-stressed plants (Fig. 4). Heat shock increased
(P <0.01) benzenoid emissions in non-infested plants throughout the
recovery period (Fig. 4). The emission rates reached the highest level
(1.91 + 0.6 nmol m~2s!) at 5 h after heat treatment (Fig. 4). Benzenoid
emissions were not detected in the plants treated with only whitefly
infestation (Table 1). Heat-treated infested plants emitted benzenoid at
an elevated level of 0.95 + 0.35 nmol m 25! (P < 0.01 in comparison
with control plants) through the first 2.5 h after treatment (Fig. 4). The
emission fell below the detection threshold at 5 h and 24 h after the
combined treatment but rose again at 48 h at a significant level of 1.66 +
0.18 nmol m~2 51 (Fig. 4). Toluene emission rate was positively corre-
lated (r = 0.78, P <0.01) with that of benzaldehyde in heat-treated
infested plants.

3.5. Emission of geranylgeranyl diphosphate pathway volatiles

Baseline emissions of GGDP compounds ranged between 0.03—0.07
nmol m~2 s (Table 1). Heat shock applied alone rapidly increased (P <
0.01) GGDP compounds emissions in non-infested plants throughout the
recovery period (Fig. 5). GGDP volatile emissions in the plants subjected
to only GWF infestation started at 2.5 h at an elevated level (P < 0.01
compared to non-stressed level) and remained high throughout the re-
covery period (Fig. 5). GGDP volatile emissions in the combined stress-
treated plants were somewhat enhanced relative to non-stressed plants
between 0.5-5 h, nevertheless much less than single stress-treated
plants (Fig. 5).

3.6. Changes in the bouquet of volatiles

The composition of Volatiles in the control plants remained

Environmental and Experimental Botany 189 (2021) 104551

indistinguishable throughout the experiment (PERMANOVA, P = 0.65;
Bray-Curtis R = 0.23). All the stress treatments influenced the Volatile
blends, according to PCA (Fig. 6b) and PERMANOVA (P <0.01 in
comparison to control) analyses. Volatile blends in the single-stressed
plants were also different for every 24 h interval (PERMANOVA; P
<0.05). VOC bouquet in infested plants, regardless of heat treatment,
was similar to the VOC blend in non-stressed plants at the later stages of
recovery (Fig. 6a, PERMANOVA; P >0.05). LOX and monoterpenes were
associated with exclusive heat treatment (Fig. 6b). GGDP compounds
were associated with only single-stressed plants (Fig. 6b).

3.7. Correlation among the emissions of different volatile groups and gas-
exchange characteristics

Total emissions of monoterpene compounds correlated positively
with total emissions of LOX and benzenoid compounds in the plants
subjected to only heat stress (Fig. 7a, b). Monoterpene emissions
strongly scaled negatively with A in the plant subjected to only GWF
infestation, however, in the heat-stressed infested plants, the negative
correlation was weak (Fig. 7c). GGDP emissions correlated negatively
with A in the infested plants not treated with heat (2.5-48 h; r = -0.8, P
=0.26).

4. Discussion
4.1. Heat stress effects on photosynthetic characteristics

Heat stress can affect A and g differently, ranging from inhibition to
even stimulation (Hueve et al., 2011; Kerchev et al., 2012; Urban et al.,
2017), reflecting the differences in stress severity with mild stress hav-
ing minor effects and severe heat stress having major negative effects
(Kask et al., 2016; Pazouki et al., 2016; Urban et al., 2017). In our study,
heat shock applied alone moderately decreased photosynthesis rate and
increased stomatal openness in O. vulgare (Fig. 1a, b), in agreement with
moderately heat-stressed Pinus taeda (Urban et al., 2017), Populus del-
toides (Urban et al., 2017) and S. lycopersicum (Pazouki et al., 2016). As
& was enhanced, the decrease in A can be primarily attributed to
non-stomatal inhibition such as thermal damage of photosynthetic
electron transport and Rubisco activity as reported in other studies
(Demirevska-Kepova et al., 2005; Salvucci and Crafts-Brandner, 2004).
Nevertheless, under extreme heat stress, a progressive decline in
photosynthesis can occur during recovery, indicating induction of a

25

Control

eal
Whiteflies
Whiteflies + Heat

N N N
=) o =)

2 1
 Benzenoigs (NMOIM™~s™")

o
[
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0o 0.5 25 5 24 48

Recovery time (h)

Fig. 4. Total emission of benzenoids from leaves of non-treated (control), heat shock-treated (heat), Triale des 0}

ap infested (1 ) and combined T.

vaporariorum feeding- and heat shock-treated (whiteflies + heat) plants during recovery. The heat and control treatments were applied at 0 h (Fig. 1 for the details of

experimental and

conditions). Statistical analysis and data presentation as in Fig. 1.
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Fig. 5. Total emission of geranylger-
anyl diphosphate pathway (GGDP)
compounds from leaves of non-treated
(control), heat shock-treated (heat),
Trial vaporariorum-i
(whiteflies), and combined
T. vaporariorum feeding- and heat
* shock-treated (whiteflies + heat) plants
during recovery (0 h corresponds to the
application of heat shock or control
treatment, Fig. 1 for the details of
experimental and measurement condi-
tions). Statistical analysis and data pre-
sentation as in Fig. 1.
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Fig. 6. Loading (b) and score plot (a) derived
from principal component analysis (PCA) based
on the time-course of emitted volatiles for non-
stressed control (C), heat shock-treated (H),
Trialeurodes vaporariorum-infested (W), and
combined T. vaporariorum feeding- and heat
shock-treated plants. Each symbol in the score
plot represents the average of three indepen-
dent biological replicates. Numbers after the
treatment codes in the score plot indicate the
different days of volatile measurements as fol-
lows: 1: 0.5-5 h (day 1); 24: 24 h, (day 2); and
48: 48 h, (day 3). In the loading plot, each
number represents a unique volatile compound
ordered as: 1. pentanal; 2. hexanal; 3. 1-hexanol
4. (E)-3 -hexen-1-ol; 5. heptanal; 6. 2-ethylhex-

Eg
E@E

®

(z2)

-2 0 2 4
PCA factor score 1 (60%)

-0.1

0.0

" PCA factor loading 1 (60%)

anol; 7. 1-octanol; 8. 1-nonanol; 9. isoprene; 9.
toluene; 10. o-thujene; 11. a-sabinene; 12.
a-pinene; 13. camphene; 14. a-ocimene; 15. (E)-
p-ocimene; 16; 3-carene; 17. 4-carene; 18.
limonene; 19. a-phellandrene; 20. carvacrol;
21. terpinolene; 22. o-terpinene 23. y- terpi-

0.1 0.2

nene; 24. p-myrcene; 25. thymol; 26. p-cymene; 27. a-bisabolene; 28. benzaldehyde; 29. toluene; 30. geranyl acetone; 31. 6-methyl-5-hepten-2-one. The contribution
of each emitted compound increases with increasing the distance from the origin of the coordinate system. Experimental condition as described in Fig. 1.

programmed cell death-like process (Hueve et al., 2011; Balfagon et al.,
2019). In our study, the photosynthesis rate did not decrease in time,
indicating that the applied stress was not lethal and the leaves main-
tained physiological activity through the experimental period. Mainte-
nance of physiological activity was aided by the increase in g; that partly
compensated for the inhibition of biochemical limitations of photosyn-
thesis (Fig. 1b). Such a positive response of heat stress on g can occur in
well-watered plants and can play an important role in the field by
reducing extreme surface leaf temperature due to enhanced evaporative
cooling (Crawford et al., 2012; Urban et al., 2017).

4.2. Insect feeding and combined insect feeding and heat stress treatment
effects on photosynthesis

Herbivore feeding on specialized foliar tissues has a profound effect
on photosynthetic characteristics (Trumble et al., 1993; Nabity et al.,
2009). Our results showed that regardless of heat shock treatment, gas
exchange characteristics in infested plants followed a similar trend
(Fig. 1a, b). In exclusive GWF-stressed plants, A was reduced and g; was
somewhat enhanced at the beginning of the experiment, followed by a
reduction in g at 2.5 h and a further increase from 5 h until stabilization

at 24 h (Fig. 1a, b). Thus this suggests that the first 5 h measurement
period, together with the time taken to remove to insects and subject the
plants to the same treatment as control plants, i.e. submerging in water
at 25 °C, while the leaves were enclosed in a bag and did not have direct
contact with water, was sufficient to seal the wounds and start the repair
of the conductive network. The recovery in A between 5-48 h was
paralleled by increases in g (Fig. 1a, b), suggesting that the mechanism
is plausible. However, there was a mismatch between high g; and low A
at 0.5 and 2.5 h (Fig. 1a, b). The high g values at these measurement
intervals might be indicative of evaporation from the damaged leaf lo-
cations rather than transpiration through stomata. Such an artificial
increase in g; is often the case in leaf herbivory and mechanical damage,
although turgor loss in cells surrounding the stomata can also cause
enhanced stomatal water loss (Rasulov et al., 2019; Jiang et al., 2020).

Initially, A was strongly reduced in heat-treated infested plants
(Fig. 1a). This indicates an additive effect of the interaction of the
already low photosynthesis rate due to the GWF feeding and the
superimposed heat stress. However, differently from photosynthesis in
exclusively heat-stressed plants, plants subjected to combined GWF
infestation and heat stress recovered to a greater degree (Fig. 1a). This
suggests that the GWF treatment enhanced the plant recovery capacity,
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() terpenes emission and LOX compounds

. emission (a), benzenoids emission (b)
: and changes in net assimilation rate (c)
in leaves of non-treated (control), heat
shock-treated (heat), Trialeurodes vapor-
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and Cocroft, 2014). However, in the current study, constitutive level
LOX i were suppressed in the infested plants (Fig. 2a). In-

that insect feeding rendered the plants more tolerant to heat stress
(Section 4.2 - 4.3). As with the infested plants not treated with heat, the
recovery was partly associated with increases in g and improved CO2
availability for Rubisco. Nevertheless, the improved capacity was asso-
ciated also with the elimination of heat stress-caused non-stomatal
limitations, which were not completely overcome in the case of
non-infested heat-stressed plants.

4.3. Insect feeding inhibits heat stress-inducible emissions of lipoxygenase
pathway products and long-chained fatty acid-derived compounds

The lipoxygenases are constitutively active in the foliage of plants
and provided there is the substrate, i.e. polyunsaturated fatty acid, these
quickly up late LOX upon any severe stress that
results in membrane-level damages (Feussner and Wasternack, 2002;
Heiden et al., 2003; Andreou and Feussner, 2009). The released LOX
compounds signal the presence of severe stress in affected plants (Jansen
et al., 2009; Maccarrone et al., 1992; Niinemets et al., 2013). The rapid
heat-enhanced LOX emission in O. vulgare (Fig. 2a) is consistent with
previous observations (e.g., Joo et al., 2011; Copolovici et al., 2012;
Kask et al., 2016). Heat stress-induced LOX emission is considered an
indicator of cellular damage and generation of an oxidative burst
(Copolovici et al., 2011; Niinemets et al., 2013; Kanagendran et al.,
2018; Turan et al., 2019). If so, the persistent release of LOX volatiles at
a high level from the heat-stressed O. vulgare suggested that heat shock
resulted in a sustained increase in the level of ROS. Severe abiotic stress
response often leads to a multiphasic LOX emission response, with a
rapid emission burst, between 0.5—5 h, directly associated with the
applied stress and with one or several long-term components, between
12-48 h, possibly reflecting an endogenous rise of ROS due to increased
membrane permeability (Hueve et al., 2011; Jiang et al., 2017; Li et al.,
2017; Jiang et al., 2020). Due to the time resolution of the experiment,
we cannot discriminate between these different emission bursts, but it is
plausible the high LOX emission responses reflect these later-developing
emission bursts.

Unlike leaf-chewers or even aphid that punctures several feeding
sites (Copolovici et al., 2011, 2014; Li et al., 2014). GWF feeding exerts
very localized damage on plants (Walling, 2008) such that responses are
specific to the damaged/infested sites, thus overall defense response
including LOX emission would remain low (Holopainen, 2011; Appel

vestigations on gene expression levels may elucidate how GWF sup-
pressed LOX emissions in O. vulgare. Thus, we suggest that LOX
emissions may not reflect stress severity in GWF-stressed O. vulgare.

In the infested plants subjected to heat shock, LOX emissions were at
avery low level between 0.5—5 h (Fig. 2a), this indicates that the impact
of heat stress on the infested plants was less, and the boosted recovery
suggests that GWF feeding improved innate thermal resistance. It is
unclear how whitefly infestation improved resilience to heat stress.
Nevertheless, exposure to biotic stress can induce the accumulation of
certain signaling protein or transcription factors (Bruce et al., 2007;
Béurle, 2018) that can protect cells during subsequent oxidative stress
(Galis et al., 2009; Sasidharan et al., 2011; Brilli et al., 2019), thereby
improving resistance and enhancing recovery (Vacca et al., 2004; Suzuki
and Mittler, 2006; Velikova et al., 2011).

The emissions of FAD compounds above basal level have been linked
to the activation of LOX pathway activities (Hu et al., 2009, 2011).
Stress can induce the accumulation of saturated aldehydes/alcohols,
formed from the reaction of ROS with protein and lipid (Sunkar et al.,
2003; Mano et al., 2019). The accumulation of FAD can escalate ROS
damage in the chloroplast (Sunkar et al., 2003; Stiti et al., 2011). The
release of these compounds is thought of as a detoxification mechanism
that stressed plants use to lessen the excessive accumulation of FAD
toxicity and the resulting oxidative stress (Sunkar et al., 2003; Mano
et al., 2019). Thus, the release of FAD compounds in the current study
(Fig. 2b), may reflect this phenomenon.

4.4. Insect infestation decreases heat stress-inducible emissions of
terpenoids, including stress marker f-ocimene

Origanum vulgare accumulates monoterpenes and sesquiterpenes in
glandular trichomes (Carroll et al., 2017; Agliassa and Maffei, 2018;
Baraldi et al., 2019), but when the leaves are not damaged, it is a
low-level constitutive monoterpene emitter (Baraldi et al., 2019) as
supported by our results (Fig. 3a), and in our study, it only emitted
sesquiterpenes when heat treatment was applied alone (Table 1). The
rapid high emissions of terpenoids and the positive scaling of mono-
terpenes with LOX emissions in heat shock-treated non-infested plants
(Fig. 7a) reflect rapid de novo synthesis of isoprenoids, thus suggesting
the quick channeling of MEP/DOXP pathway metabolites from essential
isoprenoid synthesis towards volatile isoprenoid synthesis (Owen and
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Penuelas, 2005 for review). Rapid induction of terpenoid (mono- and
sesquiterpenes) emission by extreme temperature is consistent with
previous studies (e.g., Copolovici et al., 2012; Kask et al., 2016; Liu
et al., 2020) and can play a protective role against thermal stress by
quenching ROS in the mesophyll and increasing the thermostability of
the thylakoid membrane (Loreto et al., 1998; Harrison et al., 2013;
Faralli et al., 2020), thus providing certain protection to photosynthetic
processes (Foyer, 2018). Both monoterpene and sesquiterpenes emis-
sions can emanate from either the storage pool or de novo synthesis. In
the case of de novo synthesis, the biosynthesis for sesquiterpenes occurs
via MVA pathway in the cytosol and via MEP/DOXP pathway in plastids
for monoterpenes (Memari et al., 2013; Niinemets et al., 2013; Tholl,
2015), although stress-elicited sesquiterpenes emission can also occur in
plastids (Dudareva et al., 2005; Sallaud et al., 2009).

Terpenoid synthase is regulated at the upstream by JA signaling
pathway (Eberl et al., 2018; Xu et al., 2016). Whitefly-feeding triggers
less accumulation of JA-dependent defenses (Moran and Thompson,
2001; Zarate et al., 2007), which may explain the moderate enhance-
ment of monoterpene emissions in the exclusive GWF-stressed plants in
our study. The negative scaling of A with monoterpenes emissions in the
infested plants (Fig. 7c) suggests that monoterpenes likely mediated in
the repair of network conductivity by eliminating herbivore
wounding-generated oxidative stress. On the other hand, the low
terpenoid emissions in heat-stressed infested plants, at least compared to
that in heat-stressed non-infested plants, reflects low stress-related de-
mand for essential isoprenoids (Fig. 3a). Biotic stresses that primarily
elicit SA-dependent responses can reduce abiotic stress-inducible
terpenoid emissions by reducing the induction of transcriptional
terpene synthases (Eberl et al., 2018).

The emission of -ocimene is common in stressed plants, particularly
in herbivory and heat-stressed plants, and is quantitatively associated
with stress severity (Jansen et al., 2009; Copolovici et al., 2011, 2012;
Liu et al., 2020; Staudt et al., 2010). In our study, the elicitation of
(E)-p-ocimene was in comparison high in heat-stressed plants, moderate
in GWF-stressed plants, and very low in combined heat and
whitefly-stressed plants (Fig. 3b). This indicates that plants exposed to
heat shock alone were more stressed followed by the plants exposed to
GWF feeding alone. Nevertheless, (E)-p-ocimene is the primary mono-
terpene compound elicited by all the stress treatments (Fig. 3a, b).
Several experiments have shown that (E)-p-ocimene dominates
phloem-feeding-induced monoterpene emissions (e.g., Kigathi et al.,
2019; Staudt et al., 2010) and have been demonstrated to be more toxic
to herbivores than SA-regulated emissions (Zhang et al., 2009, 2013).
The elicitation of isoprene emission can also reflect stress severity
(Niinemets et al., 2010a,b, 2013; Sharkey et al., 2008). However, we
observed very low isoprene emissions (Table 1) compared to other
emitter species (Vickers et al., 2011, 2009; Monson et al., 2013), thus
not related to the degree of stress. Such emission can reflect either
non-enzymatic formation of isoprene due to rapid fluctuations in the pH
of the chloroplast (Brilli et al, 2011; Turan et al, 2019) or
multi-substrate terpene synthases, i.e., isoprene was formed as a side
product of induced- monoterpene synthases (Pazouki and Niinemets,
2016). Nevertheless, enhanced terpene emissions in plants have been
linked to elevation in terpene synthase gene expressions (Navia-Giné
et al., 2009; Eberl et al., 2018). Thus collectively, our data suggest that
heat stress and GWF feeding applied separately induced higher expres-
sions of terpene synthase genes and other proteins in the MEP/DOXP
and MVA pathways resulting in significant de novo emissions of
isoprenoids.

4.5. Heat stress induction of benzenoid emissions in infested plants is
multiphasic

We detected two b id ¢ ds, toluene and b Idehydes,
in the volatile blend of O. vulgare. The emission of benzaldehyde initiates
upon enzymatic oxidation of less volatile benzyl alcohol in the shikimate
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pathway located in the plastid (Dudareva et al., 2004). Although toluene
was noted in the emission blend of both stressed and non-stressed plants
(e.g., Misztal et al., 2015; Liu et al., 2018) and was shown to be 3¢
labeled (Heiden et al., 2003) and thus de novo synthesized, the exact
pathway for its biosynthesis is still unclear. However, our data showed a
positive association in the emission pattern of toluene and benzalde-
hyde, indicating that toluene possibly emanated from the same shiki-
mate pathway. The activity of the shikimate pathway is regulated by SA
signaling pathway (Chen et al., 2009; Vogt, 2010).

Previous studies have shown that mere sensing of phloem-feeders
can trigger the of t id. methyl salicylate
(MeSA), the most frequent phloem-feeding insect-induced compound
(Arimura et al., 2011; War et al., 2011; Misztal et al., 2015). However,
contrary to our hypothesis, we did not detect benzenoid emissions in the
GWF-stressed plants in the current study. Nevertheless, the emission of
MeSA per se can sometimes prove difficult to infested plants (Misztal
et al., 2015). For example, MeSA was not detected in Rhopalosiphum
padi-infested Festuca pratensis (Li et al., 2014), and B. tabaci/Tetranychus
urticae-infested lima bean (Zhang et al., 2009). Stress-induced emissions
from the shikimate pathway are typically periodic (War et al., 2011;
Misztal et al., 2015). Moreover, plants hormonal responses to
phloem-feeding insects may differ depending on the insect colonization
stage (Wasternack and Hause, 2013; Aartsma et al., 2017). Thus, we
cannot exclude the possibility of benzenoid emissions earlier than our
volatile measurement. We suspect that the GWF-stressed plants might
have channeled aromatic precursors toward phenolic accumulation,
such as anthocyanin and condensed tannin that can prevent cell death
and lipid peroxidation, rather than volatile production (Kumar and
Pandey, 2013; Cheng et al., 2018). However, future investigation on the
plant secondary metabolite profile including phenolic accumulation
might extend this explanation.

Both shikimate and MEX/DOXP pathways use the same early inter-
mediate (phosphoenolpyruvate) in the plastid, suggesting the possibility
of competition or cooperation at substrate level between the two path-
ways (Niinemets et al., 2013). Thus, the strong association (Fig. 7b) and
the similarity in the emission kinetics (Figs. 3a and 4) of benzenoids and
monoterpenes in the heat-stressed non-infested plants possibly suggest
coordination at substrate level in the biosynthesis of the two volatile
compound classes. B id in the combined heat and
whitefly-stressed plants, showed a multiphasic induction response while
monoterpenes were more or less not enhanced (Figs. 3a and 4).
Stress-induced changes in enzymes activity can result in the preferential
activation of one pathway leading to a reduction in the synthesis of the
end product of the other pathway (Liu et al., 2018; Niinemets et al.,
2013). Therefore, the enhanced benzenoid emissions in the interacting
heat and herbivory-stressed plants might suggest preferential activation
of the shikimate pathway over the MEX/DOXP pathways in the plant.
Whereas the induction of monoterpenes emissions upon herbivory may
also partly explain the inhibition of benzenoids in exclusive
herbivore-stressed plants. However, further investigation is required to
explore the activity of the shikimate pathways and the multiphasic na-
ture of heat-inducible b id issions in GWF-infested plants.

4.6. High emissions of geranylgeranyl diphosphate pathway compounds in
whitefly-stressed plants

In the current study, all the stress treatments increased the emission
of GGDP-derived volatiles (Fig. 5), which is an unsaturated by-product
of fatty acids breakdown resulting from the oxidation of carotenoids
in plastids, the same compartments where monoterpene precursor
(geranyl diphosphate) is produced (Aharoni et al., 2005; Owen and
Penuelas, 2005; Memari et al., 2013). Interestingly, different from other
volatile groups, GGDP volatiles in the GWF-stressed plants were quite
high, at least temporarily (Fig. 5). Thus that may reflect the reduction of
chlorophyll and carotenoids contents, consistent with the variegated
leaf phenotype observed in infested plants (Josse et al., 2000; Nisar
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et al., 2015) and may partly explain the negative correlation between
GGDP and photosynthesis rate

4.7. Heat stress can affect the quality of volatile response to insect
herbivory

Both heat stress and whitefly feeding applied alone and in combi-
nation affected the quality of VOC emissions in O. vulgare. However,
VOC emission blends in all the stress-treated plants, except in plants
treated with heat alone, recovered to control quality at the end of the
experiment (Fig. 6b). Heat shock-induced qualitative changes in plants
often persist for several days after exposure (Kleist et al., 2012; Kask
etal., 2016; Liu etal., 2020). The volatile blend emitted by GWF-stressed
0. vulgare may act as defensive semic Is, e.g., 6-methyl-5-hept
n-2-one and p-ocimene can attract herbivore parasitoid (Yu et al., 2018;
Farré-Armengol et al., 2017), B-ocimene can also directly repel herbi-
vore (Farré-Armengol et al., 2017). Therefore, changes in volatile blend
elicited by superimposing heat shock on GWF infestation might affect
volatile-mediated multitrophic interaction. Further investigations
including tritrophic analysis and plant attractiveness are required.

Altogether, our data showed that VOC emissions under heat stress
were lower in GWF-infested plants compared to non-infested plants,
thus consistent with aphid-infested Picea abies (Joo et al., 2011), Pinus
sylvestris (Joo et al., 2011) and Pseudotsuga menziesii (Kleist et al., 2012)
under heat stress.

5. Conclusions

The current study shows that the physiological and volatile emission
responses of the aromatic herb O. vulgare to the joint effect of severe
transient heat stress and phloem-feeding by GWF differ from responses
to the individual effects of both stresses. In essence, infested heat-
stressed plants exhibited a relatively greater initial decrease in A, than
non-infested heat-stressed plants, but the infested plants recovered to a
much greater degree. This indicates either a greater heat tolerance or a
greater recovery capacity in the infested plants. Heat stress applied
alone led to major enhancements of emissions of LOX pathway volatiles,
and mono- and id, FAD comp. ds and GGDP
pathway volatiles, and most of the emissions had not reached pre-stress
levels even at 48 h after stress application. Under combined heat stress
and GWF infestation, volatile emissions, particularly LOX, terpene and
benzenoid emissions were much lower than under heat stress applied
alone. This evidence again supported the enhanced heat resistance of
whitefly-infested plants. Collectively, the data suggest that herbivory
can strongly ize VOC emission resp to thermal stress and
improve the acclimation of photosynthetic thermo-tolerance. The
priming effect of biotic stress on thermal tolerance might in nature
contribute to plant productivity and fecundity during extreme climate
events. We argue that the quantitative and qualitative data on volatile
emissions provide illuminative insight into the development of heat
stress response and heat stress sensitivity even under complex interac-
tive stresses.
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Abstract

Rust infection results in decreases in photosynthesis and stress volatile emissions, but how these changes vary
among host species has not been studied. We demonstrated that the impact of the obligate biotrophic fungus,
Puccinia coronata f. sp. avenae, on foliage physiological processes is stronger in the primary host, Avena sativa (culti-
vated oat), than in the alternate host, Rhamnus frangula (alder buckthorn). Photosynthesis decreased with increasing
percentage of damaged leaf area (D,) in both species, but reductions were greater in A. sativa. In A. sativa, photo-
synthetic reductions resulted from reductions in stomatal conductance and photosynthetic capacity; in R. frangula,
reductions were due to reduced capacity. Infection reduced photosynthetic biomass and key nutrients in A. sativa, but
not in R. frangula. In A. sativa, stress-elicited emissions (methyl jasmonate, green leaf volatiles, long-chain saturated
aldehydes, mono- and sesquiterpenes, benzenoids, and carotenoid breakdown products) increased with increasing
D, from 0% to 40%, but decreased with further increases in D, In R. fr la, volatile emissions were slightly elicited
but, surprisingly, constitutive isoprene emissions were enhanced. Different hosts had characteristic volatile finger-
prints, indicating differential activation of biochemical pathways. Fungal-elicited reductions in photosynthesis scale
uniformly with stress severity. In the sensitive host, biphasic scaling of volatiles indicates that heavy spread of chlo-
rosis/necrosis leads to an overall cessation of physiological functioning.

Keywords: Biotic stress, fungal infection, isoprene, jasmonate emission, lipoxygenase pathway volatiles, pathogen attack,
photosynthesis, species differences, terpenoids, volatile organic compounds.

Abbreviations: A, net assimilation rate per leaf area; Ay, net assimilation rate per dry mass; C,, intercellular concentration of CO,; Cy, carbon content per unit
dry mass; Dy, percentage of damaged leaf area; DOXP, 1-deoxy-p-xylulose 5-phosphate; FAD, long-chain fatty acid-derived; GGDP, geranylgeranyl diphosphate;
g, stomatal conductance; LMA, dry mass per unit area; LOX, lipoxygenase; MeJA, methyl jasmonate; MEP, 2-C-methyl-o-erythritol 4-phosphate; MeSA, methyl
salicylate; MVA, mevalonate; Ny, nitrogen content per dry mass; Py, phosphorous content per dry mass; PPFD, photosynthetic photon flux density; VOC, volatile
organic compound.

© The Author(s) 2023. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved. For permissions, please email:
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Introduction

Oat crown rust is a devastating plant disease that primarily
infects oats (Avena spp.),in particular the key crop common oat
(Avena sativa L.), and also several other wild grasses. In A. sativa,
the disease is caused by the obligate biotrophic rust fungus Puc-
cinia coronata f. sp. avenae P Syd. and Syd (Chong and Zegeye
2004; Liu and Hambleton, 2013). The sexual reproduction is
completed in alder buckthorn (Rhamnus frangula, L., syn. Fran-
gula alnus P.Mill., Rhamnaceae), as the fertilization happens in R.
frangula, but the main phases, karyogamy and meiosis, occur in
oat leaves (see Nazareno ef al., 2018 for details of the P, coronata
life cycle).

Due to the complex life history of P coronata, prediction
of the impact of the pathogen is difficult. In general, plant
responses to a given pathogen depend on host compatibility
and resistance, including host vigor and presence of constitu-
tive defenses, and capacity to induce defenses (Ponzio et al.,
2016; Dracatos et al., 2018).Virulence of multi-host pathogens
could vary for the primary and alternate host(s) (Rigaud ef al.,
2010; Bettgenhaeuser ef al., 2014; Lorrain ef al., 2018). Mult-
host pathogens with heteroecious life cycles tend to be less
virulent for their alternate hosts than for their primary host,
as the alternate hosts are mainly required for transit (Bettgen-
haeuser et al., 2014). Additionally, alternate hosts usually have
several resistance genes that reduce the efficacy of pathogens
(Lorrain ef al., 2018). Moreover, for P coronata, the primary
host, A. sativa, is a monocot, while the alternate host, R. fran-
gula,is a dicot, and the response to fungal infection is known to
differ for monocots and dicots (see Kouzai ef al., 2018). Thus,
a detailed quantitative understanding of the responses of host
plants to infection by P, coronata, whose virulence has remark-
ably increased in recent years (Menzies ef al., 2019; Sowa and
Paczos-Grzeda, 2021), is essential in predicting potential yield
loss and developing interventions to cope with the infection.

Generally, rust infections cause nutrient depletion, increases
in rates of water loss due to stomatal rupture, and reductions in
photosynthetic activity and biomass of the host plant (Major
et al., 2010; Gortari et al., 2018). In cereal grasses, loss of leaf
biomass due to rust infections can result in declines in the pro-
duction and economic value of the grains (Lorrain ef al., 2019;
Nazareno et al.,2018). As plant response to a given biotic agent
varies with stress severity (Niinemets, 2010; Niinemets ef al.,
2013; Kénnaste ef al., 2023), predicting the responses to fungal
infection requires a clear understanding of the relationships be-
tween different physiological processes and stress severity. In
the case of necrotrophic fungal infections that primarily result
in cell death, the spread of dead tissue can explicitly explain
the loss of photosynthetic capacity (Greenberg and Yao 2004;
Berger et al.,2007). However, the quantitative relationships be-
tween changes in leaf photosynthetic activity and the spread
of biotrophic infections are much less understood. For biotro-
phic pathogen infections, decreases in photosynthetic activity
have also been demonstrated to scale with the percentage of

the total chlorotic and necrotic area of the leaf (Copolovici
et al., 2014; Jiang et al., 2016). Yet, the complexity of loss of
photosynthetic function in biotrophic pathogen infection
is beyond the spread of dead tissue, as it involves changes in
stomatal control, key nutrient contents, and leaf sink—source
relationships (Araya et al., 2006; Berger et al., 2007; Veresoglou
et al., 2013). The reduction of photosynthetic activity is often
associated with decreases in leaf dry mass per unit area, a key
morphological trait that together with nutrient contents char-
acterizes the accumulation of photosynthetic biomass per unit
area (Niinemets, 1999; Poorter et al., 2009). Scholes and Rolfe
(1996) studied localized decreases of photosynthesis in A. sativa
infected with P coronata and demonstrated that photosynthetic
activity decreases from inoculation with P coronata to sporu-
lation, but whether the loss of photosynthetic activity scaled
with the severity of infection or was associated with changes
in stomatal conductance (g), nutrient status (C, N, and P), and
biomass was not studied. To our knowledge, for multi-host
pathogens, including P coronata, there is currently no informa-
tion on how different life stages of the given biotrophic path-
ogen affect the photosynthetic functioning of its primary and
alternate hosts and to what extent different factors contribute
to decreases in photosynthesis in different hosts.

Apart from decreasing photosynthesis, pathogen infection
activates defense signaling pathways triggering various stress
and signaling volatile organic compound (VOC) emissions
(Huber and Bauerle, 2016; Liu et al., 2016). Responses to bi-
otic stress occur through jasmonic acid (JA) or/and salicylic
acid (SA) signaling pathways; activation of either of the two
pathways is typically associated with the release of the volatile
hormone derivatives of methyl jasmonate (MeJA) or methyl
salicylate (MeSA) (Chauvin ef al., 2013; Liu et al., 2016). How-
ever, there is certain crosstalk between these two signal trans-
duction pathways that can be either antagonistic or synergistic,
and activation of one of the two pathways can trigger activation
of the other (Attaran ef al.,2009; Patt ef al., 2018). Prioritization
between the two pathways often depends on the behavior of
the pathogen (Gilis ef al., 2009; Savatin et al., 2014). Typically,
biotrophic and hemibiotrophic pathogens preferentially elicit
SA signaling while necrotrophic pathogens trigger JA responses
(Savatin et al., 2014; Gortari ef al., 2018). Similar to herbivore-
dependent wounding, pathogen-dependent development of
lesions and necrosis results in emissions of short-chain fatty
acid-derived compounds (green leaf volatiles) from the lipoxy-
genase (LOX) pathway (Arneth and Niinemets, 2010; Copo-
lovici et al., 2011). However, in contrast to herbivores, which
usually elicit the emissions of LOX compounds as a direct tran-
sient response to wounding, fungal infections induce sustained
LOX emissions, reflecting a chronic stress impact (Vuorinen
et al., 2007; Copolovici et al., 2011; Jiang et al., 2016). Pathogen
attacks also induce emissions of volatile terpenoids including
mono- and sesquiterpenes and their derivatives (Vuorinen et al.,
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2007; Arneth and Niinemets, 2010) synthesized in the plastidial
2-C-methyl-p-erythritol ~ 4-phosphate/1-deoxy-p-xylulose
5-phosphate (MEP/DOXP) pathway and the cytosolic meval-
onate (MVA) pathway, and a variety of volatile phenolics/ben-
zenoids emanating from the shikimate pathway (Dudareva et al.,
2013; Junker and Tholl, 2013).

Emerging evidence indicates that fungal-elicited VOC
emissions depend quantitatively on the severity of infection as
characterized by the spread of lesions (Niinemets ef al., 2013;
Copolovici et al., 2014; Jiang et al., 2016). For example, the
emissions of LOX compounds, monoterpenes, and benzenoids
quantitatively scaled with the severity of Melampsora larici-pop-
ulina (poplar leaf rust) in Populus balsamifera (balsam poplar)
(Jiang et al., 2016) and with the severity of Erysiphe alphitoides
(oak powdery mildew) infections in Quercus robur (common
oak) (Copolovici et al., 2014). However, biotic stress responses
often depend on the physiological and genotypic character-
istics of the host species. For instance, Trialeurodes vaporari-
orum infestation induced LOX emissions in Solanum melongena
(Darshanee et al., 2017), whereas a similar infestation inhibited
constitutive LOX emissions in S. lycopersicum (Darshanee et al.,
2017) and Origanum vulgare (Sulaiman et al., 2021). Therefore,
similar pathogens can elicit variant physiological responses in
primary hosts and alternate hosts with potentially different
pathogen resistance and, accordingly, with different severity of
stress sustained at the given level of pathogen pressure. Volatile
emission responses are especially likely to differ significantly
between distantly related species (Dracotos ef al., 2018) such
as A. sativa and R. frangula. So far, VOC responses to P coronata
infection have not been investigated either in the primary or
in the alternate host(s).

Furthermore, different hosts can differ in the level of con-
stitutive volatile emissions (emissions under non-stressed con-
ditions) and that can further impact the degree of elicitations
of induced emissions (Brilli et al., 2009; Dani et al., 2014). In
the case of constitutive isoprene emitters, constitutive isoprene
emissions are characteristically negatively associated with in-
duced isoprenoid emissions (Toome et al., 2010; Copolovici
et al.,2014; Jiang et al., 2016), but how a given pathogen affects
different hosts with varying degrees of constitutive isoprene
emissions has not been investigated. This is particularly rele-
vant for P. coronata, as it infects the primary host A. sativa, a
weak constitutive emitter, and the alternatee host R. frangula,
a moderately strong constitutive isoprene emitter. VOCs are
major precursors in ozone and secondary aerosol formation.
Understanding the relationships between leaf VOC emissions
and environmental stresses provides important data for scaling
up biogenic emissions from leaves to the ecosystem level and
assessing biogenic VOC contributions to shaping tropospheric
chemistry.

‘We investigated how P. coronata-induced changes in foliage
photosynthesis and VOC emissions scale with the severity of
infection in A. sativa and R. frangula. We hypothesized that (i)
P. coronata infection results in quantitative decreases in pho-

tosynthesis rates and increases in stress volatile emissions with
increasing severity of infection in both species; (if) the impact
of P. coronata on photosynthesis and VOC emissions at the
given level of infection is stronger in the primary host A. sativa
than in the alternate host R. frangula; (iii) emissions of constitu-
tive isoprene scale negatively with induced emissions; and (iv)
P coronata-induced volatile blends differ among species. Our
study demonstrates major differences among hosts in the de-
gree of VOC induction, and similar photosynthetic reductions,
but due to changes in different underlying traits.

Materials and methods

Study site and plant material

The study was conducted in Pélva County, Estonia (58.6°N, 26.5°E, el-
evation 61 m) in summer 2018.The summer was warm with a monthly
average (+SE) air temperature of 19.5 * 1.4 °C, precipitation of
56 + 17 mm, and relative air humidity of 68.2 + 2.8% for June—August
(data of the Laboratory of Environmental Physics, Institute of Physics,
University of Tartu, http://meteo.physic.ut.ee). In particular, air temper-
ature substantially exceeded the corresponding long-term average (16.7
°C), whereas precipitation (56 mm), and relative humidity (68%) were
similar to the long-term averages (1991-2020, the Estonian Environment
Agency, http://www.emhi.ee). Warm and humid weather favors the
growth and dispersal of P coronata and the early formation of teliospores
(Liu and Hambleton, 2013; Nazareno ef al., 2018).

Rhamnus frangula was sampled in the mixed Norway spruce (Picea
abies L) and Scots pine (Pinus sylvestris L.) forest near Veski village, Plva
County, Estonia (58.6°N, 26.48°E, elevation 61 m) in mid-June. By the
inception of this study, nearly all R. frangula shrubs were infected with
basidiospores developed from telia in A. sativa leaves and >90% of the
leaves on each infected shrub had manifested rust lesions. Analogously,
by the end of July, almost all A. sativa plants growing in a nearby oat field
(58.65°N, 26.47°E, elevation 61 m) were infected and had developed vis-
ible uredinia and telia spots.

To investigate the quantitative relationship between the severity of P
coronata infections and physiological characteristics in R. frangula, leaves
with varying degrees of visible symptoms of infection and leaves with
no visible signs of infections were collected from seven infected shrubs
and three non-infected shrubs (~3 m tall with a stem diameter of ~4 cm).
Twigs with multiple leaves, ~20 cm long, were cut under water, the cut
end was held in water, and the twigs were immediately transported to
the laboratory where representative leaves were selected for the measure-
ments. Altogether, 15 leaves (three non-infected control and 12 infected
leaves) with varying degrees of infection were measured (see Fig. 1B for
representative images of leaves).

In early August,~2-month-old A. sativa cv. ‘Kalle’ plants with leaves with
varying degrees of infection were collected from the organic oat field at
Veski village. The plants were collected by excavating whole plants with
the whole root ball and attached soil without damaging the root zone. In-
dividual plants were immediately placed in 1 liter plastic pots. The pots
were filled with the field soil at the site, gently watered, and transported
to a growth room with day/night temperatures of 25/18 °C, relative hu-
midity of 60-70%, photosynthetic photon flux density (PPFD) of 800 pmol
m s ! and CO, concentration of 380—400 pmol per mol of air (hereafter
pmol mol ™) at plant level provided for 12 h a day. The pots were kept in
the growth room for 4 d until the plants acclimatized to the condition in
the pot. The plants were irrigated to field capacity every 48 h. Sampled A.
sativa plants were ~90 ¢m tall,and in the vegetative state. Three non-infected
control and 20 infected leaves with different degrees of infections from in-
dependent plants were measured. The severity of infection was quantified as
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Fig. 1. Characteristic images of upper and lower leaf surfaces of the leaves of the annual grain crop Avena sativa (A) and the deciduous shrub Rhamnus
frangula (B) exhibiting different severities of crown rust fungus (Puccinia coronata f. sp. avenae) infection, and SEM micrographs of the urediniospores,
teliospores, and aeciospores (from left to right) of P coronata (C). Avena sativa is the primary host and R. frangula is the alternate host of R coronata.

the percentage of the total leaf area covered by visible chlorotic and necrotic
regions (total damaged leaf area, Dy). Based on the severity of infection,
infected A. sativa leaves were divided into five infection categories: non-
infected control (0% D,), mildly infected (~10% D), moderately infected
(~40% Dy), severely infected (~60% D,), and extremely infected (~80%
D). Mature topmost leaves of the same age were selected for physiological
measurements (see Fig. 1A for images of representative leaves).

Identification of Puccinia coronata f. sp. avenae

SEM (Zeiss LS15, Carl Zeiss AG, Jena, Germany) was used to examine
the morphology of the acciospores, urediniospores, and teliospores in

P coronata-infected leaves. The spores were imaged with the detector
SE1 at a working distance (WD) of 8.5-9 mm between the sample sur-
faces and the lens, and with extra high tension voltages of 14.27, 15.0,
or 17.6 kV. The surface characteristics of the inocula were distinctly
recognized in the images (Fig. 1C). Puccinia coronata can be identified
based on morphological features, but the forma specialis, . sp. avenae,
is identified based on the host species, A. sativa (Liu and Hambleton,
2013; Dracatos et al., 2018). There is a relatively large genetic variability
among and within the populations of P coronata, both in accial and in
uredinal hosts (Liu and Hambleton, 2013; Berlin et al., 2018; Sowa and
Paczos-Grzeda, 2021), but for our physiological analysis, population di-
versity was not determined.
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Gas exchange measurements and volatile sampling

A customized open gas exchange system was used to measure rates of
foliage photosynthetic characteristics (see Copolovici and Niinemets,
2010 for details). The system is equipped with a temperature-controlled
double-glass cylindrical 1.2 liter chamber with a stainless steel bottom
devised for trace gas sampling. Water with set temperature was circulating
between the double layers of the chamber. Air temperature was moni-
tored by a thermistor (NTC, model ACC-001, RTI Electronics, Inc., St.
Anaheim, CA, USA). The chamber was flushed with ambient air at a
constant flow rate of 0.036 1 s™'. Before entering the chamber, the air
passed through a custom-made ozone trap and a charcoal filter, and was
humidified to the desired relative humidity with a custom-made humid-
ifier (Copolovici and Niinemets 2010; Copolovici ef al., 2012). After leaf
enclosure, standard measurement conditions of leaf temperature of 25 °C,
PPFD of 800 pmol m 25!, CO, concentration of 400 umol mol ™", and
leaf to air vapor pressure deficit of 1.7 kPa were established. The light was
supplied by four 50 W halogen lamps. The leaf temperature was meas-
ured by a thermocouple affixed to the lower leaf surface. Concentrations
of H,O and CO, at chamber inlets and outlets were measured using
a dual-channel infrared gas analyzer (CIRAS II, PP-systems, Amesbury,
MA, USA). Steady-state net assimilation rates and stomatal conductance
to water vapor (g) were measured immediately after gas exchange rates
had stabilized, typically in ~15 min after leaf enclosure.

Volatiles were collected during gas exchange measurements. A suc-
tion pump (210-1003 MTX, SKC Inc., Houston, TX, USA) operated at a
flow rate of 0.2 1 min~" was used to pass 4 liters of air onto a stainless steel
cartridge filled with three different Carbotrap adsorbents (Supelco, Belle-
fonte, PA, USA) optimized for adsorbing C;~C,; volatiles (see Kinnaste
et al., 2014 for details). Volatiles were also collected regularly from empty
chambers to determine the background concentrations of volatiles. The
cartridges were analyzed using a Shimadzu TD20 automated cartridge de-
sorber and Shimadzu 2010 GC-MS system (Shimadzu Corporation, Kyoto,
Japan) as in Kéinnaste ef al. (2014). Pure chemical standards (Sigma-Aldrich,
St. Louis, MO, USA), NIST library ver. 2.2 (2014), and the open-access
program OpenChrom ver. 1.2.0 (Alder) (Wenig and Odermatt, 2010) were
used to identify and quantify the volatiles (see Tables 1 and 2 for detected
compoundsin A. sativa and R. fiangula). Background volatile concentrations
were subtracted from the measurements of leaves. Foliage photosynthetic
characteristics were calculated according to von Caemmerer and Farquhar
(1981) and volatile emission rates according to Niinemets ef al. (2011).

Determination of leaf dry mass per area, and carbon, nitrogen,
and phosphorus contents per dry mass

In R. frangula leaves, acciospores emerge on the lower surface, and pyc-
niospores lodge on the upper surface, whereas in A. sativa, urediniospores
germinate on both leaf surfaces. These spores colonize mesophyll spaces
and absorb nutrients through haustoria, and constitute the characteristic
sign of infection that is manifested as bright orange-yellow oblong pus-
tules (Nazareno ef al., 2018). Chlorotic and necrotic areas were evident
on both leaf surfaces of infected leaves in this study. After volatile collec-
tion, photographs were taken from both leaf sides. The leaves were oven-
dried at 70 °C for 72 h and then weighed. For cach leaf, the total leaf
area and infected leaf area on both sides were computed from the pictures
using ImageJ 1.8.0 (NIH, Bethesda, MD, USA), and D, values for both
leaf surfaces were calculated. Dry mass per unit area (LMA) was com-
puted by dividing leaf dry mass by leaf area. Dried leaves of an approx-
imately similar degree of infection were ground together, and nitrogen
(Nyy) and carbon (Cy) contents per unit dry mass were determined by
the dry combustion method using aVario MAX CNS analyzer (Elemen-
tar, Langenselbold, Germany). Phosphorus content per dry mass (Py) was
determined using an Agilent 4200 microwave plasma-atomic emission
spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA) after
digesting the sample in sulfuric acid.

Data analyses

A paired-samples r-test was used to test the significance of differences
in degrees of infection of lower and upper leaf surfaces. The quantita-
tive relationships between the severity of infections and photosynthetic
characteristics, LMA, Ny, Py, Cy, and volatile emission rates were
explored using linear and non-linear regressions. Differences in trait av-
erages among leaves with different levels of infection were tested using
Fisher’s least significant difference following single-factor ANOVA. An
independent-samples r-test was used to test the significance of differ-
ences in emissions of volatile classes between species at different levels of
infection severity. Where required, the data used for ANOVA and t-test
were log-transformed to satisfy the assumption of homoscedasticity. The
differences in the volatile composition of infected leaves of host species
were explored by principal component analysis (PCA) after mean scaling
of the data. The differences in the volatile blends were also explored by
permutational multivariate analysis (PERMANOVA) using the Bray—
Curtis dissimilarity statistic. All statistical tests and data visualization were
conducted with R ver 4.2.0 statistical software (R Core Team, 2021), and
were considered significant at P<0.05.

Results
Variations in the severity of infection on leaf surfaces

Percentages of the damaged area (D,) of upper and lower sur-
faces of infected A. sativa leaves were similar (P=0.26), and
all statistical analyses returned similar results when the D, of
either leaf surface was used (data not shown); thus, we report
only the statistical relationships with the D, of the lower sur-
face. In R. frangula, visual leaf damage was greater for the upper
leaf surface than for the lower surface (average *SE of upper
surface versus lower surface=29 * 7% versus 1.24 + 0.16%,
P<0.001; see Fig. 1B for a representative of sampled leaves).
The correlation between the D, of the two leaf surfaces of R.
frangula was positive but weak (#=0.37, P<0.03). The quan-
titative dependencies between damaged area and leaf physi-
ological characteristics were somewhat stronger with D, for
the upper leaf surface than with D, for the lower surface or
with the average D, of both leaf surfaces (data not shown).
For this species, in the following, we present only the analyses
conducted with the D, for the upper leaf surface.

Effects of crown rust fungus on the photosynthetic
characteristics of A. sativa leaves

Across the entire range of infection, there was a negative non-
linear relationship between CO, net assimilation rate per leaf
area (A,) and the severity of P coronata infection (Fig. 2A). In
comparison with control leaves (4.5 + 0.6 pmol CO, m s,
hereafter pmol m ™2 57", the infection resulted in a 3.5-fold
decrease in A, in moderately infected leaves, but in extremely
infected leaves, A, decreased by two orders of magnitude to al-
most zero level (0.042 + 0.020 pmol m™2 s~ '; Fig. 2A; see Sup-
plementary Fig. S1 for comparison with control leaves of A.
sativa grown in a controlled environment). Although the reduc-
tions in A, due to the severity of infection were paralleled by
reductions in g—g, decreased less; in extremely infected leaves,
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Table 1. Average +SE emission rates of volatile organic compounds emitted by non-infected (control) and P coronata-infected A. sativa
leaves with different degrees of infection.

Volatile issions rates (pmol m2s~")

Control Mildly i i ly i ly i
LOX pathway compounds and derivatives
2-Pentanone 11.3+0.3 88+88 nd nd nd
2-Ethyl-hexanol 9+6 454 + 180" a 1240 + 590" b 435 + 170" a 81+ 46"
Hexan-1-ol 6+3 30+ 238 nd 23827 24+20
(E)-2-Hexenal nd 8.6+4.8 21.7 +11.8* 13+7 nd
(2)-3-Hexen-1-ol 33+12 15+ 15 18+ 18 nd 8+8
Methyl jasmonate nd 187+78a 65+48b 43+29¢c nd
Total LOX compounds 60+ 11 530+ 113*a 1344 + 638** a 514 + 209*a 92 + 39
Long-chain fatty acid-derived (FAD) compounds
1-Octanol 11+6 24 +24 14 + 14 31+14 nd
1-Nonanol 14+8ab 28+14a 9+9ab nd 187+137b
2-Dodecenal nd nd 1817 6.8+1.0 12+6
Dodecanal 15+12 29+8 98 + 66 71.4 £28.6 nd
Undecanal nd 35+35 685 + 320 a 232 +93 222 + 68
Total FAD compunds 41+14 117 £ 26 824 + 306" a 342 + 75 311 + 115"
Isoprene and derivatives
Isoprene 211+ 113 176 £ 11 164 + 45 428 + 167 210+ 124
Methacrolein 103 + 11 nd nd nd nd
Monoterpenes
3-Carene nd nd 387 £ 78 167 + 41 187 £ 77
Eucalyptol 6+1 14 +11 3+3 nd 4+2
Linalool 3.8+20 nd nd nd nd
B-Myrcene 77 6.3+5.5 31 8x5 0.52 £0.52
B-Phellandrene 75£23 nd 27.8 +26.8 165+ 10 nd
B-Pinene nd 50 + 25 172 17+6 nd
Total monoterpenes 24+3 70+34 438 £ 75" a 207 56" b 232 £105* b
Sesquiterpenes
(E)-B-Farnesene nd nd 60+ 16 14+ 11 nd
Longifolene 9.5+0.7 nd nd 26+1.1 0.20 £ 0.20
Total sesquiterpenes 9.5+07 nd 60+ 17*b 19+ 12 0.20£0.20
GGDP compounds
6-Methyl-5-hepten-2-one 23.4+9.6 164 + 149 350 + 155* 292 + 68* 201 + 95*
Geranyl acetone 40 + 22 190 + 113 1182 + 171*** a 343 + 38* 375 £ 95*
Total GGDP compounds 63+ 12 353 + 110" 1532 + 196" b 636 + 74 b 577 +188**
Benzenoids
Benzaldehyde 120 + 46 220+ 110b 272+67b 397 +94* b 120 + 66
Benzyl alcohol 195 + 55 118 £ 60 331 +112*b 159 + 36 1919
Benzothiazole 27+5 71 +41 87 +52 44 +8 nd
Total benzenoids 343 £ 36 411 +£98b 691+ 131* b 601 +59* b 189 + 50
Total volatiles 1140 + 138 1715+ 233* a 5695 + 631*** ¢ 2984 + 83" b 1748 + 281% a

Infection severity classes are: ~10%, mildly infected; ~40%, moderately infected; ~60%, severely infected; ~80%, extremely infected (n=3 for all infection
groups). nd, not detectable.

Means were compared by the least significant difference test following one-way ANOVA. Significant differences between control and infected leaves with
different degrees of infection are shown as: *P<0.05, **P<0.01, and ***P<0.001. Different lowercase letters indicate significant differences among means
of infected leaves with varying degrees of infection. In addition to the compounds reported in the table, emissions of acetaldehyde were observed from
control and infected leaves, but the emission rates were not statistically different among the groups (P=0.38).

¢ was only reduced by 3.2-fold (Fig. 2B). Thus, decreases in ~ Photosynthetic characteristics in P. coronata-infected
¢ can only partly explain the reduction in A, in the infected  R. frangula leaves

leaves. The infection reduced the intercellular concentration of
CO, (C) in all cases, but the degree of reduction was greater at
the initial stages of infection (Fig. 2C).

In R. frangula leaves, A, correlated negatively with the severity
of P coronata infection (Fig. 2A). A was reduced by 1.3-fold (in
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Table 2. Average +SE emission rates of volatile organic compounds emitted by non-infected (control) and mildly (~10%) and severely
(~60%) R, coronata-infected leaves of Rhamnus frangula (n=3 for all groups).

Volatile compounds

Emission rates (pmol m2s™)

Control Mildly infected Severely infected
LOX pathway compounds and derivatives
2-Pentanone 2120 1.0+£0.5 107
2-Ethyl-hexanol 12+7 170 + 46* 47 +29
Hexanal 48+5 52+ 18 3017
Hexan-1-ol 44+40 40+1.0 26+1.0
(2)-3-Hexen-1-ol 42 £27 38 +30 139 £ 120
3-Hexen-2-one 9.0+28 43+18 3.8+23
(2)-3-Hexen-1-ol acetate 116 + 32 169 + 140 107 + 70
Methyl jasmonate 27+09 26+08 0.43+0.10
Total LOX compounds 255 + 25 440 + 91 341 +143
Long-chain fatty acid-derived (FAD) compounds:
1-Octanol 97 7+2 12+4.0
Dodecanal 22+8 1412 9+5
Total FAD compounds 31+10 21+14 19.7 +2.6
Isoprene and derivatives
Isoprene 2100 = 1100 5700 + 2100 15 600 + 4500**
Methacrolein nd 24+3 12+8
Monoterpenes
Limonene 9+3 13+6 187
Camphene 1.0+0.5 1.0+05 31
Eucalyptol 3x1 22 +19 14+08
Total monoterpenes 12+4 36 +21 18+ 6
Sesquiterpenes
Longifolene 16+1.1 0.42 +0.08 0.13+0.08
GGDP compounds
6-Methyl-5-hepten-2-one 109 + 46 67 + 38 82+44
Geranyl acetone 35+13 158 + 83 59+ 24
Total GGDP compounds 143 + 46 224 + 46 141+ 58
Benzenoids
Benzothiazole 30+22 91 +40 18+10
Benzaldehyde 52+ 11 55 + 29 135 + 90
Total benzenoids 70 + 40 126 + 42 153 + 10
Total volatiles 2758 + 980 6778 + 2290 17 092 + 4393

nd, not detectable. Means were compared by the least significant difference test following one-way ANOVA. Significant differences between control
and infected leaves with different degrees of infection are shown as: *P<0.05, **P<0.01, and ***P<0.001. In addition to the compounds reported in the
table, emissions of acetaldehyde were observed from control and infected leaves, but the emission rates were not statistically different among the groups

(P>0.05).

comparison with 6.67 + 0.2 pmol m™?s™" in control, P<0.05)
in leaves with ~60% damaged area. g, did not change, but C,
changed slightly with infection (Fig. 2B, C).

Leaf dry mass per unit area and implication for
changes in net assimilation rates

In A. sativa, LMA did not decrease in mildly infected leaves
(48 + 6 gm ™2 in control versus 37 + 4 g m 2 in mildly infected
leaves, P=0.07), but decreased by 1.6-fold (in comparison with
control, P<0.01) in infected leaves with moderate to extreme
infection (Fig. 3). Net assimilation rate per dry mass (Ay=A4/
LMA) was negatively correlated with the severity of infection
(#=0.76, P<0.001). Ay decreased by 54-fold, from 92 * 16

nmol g”' 57" in control leaves to 1.7 + 1.4 nmol g ' 5" in
extremely infected leaves. Thus, the contribution of the infec-
tion-dependent reduction in LMA to the decrease in A, was
relatively small compared with the total reduction in A, (107-
fold), implying that net assimilation rates primarily decreased
due to reductions in Ay. In R. frangula, LMA was similar for
control and infected leaves (30 £ 2 g m ™2 in control versus
29t1g m ? in infected leaves, P=0.85).

Dependencies of leaf C, N, and P on the severity of
infection

In A. sativa leaves, Cy increased in infected leaves (Fig. 4A),
Ny decreased with increasing severity of infection (Fig. 4B),
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Fig. 2. Relationships of leaf net assimilation rate (A,, A), stomatal conductance to water vapor (g, B), and intercellular CO, concentration (C;, C) with the
severity of crown rust (P coronata) infection in the primary host A. sativa (filled circles) and the alternate host R. frangula (open circles). The degree of leaf
infection was characterized by the percentage of the infected area (D,) of the lower leaf surface for A. sativa and upper surface for R. frangula. Data were
fitted by non-linear regressions in the form: y=4.41(e™%%%) (A), y=19.6 + 40.1(0.84") (B), y=117x(x-5.4)x(x <5.4) (C) for A. sativa, and by linear regressions
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in the form: y=6.15-0.028x (A), y=38.3 + 0.005x (B), y=149 + 1.3x (C) for R. frangula. Altogether, 23 A. sativa leaves (three non-infected control leaves
and 20 infected leaves) and 15 R. frangula leaves (three non-infected control leaves and 12 infected leaves) with different degrees of crown rust infection
were measured (see Fig. 1A, B for photos of sampled leaves with different degrees of infection). The measurements were conducted at an ambient CO,
concentration of 400 pmol per mol of air, a leaf temperature of 25 °C, a PPFD of 800 pmol m s™', and a vapor pressure deficit between the leaf and the
atmosphere of 1.7 kPa. The insets in (A-C) show the average +SE (n=3 for each group) of A, gs, and C; in non-infected control (0% D,), mildly infected
(~10% D,), moderately infected (~40% D), severely infected (~60% D), and extremely infected (~80% D,) A. sativa leaves. For each group, data points
that were nearest to the level of infection were selected. Averages were pairwise compared by least significant difference tests following one-way ANOVA.
Different lowercase letters indicate significant differences among infected leaves with different degrees of infection.
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Fig. 3. Leaf dry mass per unit area (LMA) in relation to the severity of P coronata infection in A. sativa (see Fig. 1A for images of representative infected
leaves). The severity of leaf infection was quantified by the percentage of the infected area (D,) of the lower leaf surface. Data were fitted by a non-linear

regression: y=28.64 + 19.6(0.9"). The inset shows the average +SE of LMA of non-infected control, mildly infected (~10% D), moderately infected
(~40% D,), severely infected (~60% D,), and extremely infected (~80% D) A. sativa leaves. Statistical analysis and data presentation are as in Fig. 2

inset.

and Py decreased in the infected A. sativa leaves (Fig. 4C).
In R. frangula leaves, Cy; (average *SE of control versus se-
verely infected leaves of 44.16 + 0.04% versus 44.5 £ 1.0%,
P=0.71 for the difference between means), Ny (3.50 + 0.44%
versus 3.95 £ 0.030%, P=0.36), and Py (0.27 £ 0.01% versus
0.38 £ 0.06%, P=0.20) were not affected by P coronata infec-
tion.

Changes in volatile emissions in leaves infected with P.
coronata

Non-infected leaves of A. sativa (Table 1) and R. frangula (Table
2) each emitted 20 volatile compounds belonging to different
volatile classes including LOX pathway compounds, long-
chain saturated fatty acid-derived (FAD) compounds, terpe-
noids (isoprene, mono- and sesquiterpenes), benzenoids, and
carotenoid breakdown products [geranylgeranyl diphosphate
pathway (GGDP) volatiles]. In control leaves, the emission rates
of most volatiles were close to the level of detection (Tables 1,
2) except for moderately high emissions of benzaldehyde and

benzyl alcohol in A. sativa (Table 1), and constitutive isoprene
emissions in R. frangula (Table 2).

Puccinia coronata infection had a strong impact on volatile
emissions of A. sativa (Table 1); the response of emissions to
P coronata infection differed for mild to moderate infection
(0-40% D,) and moderate to severe infection (40-80% D,).
The elicitation of LOX compounds, FAD compounds, GGDP
volatiles, and benzenoids started during mild infection, but
the elicitation of mono- and sesquiterpenes began during
moderate infection (Table 1). Overall, the induced emissions
reached the highest level during moderate infection. Compared
with control leaves, LOX emissions increased by 16-fold, FAD
compounds by 22-fold, monoterpenes by 20-fold, and GGDP
by 25-fold during moderate infection (Table 1; Fig. 5). LOX
pathway products were quantitatively the largest volatile class
emitted during moderate infection (Table 1). For 0-40% se-
verity of infection, emissions of all the detected volatile classes
correlated positively with the severity of infection (Fig. 6A—F).
With increasing severity of infection, for 40-80% D, emis-
sions of all detected volatile classes correlated negatively with
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Fig. 4. Changes in carbon (A), nitrogen (B), and phosphorus (C) contents
per dry mass in non-infected control, moderately infected (~40% damaged
leaf area, Dp), and severely infected (~60% D,) A. sativa leaves. Leaves
with an approximately similar severity of infection were pooled for chemical
analyses (see Fig. 1A for images of sampled leaves with varying degrees
of infection). Each data point is the average +SE of three independent
replicates. Statistical analysis and data presentation are as in Fig. 2 inset.

D, (Fig. 6A—F). Once the severity of infection reached ~80%,
the emissions of LOX pathway compounds and benzenoids
decreased to the level in control leaves, whereas sesquiterpene
emissions decreased to below the level of detection (Table 1).
The emission rates of GGDP pathway compounds, FAD com-
pounds, and monoterpenes were still significantly higher in ex-
tremely infected A. sativa leaves than in control leaves (Table
1). The constitutive emissions of methacrolein were below the
level of detection in all the infected A. sativa leaves with dif-
ferent degrees of damage (Table 1).

Puccinia coronata infection had moderate effects on the vo-
latile emissions in R. frangula. The most conspicuous response
was the major enhancement of emissions of isoprene in leaves
with an ~60% degree of infection, and the induction of
methacrolein in all the infected leaves with different degrees
of infection (Table 2). In addition, the emissions of the LOX

compound, 2-ethyl-hexanol, were elicited in R. frangula leaves
with 5-20% D, (Table 2).

The species comparisons demonstrated that at the given
level of infection, emissions of most volatiles responded much
more strongly to the infection in A. sativa than in R. frangula
(Fig. 6). Only LOX emissions at the highest infection level
were similar among species (Fig. 6A), reflecting the reduction
in LOX emissions at the most severe infection level in A. sativa
(Fig. 5A). In addition, isoprene emissions were much higher
in the constitutive isoprene emitter R. frangula (cf. Tables 1, 2).

PCA demonstrated that volatile blends in infected A. sativa
leaves were separated from volatile blends in non-infected A.
sativa and R. frangula leaves irrespective of infection (Fig. 7;
PERMANOVA, P<0.001; Bray—Curtis R=0.86). Emissions
of MeJA, (E)-2-hexenal, 2-ethyl-hexanol, dodecanal, undeca-
nal, B-pinene, 3-carene, (E)-f-farnesene, GGDP compounds,
benzaldehyde, and benzothiazole distinguished emissions in
infected A. sativa leaves (Fig. 7). Infected R. frangula leaves
were not separated from non-infected R. frangula leaves (Fig.
7; PERMANOVA, P=0.10; Bray—Curtis R=0.36) and were
characterized by emissions of hexanal, (Z)-3-hexen-1-ol-ace-
tate, isoprene, limonene, and camphene.

Discussion

Variations in the severity of infection on leaf surfaces of
R. frangula

In R. frangula, D, was greater for upper leaf surfaces, and the Dy
of the two leaf surfaces was weakly correlated. Pycniospores are
formed at the spermatial stage, whereas aeciospores germinate
subsequently after plasmogamy (Nazareno et al., 2018). Thus, it
is probable that at the given severity of infection, aeciospores
have not germinated enough to quantitatively compare with
pycniospores.

Patterns of reductions of photosynthesis in infected
leaves

Puccinia coronata biotrophy (Scholes and Rolfe, 1996) results
in independent localized areas of lesions that can expand
and invoke heterogeneous changes in photosynthetic char-
acteristics. We observed that P coronata infection resulted in
reductions in A, with increasing severity of infection (Fig.
2A). A reduction in A, is a general physiological response to
biotrophic fungal infection (e.g. Toome et al., 2010; Gortari
et al., 2018). Often, the pathogen-dependent decrease in A,
is commensurate with the loss of leaf photosynthetic capacity
in the infected region, reflecting hypersensitive responses in-
cluding programmed cell death and necrosis (Kolmer, 2013;
Jorgensen et al.,2017), whereas A, remains stable in the non-
infected area (Zhao et al., 2011; Niinemets ef al., 2013).Thus,
the severity of infection can exhibit a strong relationship
with reductions in A, (Niinemets ef al., 2013). Cellular-level
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Fig. 5. Relationships between the severity of crown rust infection and emissions of lipoxygenase pathway (LOX) compounds (A), long-chain fatty
acid-derived (FAD) compounds (B), monoterpenes (C), geranylgeranyl diphosphate (GGDP) pathway compounds (carotenoid breakdown products, D),
benzenoids (E), and total VOCs (F) in A. sativa leaves. The degree of leaf infection was determined by the percentage of the infected area (D) of the

lower leaf surface. The main panels demonstrate the relationships for the in
range of 40-80% (n=12, see Fig. 1A, B for representative images of leaves

fection severity range of 0-40% (n=12) and the insets for the infection severity
with different degrees of infection). Data were fitted by linear and non-linear

regressions and the corresponding regression equations are: y=0.15 + 0.029x (A), y=741.6(™ ' (inset in A), y=0.018 + 0.026x (B), y=59.3(e™%) (inset
in B), y=0.026 + 0.08x (¢), y=0.15 + 402.45(™'™) (inset in C), y=0.056 + 0.038x (D), y=10.9(e™*) (inset in D), y=0.32 + 0.007x (E), y=2.28(e %™

(inset in E), y=0.73 + 0.11x (F), and y=68.15(%%®) (inset in F).

experiments have demonstrated that P, coronata infection ini-
tiates reductions in A, by reducing the efficiency of pho-
tosynthesis (®y;) exclusively in the infected area; but, as the
lesions expand, photosynthetic activity is reduced throughout
the leaf (Scholes and Rolfe, 1996; Gortari et al., 2018) due
to stomatal limitations, nutrient resorption, biomass loss, and
alteration of sink—source relationships as discussed below. As
our study demonstrates, the host species strongly vary in the
extent of decrease of photosynthetic activity at the given
level of infection (Fig. 2A). In particular, the primary host
A. sativa responded much more strongly to P coronata infec-
tion than the alternate host R. frangula due to multiple differ-
ences in physiological, structural, and chemical responses to
the pathogen.

Impact of rust infections on stomatal limitations of
photosynthesis

Reductions in photosynthetic activity of fungal-infected leaves
can be due to diffusive and biochemical inhibitions linked to
reductions in mesophyll conductance, and activities of Ru-
bisco and the photosynthetic electron transport rate (Toome
et al., 2010; Nogueira Janior ef al., 2017; Kinnaste ef al., 2023).
Similar to Populus deltoides infected with Melampsora medusa
(Gortari et al., 2018), Salix burjaticaXS. dasyclados infected with
Melampsora epitea (Toome et al., 2010), and Saccharum spp.
hybrids infected with Puccinia kuehnii (Zhao et al., 2011), the
reductions in A, in A. sativa were associated with reductions
in g, (Fig. 2B).
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Fig. 6. Species comparisons of total emission rates of lipoxygenase pathway (LOX) compounds (A), long-chain fatty acid-derived (FAD) compounds

(B), isoprene (C), monoterpenes (D), sesquiterpenes (E), geranylgerany! diphosphate (GGDP) pathway compounds (carotenoid breakdown products, F),
and benzenoids (G) in non-infected control, mildly infected (~10% damaged area, D,), moderately infected (~40% D,), and severely infected (~60% Dp)
leaves of A. sativa (open bar) and R. frangula (filed bar). The severity of leaf infection was characterized by the D, of lower leaf surface for A. sativa and
upper surface for R. frangula (see Fig. 1A, B for photos of sampled leaves with different degrees of infection). Each data point is the average +SE of three
independent replicates. Averages at each level of infection severity were compared by an independent-samples t-test. Different lowercase letters indicate
significant differences between species.
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Fig. 7. Score plot (A) and loading plot (B) derived from principal component analysis (PCA) based on the emissions of volatiles (see Tables 1 and 2 for the
emission rates) in non-infected and infected leaves (40% severity of infection) of A. sativa and R. frangula. The severity of leaf infection was characterized
by the percentage of the infected area of the lower leaf surface for A. sativa and the upper surface for R. frangula. Symbols in the score plot represent
individual leaves of non-infected A. sativa (open circles), infected A. sativa (filled circles), non-infected R. frangula (open squares), and infected R. frangula
(filed squares). The impact of the individual compounds shown in the loading plot increases with increasing distance from the origin of the coordinate
system. The axis labels show the variation explained by the principal components (PC1 and PC2).

Given that, in general, g scales positively with leaf photo-
synthetic activity (Wong ef al., 1979), the negative relation-
ship between g and the severity of infection (Fig. 2B) might
indicate an overall reduction in leaf physiological activity.
However, the decrease in g was also associated with reduc-
tions in C, across infected A. sativa leaves (Fig. 2C), indicating
that the decrease in g indeed partly suppressed A, (Song ef al.,
2014). This might reflect the disruption of water flow through
leaf veins to the outer surfaces of substomatal cavities due to
fungal hyphae (Herre et al., 2005). Alternatively, infected plants
often close stomata to further reduce the entry of pathogen
propagules through stomata (Niks and Rubiales 2002; Grim-
mer et al., 2012), especially in monocot grass species which
have subsidiary cells adjacent to the guard of cells that facilitate
stomatal closure (Pitaloka et al., 2021). Such interruptions can
ultimately suppress photosynthesis at both infected and non-
infected sites (Nogueira Junior ef al., 2017; Ding et al., 2018;
Gortari ef al., 2018).

Differently from moderately severe infection, increases in C;
in heavily infected leaves with strongly reduced A, (Fig. 2C)
indicate that the impact of the decrease of photosynthetic ca-
pacity on A, was greater than the reduction in g (Zhao et al.,
2011; Niinemets, 2016). In addition, in the alternate host R.
frangula, g, was not correlated with infection severity and C;
tended to increase with increasing infection severity (Fig. 2C).
These responses indicate a loss of coupling between stomatal
conductance and photosynthesis, and a decrease in leaf water
use efficiency as observed with plants infected by different rusts
and several other pathogens (Grimmer ef al., 2012; Jiang et al.,
2016).

We did not quantify the effect of transplantation shock on
gas exchange characteristics. We are aware that some sensitive

species can respond to transplantation by partially closing sto-
mata; however, in our experiment, transplanted control plants
had similar gas exchange values to control plants grown under
controlled conditions (cf. Fig. 2 and Supplementary Fig. S1).
Nevertheless, the stomatal closure we observed is systematic
and may not influence our conclusions.

Reductions of photosynthesis and relationship with
decreases in nutrients and biomass

Localized cellular suicide and necrosis can lead to the resorp-
tion of nutrients and soluble carbon from damaged leaf re-
gions, analogous to changes occurring during leaf senescence
(Munné-Bosch and Alegre 2004; Tavernier et al., 2007). Addi-
tionally, biotrophic fungi absorb nutrients from the mesophyll
of infected leaves via haustoria (Staples, 2001). The decrease in

v and Py, in infected leaves of A. sativa (Fig. 4B, C) is con-
sistent with the resorption of nutrients. Reductions in nitrogen
concentration indicate decreases in photosynthetic capacity
more than reductions in other macronutrients (He ef al., 2015;
Lei et al., 2021). Decreases in nitrogen concentrations can lead
to a rapid fall in maximum Rubisco activity, particularly in C;
plants, as Rubisco is the principal enzyme for CO, fixation and
contains a large fraction of leaf N (Makino, 2013; Veresoglou
et al.,2013).

Increases in Cy; in infected A. sativa leaves (Fig. 4A) sug-
gested the accumulation of secondary compounds with high
carbon content such as phenolics, such as the lignin in cell
walls that enhances leaf robustness (Kovacik et al., 2007; Den-
ness ef al., 2011). In addition, increases in carbon can be asso-
ciated with fungal consumption of cell wall polysaccharides
and non-structural carbohydrates that have a lower C content

145

£20Z @unf g0 UO 18N Sa0usIog 8ji7 JO AysIaAiun ueiuoys3 Aq Z0 | | 269/6202/9/b L/e1oe/qx]/woo dno-oiwepese;/:sdny woly papeojumod



2042 | Sulaiman et al.

than the leaves on average (Niinemets ef al.,2007). Fungal con-
sumption of cell wall components can further lead to reduc-
tions in LMA (Niinemets, 1999; Poorter et al., 2009) as was
observed in rust-infected A. sativa leaves (Fig. 3). Indeed, infec-
tion severity-dependent reduction in photosynthetic biomass
significantly contributed to the reduction in A, in A. sativa,
although the contribution of Ay, was greater (A,=A,,/LMA).

Differently from A. sativa, N, P, and C contents and LMA
were unaffected by rust infection in R. frangula, further sug-
gesting that this species was more sensitive to the infection
than the primary host A. sativa. Overall, the deciduous tem-
perate broad-leaved species form foliage at the beginning of
the season, and foliage nutrient contents and LMA are stable
throughout the season until the onset of leaf senescence
(Niinemets ef al., 2004). As our study demonstrates, even major
rust infections did not result in the elicitation of nutrient re-
sorption and loss of biomass in R. frangula.

Puccinia coronata-induced emissions of lipoxygenase-
derived compounds: green leaf volatiles and methy!
Jasmonate

The biosynthesis of jasmonates and green leaf volatiles utilizes
a-linolenic acid derived from the LOX pathway upon pho-
tosynthesis (Feussner and Wasternack, 2002; Wasternack and
Hause, 2013).The release of jasmonates can indicate the activa-
tion of defense signaling pathways leading to systemic defense
responses including hypersensitive responses, and elicitation of
LOX pathway products and terpenoids (Hirao ef al., 2012; Li
et al., 2019). The emission of LOX pathway-derived products
is a universal response to stresses (Toome ef al., 2010; Liu ef al.,
2021; Sulaiman et al., 2021). Several LOXs are constitutively
active in the foliage of plants and, contingent on the availa-
bility of substrate, these enzymes rapidly elicit LOX compound
emissions upon any stress exposure that is associated with cel-
lular damage or oxidative burst (Feussner and Wasternack,
2002; Arneth and Niinemets, 2010; Copolovici et al., 2011).
In A. sativa, P coronata-elicited LOX pathway emissions scaled
during mild to moderate infection (Fig. 5A; Table 1), suggest-
ing the accumulation of oxidative stress, whereas, in R. frangula,
LOX product emissions were only elicited to a minor degree
(Table 2), indicating less oxidative damage in the alternate host.
Furthermore, LOX compound emissions in infected A. sativa
leaves were accompanied by the release of FAD compounds
(Fig. 5A, B), emissions of which have been associated with oxi-
dative stress (Hu ef al., 2009, 2011; Kinnaste ef al., 2023).

Inductions of terpenoid emissions by crown rust
infection

Consistent with previous reports (Karl et al., 2009), our results
showed that A. sativa is a low isoprene emitter (Table 1). We
also observed low emissions of constitutive isoprene in R. fran-
gula (Table 2), similar to other emitter species from the family

Rhamnaceae, such as Ziziphus nummularia (Singh et al., 2008)
and Ziziphus jujuba (Varshney and Singh 2003). The biosyn-
thesis of isoprene and monoterpenes occurs via the MEP/
DOXP pathway utilizing geranyl diphosphate as a precursor,
whereas sesquiterpenes are synthesized in main part via the
MVA pathway (Niinemets et al., 2002; Nogués et al., 2006).
Enhanced mono- and sesquiterpene emissions are ubiquitous
responses to pathogen infection (Arneth and Niinemets, 2010;
Niinemets ef al., 2013).

Differently from mono- and sesquiterpenes, isoprene emis-
sion is mostly associated with abiotic stresses (Niinemets et al.,
2013). Biotic stresses often decrease constitutive isoprene emis-
sions. For example, in Populus balsamifera infected with the rust
fungus Melampsora larici-populina (Jiang et al.,2016) and in Quer-
cus robur infected with oak powdery mildew (Erysiphe alphitoi-
des) (Copolovici et al., 2014), terpenoid emissions were elicited,
but constitutive isoprene emissions were reduced. In the current
study, P coronata infection suppressed the emissions of the iso-
prene derivative methacrolein, and enhanced the emissions of
mono- and sesquiterpenes in A. sativa (Table 1); but, surprisingly,
in R. frangula leaves, it enhanced the emissions of constitutive
isoprene emissions and induced the emissions of methacrolein
(Table 2), which may suggest differential expression of terpenoid
pathway genes (Arimura et al., 2004). This is plausible given that
isoprene and monoterpenes rely on the same substrate pool, but
the substrate affinity of monoterpene synthase is much greater
(Rasulov et al., 2014; Niinemets ef al., 2021). This suggests that
monoterpene synthesis was elicited much more weakly than
isoprene synthesis in rust-infected R. frangula leaves.

Crown rust infection induced the emissions of
benzenoids and carotenoid breakdown products in A.
sativa leaves

Pathogen infection can trigger the emissions of various ben-
zenoids from the shikimate pathway (Dudareva ef al., 2013).
MeSA is the quintessential benzenoid compound elicited by
biotrophic pathogen attack (Niinemets ef al., 2013). In A. sativa,
P coronata infection elicited the emissions of benzyl alcohol,
benzaldehyde, and benzothiazole, but not of MeSA (Table 1).
Different fungal infections can elicit emission of different ben-
zenoids; for example, in Q. robur, E. alphitoides infection elicited
benzaldehyde and MeSA emissions (Copolovici et al., 2014),
whereas infection by Neuroterus spp. and Cynips spp. elicited
benzaldehyde and benzothiazole emissions (Jiang ef al., 2018).
Moreover, the biosynthesis of MeSA in plants involves stren-
uous processes (Li ef al., 2019).

The emissions of chloroplast-synthesized GGDP com-
pounds can reflect carotenoid turnover (Aharoni et al., 2005).
Thus, the scaling of GGDP compound emissions during mild
to moderate infection in A. sativa (Fig. 5D) indicates increases
in chlorophyll loss and carotenoid breakdown, consistent with
the spread of the characteristic variegated appearance of sur-
faces of infected leaves (Josse ef al., 2000; Nisar ef al., 2015).
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Reductions of stress volatile emissions in severely
infected A. sativa leaves

Stress and signaling VOC emissions scaled positively with the
degree of infection in A. sativa; however, in contrast to pre-
vious studies (Copolovici ef al., 2014; Jiang et al., 2016, 2018),
the emissions leveled down during severe infections and were
no longer quantitatively dependent on infection severity
(Fig. 5A—F), reflecting substrate limitations due to reduced
photosynthesis and a decline in overall physiological activity
resulting from the spread of dead tissue (Jiang et al., 2017).

Differences in physiological responses to P. coronata
infection in the primary and alternate host

The physiological responses of host species are determined by
the complex interaction between the fungus and the host spe-
cies (Ponzio et al., 2016). The degree of impact on physiolog-
ical processes in a given host species can reflect the pressure
exerted by the parasite (Kinnaste ef al.,2023). We hypothesized
that fungal stress-elicited changes in physiological processes are
particularly more pronounced in the primary host. Our gas
exchange, carbon and nutrient, and biomass data collectively
showed the relative photosynthetic tolerance of R. frangula leaf
upon P coronata infection. Furthermore, emissions of most stress
volatiles were much higher in A. sativa leaves (Fig. 6A-G; cf.
Tables land 2), and scaled positively with the severity of infec-
tion (Fig. 5A-F), indicating severe fungal stress. In R. frangula,
isoprene was the distinctive elicited volatile, whereas a much
richer blend of stress volatiles was elicited in A. sativa (Fig. 7),
reflecting stress-dependent activation of different volatile bio-
synthesis pathways (Niinemets, 2010). Most of the character-
istic volatiles in infected A. safiva (Fig. 7) have been associated
with severe stress. For example, severe fungal stress resulted in
the elicitation of 3-carene, 3-pinene, geranyl acetone, benzal-
dehyde, and benzothiazole in Q. robur (Copolovici ef al., 2014;
Jiang et al., 2016, 2018). Stress-elicited emissions of (E)-f-
farnesene, 2-ethyl-hexanol, and (E)-2-hexenal have been dem-
onstrated to be sensitive indicators of oxidative damage (Sobhy
et al., 2017; Bison ef al., 2018). Altogether, our VOC data sug-
gest that P, coronata infection resulted in much higher emissions
of stress volatiles in A. sativa than in R. frangula.

Previous studies have shown that alternate hosts are equipped
with certain resistance genes providing partial resistance to rust
pathogen (Bettgenhaeuser ef al.,2014; Lorrain ef al., 2018). Ev-
olutionarily, an obligate biotrophic fungus requires continuous
interaction with a host species for survival, thus, as expected,
exerting a lower stress pressure than necrotrophic or hemibio-
trophic pathogens (Bettgenhaeuser ef al., 2014; Lorrain ef al.,
2019). However, changes in physiological processes and loss
of nutrients and leaf biomass in P coronata-infected A. sativa
leaves quantitatively resemble those induced by hemibiotro-
phic pathogens, while the impact on the alternate host R. fran-
gula is consistent with the biotrophic behavior of the pathogen.

Conclusions

‘We quantified the impact of P. coronata on leaf photosynthetic
characteristics and VOC responses in the primary host A. sativa
and the alternate host R. frangula at different levels of infection
severity and demonstrated how different physiological param-
eters (g, carbon and nutrients contents, and biomass) associated
with reductions in photosynthesis quantitatively change with
the severity of infection. Our results demonstrated that foliage
photosynthesis in A. sativa decreased with increasing severity of
infection, >100-fold at the highest infection severity, and the
reduction was primarily due to non-stomatal factors. Com-
paratively, in R. frangula, P. coronata affected photosynthetic ca-
pacity less, indicating a greater photosynthetic tolerance of R.
Sfrangula. In A. sativa, P. coronata infection induced the emission
of a rich blend of stress volatiles that initially scaled positively
with infection severity, but the emissions decreased when in-
fection became severe, indicating an overall reduction in leaf
physiological activity. In R. frangula, the infection also induced
stress volatile release, but to a much lower degree than in A.
sativa. However, the infection strongly enhanced constitutive
isoprene emissions. Thus, the pathogen elicited varying bio-
chemical responses in the two hosts.

‘We argue that the quantitative relationship between physio-
logical processes and the severity of infection, as observed in the
current study, provides a basis for the analytical understanding
of pathogen stress responses. Our volatile results provide viable
information for diagnosing crown rust infection using charac-
teristic volatile fingerprints. From an atmospheric viewpoint,
stress VOCs, such as benzenoids and isoprenoids that are highly
reactive, may contribute to the formation of secondary organic
aerosols capable of affecting climatic processes and overall air
quality. Thus, the results of leaf-level pathogen-elicited VOC
responses can further be incorporated as key input characteris-
tics for regional and global trace gas and reactive carbon emis-
sion models.
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ABSTRACT

Rust infection results in stress volatile emissions, but due to the complexity of host-pathogen interaction
and variations in innate defense and capacity to induce defense, biochemical responses can vary among
host species. Fungal-dependent modifications in volatile emissions have been well documented in
numerous host species, but how emission responses vary among host species is poorly understood.
Our recent experiments demonstrated that the obligate biotrophic crown rust fungus (P. coronata)
differently activated primary and secondary metabolic pathways in its primary host Avena sativa and
alternate host Rhamnus frangula. In A. sativa, emissions of methyl jasmonate, short-chained lipoxygenase
products, long-chained saturated fatty acid derivatives, mono- and sesquiterpenes, carotenoid break-
down products, and benzenoids were initially elicited in an infection severity-dependent manner, but the
emissions decreased under severe infection and photosynthesis was almost completely inhibited. In
R. frangula, infection resulted in low-level induction of stress volatile emissions, but surprisingly, in
enhanced constitutive isoprene emissions, and even severely-infected leaves maintained a certain photo-
synthesis rate. Thus, the same pathogen elicited a much stronger response in the primary than in the
alternate host. We argue that future work should focus on resolving mechanisms of different fungal
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tolerance and resilience among primary and secondary hosts.

Introduction

Numerous studies have demonstrated that pathogen attacks
negatively impact photosynthesis and activate different hormo-
nal pathways including jasmonic acid (JA) and/or salicylic acid
(SA) signaling and alteration of the activity of different sec-
ondary metabolic pathways"?. This results in enhanced emis-
sions of various stress marker compounds and defensive
metabolites such as short-chained lipoxygenase (LOX) path-
way volatiles (also called ’green leaf volatiles’)>*, mono- and
sesquiterpenesSJ, benzenoids™®, and carotenoid breakdown
products from the geranylgeranyl diphosphate (GGDP)
pathway™’.

Many widespread fungal pathogens such as Melampsora
spp. and Puccinia spp. are multi-host (heterecious) pathogens
requiring two phylogenetically different hosts, primary and
secondary host to complete their life cycle'®"2. Most studies
looking at quantitative relationships between infection severity
by multi-host pathogens and stress volatile emissions have
focused on single hosts (Toome et al,'>' However, physiolo-
gical and biochemical responses can vary among host species of
multi-host pathogens at different parts of their life cycle. Such
variations might result from differences in adaptive responses
in different hosts, interspecific differences in host-pathogen
interactions and different pathogen pressures on different
hosts'>!®. In addition, host differences in the expression of
constitutive defenses and capacity to induce defense responses
can result in divergent elicitation of volatile emissions in

different host species®. Regarding volatiles, variations in the
degree of constitutive isoprene emissions can give rise to dif-
ferences in the induction of emissions of stress-elicited isopre-
noids in different hosts>”'*"7.

Phylogenetically different hosts also have different ecologi-
cal requirements, implying that heterecious fungal infections
can impact a range of ecosystems'®, Furthermore, many pri-
mary hosts are widespread crops, and thus, information on
fungal stress responses of different host species is important in
developing rust fungus-resistant crops'>?°. This is especially
relevant given that heterecious biotrophic fungi are suggested
to exert more severe stress on primary hosts than on alternate
hosts, as the pathogens only transit the alternate host>'. This
evidence collectively suggests that potential differences in the
physiological responses of primary hosts and alternate hosts of
fungal pathogens need to be carefully scrutinized.

Puccinia coronata infection as a model to study
fungal-induced physiological changes in different
hosts

We conducted experiments to investigate how a heterecious
obligate biotrophic fungus, crown rust (P. coronata) modifies
volatile organic compound (VOC) emission profiles at differ-
ent levels of infection severity in its primary and secondary
hosts®. Its primary host, where the asexual reproduction of the
fungus takes place, is the annual grass, cultivated oat (Avena
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sativa L., Gramineae), and the alternate host, where the kar-
yogamy and meiosis of the fungus occur, is the shrub to small
tree alder buckthorn (Rhamnus frangula L., syn. Frangula alnus
P. Mill., Rhamnaceae). We used P. coronata as the fungal
model organism as it is highly virulent with a considerable
rise in virulence reported recently”**Sowa and Paczos-
Grzeda, 2021). Also, the host species of P. coronata have vary-
ing degrees of constitutive emissions of isoprene; A. sativa is
a weak emitter, whereas R. frangula is a moderately strong
emitter™.

We measured photosynthetic characteristics (light-saturated
stomatal conductance, g, and net assimilation rate, A) and
emissions of VOC simultaneously in leaves with varying severity
of P. coronata infections using a custom-made gas exchange
system designed for trace gas sampling, and identified different
volatile compounds using gas-chromatography mass-
spectrometry””. Additionally, we quantified mineral nutrients
(nitrogen and phosphorous) and carbon contents per leaf dry
mass, and leaf dry mass per area (LMA) in the different host
species as these variables define the structural and chemical
controls on photosynthesis, carbon sink and structural
investment™. In these experiments, the severity of the infection,
measured by the total leaf area covered by the classical rust
symptoms, chlorosis, and necrosis (total visible damaged leaf
area, D), ranged from 0 (non-infected) to ~80% in A. sativa and
from 0 to ~60% in R. frangula (Fig. 1 and 2 for images of
representative infected leaves). In total, 15 leaves of R. frangula
(three non-infected control and 12 infected leaves) and 23 leaves
of A. sativa cv. ‘Kalle’ (three non-infected control and 20 infected
leaves) with varying degrees of infection were measured®”.

In R. frangula, A decreased with increasing severity of the
infection and the reductions were primarily due to limitations
of photosynthetic capacity (Fig. 1A and 2;*. In A. sativa,
fungal-induced stomatal limitations resulted in decreases in
photosynthetic activity at all levels of infections (Figures 1A
and 2). However, under severe infection, g relative to
A increased, indicating a certain reduction of photosynthetic
capacity”>. We observed that in A. sativa, but not in
R. frangula, the reduction in photosynthetic activity was asso-
ciated with decreases in rate limiting nutrients (N and P) and
loss of photosynthetic biomass (Fig. 2), reflecting fungal con-
sumption of leaf nutrient. Given that a large fraction of leaf
nitrogen is invested in Rubisco, a decrease in nitrogen content
typically results in a drastic reduction in photosynthetic
capacityZS. In addition, in A. sativa, the infection resulted in
increases in the C contents of leaves (Fig. 2), suggesting the
accumulation of the shikimic acid pathway-produced carbon-
rich compounds such as lignin that promote defense against
pathogens™.

Differences in fungal activation of volatile synthesis
pathways in different host species

Pathogens induce hypersensitive responses that trigger the
activation of different hormonal signaling pathways, particu-
larly SA and JA pathways that regulate local and systemic
defense/stress responses>”?®, Often, the hormonal pathway
activated during pathogen infection depends on the pathogen
type and its interaction with the hosts®®. Typically, biotrophic

fungi activate the SA pathway, whereas the JA pathway is
activated by necrotrophic pathogens®***'. Research over the
past decades has established that these pathways interact antag-
onistically in response to certain pathogens, in such a way that
the activation of one pathway suppresses the other **(Kunkel
and Brooks 2022). However, recent evidence has also demon-
strated synergistic interactions between SA and JA pathways in
response to different pathogen attacks®>***". In particular, rust
infection is associated with enhanced SA and JA accumulation
due to the positive interaction of JA and SA signaling®***. In
this study, fungal infections induced the emissions of methyl
jasmonate (MeJA) in A. sativa (Fig. 1B;*%. Given that A. sativa
emitted benzenoids (Fig. 1B), synthesis of which via the shiki-
mate pathway is regulated by SA accumulation™®, simulta-
neous emissions of MeJA and benzenoids reflect the
synergistic activities of JA and SA pathways. In R. frangula,
low-level MeJA emissions were constitutive®, suggesting con-
stitutive expression of JA-dependent systemic responses that
improve stress tolerance™.

In A. sativa, the induction of MeJA emission was accom-
panied by bursts of different LOX pathway volatiles
(Figure 1B). Emissions of LOX pathway derivatives indicate
cellular damage and generation of an oxidative burst’”***’. In
the case of R. frangula, emissions of LOX volatiles were only
enhanced to a minor degree (Figure 1B), suggesting much
lower oxidative stress. In A. sativa, emissions of LOX volatiles
were accompanied by emissions of long-chain saturated fatty
acid (FAD) derivatives (Fig. 1A), further indicating a stronger
loss of membrane integrity in the primary host.

Terpenoid emissions were also differently enhanced in the
primary and alternate hosts (Figures 1B and 2), further under-
scoring the differences in stress severity experienced by plants
as well as the differential regulation of terpenoid pathway
genes. In A. sativa, P. coronata enhanced the emissions of
mono- and sesquiterpenes, but suppressed the emission of
the oxygenated isoprene derivative methacrolein (Figures 1B
and 2,”%. In general, biotic stresses induce mono- and sesqui-
terpene emissions but decrease constitutive emissions of iso-
prene as observed in primary isoprene-emitting hosts infected
by Melampsora spp.'>'**’. Surprisingly, in R. frangula, the
impact of P. coronata on mono- and sesquiterpenes was
minor, but the emissions of isoprene were enhanced
(Figure 1B). This might indicate both the overall upregulation
of the chloroplastic methyl-D-erythritol phosphate (MEP)
pathway for isoprenoid synthesis or isoprene synthase
activity”!7*"*2, Apparently, the stress threshold for elicitation
of terpene synthesis was not exceeded in the alternate host, or
R. frangula has an overall low capacity for induction of terpene
emissions. Although emissions of specialized metabolites can
enhance local and systemic defense responses, in some cases,
low emissions of these volatiles can reflect enhanced
defense®®****, as observed in R. frangula (Figures 1B and 2).

Altogether the different responsiveness of volatile formation
pathways in the two hosts led to distinguished volatile finger-
prints (Figures 1B and 2;%. In particular, in the primary host,
the bouquet of volatile emissions was much richer
(Figure 1B,”, including indicators of oxidative damage such
as 2-ethyl-hexanol and (E)-2-hexenal, indicators of enhanced
activation of terpenoid synthesis pathways'Kinnaste et al.,®
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Figure 1. Changes in leaf light-saturated net assimilation rate (A) and total volatile emission (B) in the primary host, the annual grass Avena sativa, and the alternate

host, the shrub R. frangula, under different severity of the crown rust Puccinia coron:

ata infection. The insets in (B) show the severity-dependent emissions of different

volanle groups including short- chalned Ilpoxygenase (LOX) pathway compounds, methyl jasmonate (MeJA), long-chained saturated fatty acid-derived (FAD)

quantlﬁed as the percentage of the total chlorotic and necrotic area of the leaf.

and shikimic acid pathways such as p-pinene, -farnesene,
benzaldehyde, and benzothiazole"®, and indicators of carote-
noid breakdown such as geranyl acetone™. As other studies of
volatile emission responses upon infection of heterecious fungi
have looked at primary hosts, whether the observation of lower
complexity of volatile profiles in infected alternate hosts is
a general pattern requires further investigation.

pathway (GGDP) compounds and benzenoids in A. sativa and R. frangula. The severity of infection was

Scaling of volatile emissions with the severity of
P. coronata infection

In A. sativa, emissions of stress volatiles increased with the
severity of infection from 0 to 40% (Figures 1B and 2), suggest-
ing stress severity-dependent elicitation of volatiles. Several
previous studies have demonstrated that fungal-dependent
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infection, dif from path P observed in other constitutive isoprene emitters.

13,40

emissions scale with the severity of infection'"", implying that ~ functional leaf parts might have resulted in a shortage of sub-

stress volatiles are increasingly elicited with increasing tissue
damage. However, the late stages of P. coronata infection were
characterized by expansions of necrosis, resembling hemi-
biotrophy, that can lead to the inhibition of photosynthesis
and overall physiological activities including volatile
emissions?>**). We could not discriminate emissions from
infected and non-infected regions of the leaf, however, it has
been noted that for chronic infection, scaling of stress VOC
with the severity of infection reflects emissions from damaged
areas and immediate impact sites>”. We observed that in
severely infected A. sativa, photosynthesis was almost comple-
tely inhibited due to both stomatal limitation and inhibition of
Rubisco activity (Figures 1A and 2). In addition to the spread
of necrotic surface area, decreased photosynthesis of still

strates for volatile synthesis*®*?, Correspondingly, in A. sativa,
the elicitations of volatile emissions declined under severe
infections, from 40 to ~ 80% severity of infection (Figures 1B
and 2). Previously, such abolishing of volatile emissions has
only been observed for necrotrophic infections"*”*%,

Conclusion

It has been suggested that heterecious biotrophic fungi exert
more severe stress on primary hosts than on alternate hosts,
as the pathogens mainly require the alternate host for transit
before infecting the primary host®!, but the experimental
evidence has been limited. We demonstrated that
P. coronata infection impacted photosynthesis and activated
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biochemical pathways differently in the primary host and the
alternate host. The difference in the physiological responses
of the different host species demonstrates differences in the
fungal stress sensitivity of the different host species. In the
sensitive host, A. sativa, photosynthesis was almost comple-
tely inhibited under extreme infection, resulting in a major
decline in the biosynthesis of volatiles”. The scaling of
defense responses with increasing severity of infection in
the primary host was characterized by an optimum, indicat-
ing that above a certain infection threshold, the defenses of
the host were exhausted, resulting in escalated tissue damage
and cell death.

We found a surprising increase in isoprene emissions in the
infected alternate host R. frangula. This is different from other
studies with constitutive isoprene emitters infected by heter-
ecious fungal pathogens™'**°, but in these studies, the consti-
tutive emitters were the primary hosts. Overall, the fungal-
dependent changes in photosynthetic traits and volatile emis-
sions were greater in the primary host than in the alternate
host, reflecting variations in the sensitivity of the physiological
activities of the different hosts. A profound understanding of
how different host species respond to heterecious biotrophic
pathogens is relevant to predict fungal spread in both natural
ecosystems and crops. We suggest that future assessments of
the severity of infections of heterecious fungi should consider
both primary and alternate hosts. Furthermore, comparisons
of responses of different host species to the same pathogen can
help identify promising plant molecular responses to pathogen
infection as a breeding strategy for the enhancement of disease
resilience in crop species and cultivars*>***",
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