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DEFINITIONS OF ABBREVIATIONS AND 
SYMBOLS

ABBREVIATION                                       DEFINITION
ADH Alcohol dehydrogenase
AOS Allene oxide synthase
CCN Cloud condensation nuclei
DMADP Dimethylallyl diphosphate
DMNT Homoterpene (3E)-4,8-dimethyl-1,3,7-

nonatriene
GC-MS Gas chromatography mass spectrometry
GDP Geranyl diphosphate
GGDP Geranylgeranyl diphosphate pathway derived 

volatiles
GLV Green leaf  volatile
HPL Hydroperoxide lyase
IDP Isopentenyl diphosphate
JA Jasmonic acid
Km Michaelis–Menten constant
LOX Lipoxygenase 
MeJA Methyl jasmonate
MEP/DOXP 
pathway

2-C-methyl-D-erythritol 4-phosphate/1-deoxy-
D-xylulose 5-phosphate pathway (Plastidic 
isoprenoid synthesis pathway)

MeSA Methyl salicylate
PTR-TOF-MS Proton transfer reaction-time of  flight-mass 

spectrometry
SA Salicylic acid
VOC Volatile organic compound
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SYMBOL DEFINITION UNITS
ΦX

Emission rates of  given VOC nmol m-2 s-1

Speak area,x
Peak area of  the identified volatile 
compound x from chromatograms

area

M Molar mass of  the identified volatile 
compound

g mol-1

F Air flow rate through the chamber L min-1

S Leaf  area enclosed in the chamber cm2

Cf
Calibration factor, obtained from 
chromatograms of  corresponding 
authentic standard

area g-1

V Volume of  the sampled air L
MA

Leaf  dry mass per unit area g m-2

SYMBOL DEFINITION UNITS
Mg/Ml

Dry gall mass per leaf  dry mass
An (AA) Net assimilation rate per area μmol m-2 s-1

gs
Stomatal conductance mmol m-2 s-1

ΦM1
Maximum emission rate at the first 
emission peak

nmol m−2 s−1

ΦM2
Maximum emission rate at the second 
emission peak

nmol m−2 s−1

ΦM, LOX
Maximum emission rate of  LOX nmol m−2 s−1

ΦM, monoterpene Maximum emission rate of  
monoterpenes

nmol m−2 s−1

ΦM, sesquiterpene Maximum emission rate of  
sesquiterpenes

nmol m−2 s−1

IT, LOX
Integrated emissions of  LOX nmol m−2

IT, monoterpene 
Integrated emissions of  monoterpenes nmol m−2

IT, sesquiterpene 
Integrated emissions of  sesquiterpenes nmol m−2
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1. INTRODUCTION

Biogenic volatile organic compounds (BVOCs) constitute a series of  
highly diverse secondary metabolites emitted from the plant. Based 
on the biosynthesis pathway, the volatiles are generally categorized 
to terpenoids, benzenoids, and fatty acid derivatives (lipoxygenase 
pathway volatiles, also called green leaf  volatiles) (Dudareva et al. 2004; 
Niinemets et al. 2013; Tissier et al. 2017). The released volatiles act as 
signals eliciting systemic responses within the plant or playing pivotal 
roles in the communication and interaction of  plants with neighboring 
plants and with other organisms. Volatiles in the flower or fruits serve as 
attractants for pollinators and seed dispersing animals, while volatiles in 
leaves have been reported to play a role in attracting natural enemies of  
feeding herbivores for indirect defense or in priming/signaling among 
different plants; leaf  volatiles have also reported to display antibacterial 
and antifungal activities (Dudareva et al. 2006). In addition, volatiles 
have a considerable impact on biosphere-atmosphere by contribution to 
atmospheric ozone, aerosol and cloud formation (Huff  Hartz et al. 2005; 
VanReken et al. 2005; Guenther et al. 2012; Calfapietra et al. 2013).

Biotic stress, typically including pathogen infection and insect infestation, 
can elicit emissions of  diverse volatiles (Chen et al. 2009; Pfabel et al. 
2012; Matsui et al. 2010; Kask et al. 2013; Niinemets et al. 2013; Jiang et 
al. 2018). Microbial infections (including fungal and bacterial), herbivore 
and galling arthropod infestations typically result in a burst of  volatile 
emissions including monoterpenes, sesquiterpenes, benzenoids and green 
leaf  volatiles (GLVs) (Arimura et al. 2004; Blande et al. 2007; Copolovici 
et al. 2014b; Irmisch et al. 2014; Yli-Pirilä et al. 2016; Copolovici et al. 
2017; Hall et al. 2017; Rand et al. 2017). Some of  the volatiles can be 
constitutively emitted from the leaves under unstressed conditions or by 
a series of  abiotic stresses, while a large fraction of  the volatiles can only 
be produced de novo under specific biotic stresses (Heiden et al. 1999; 
Beauchamp et al. 2005; Dudareva et al. 2006; Copolovici and Niinemets 
2010; Loreto and Schnitzler 2010; Niinemets 2010; Brilli et al. 2011; 
Niinemets et al. 2013; Copolovici et al. 2014b; Kanagendran et al. 2018; 
Li et al. 2018). As the biochemical marker for different biotic stresses, 
changes in the profile of  plant-released volatiles is a reliable indicator 
for the presence of  stress and for the elicitation of  stress-dependent 
processes (Beauchamp et al. 2005). Therefore, monitoring the alteration 
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of  the blend of  the volatiles is critical to gain an insight into the defence 
strategies employed by plants upon different biotic stresses. 

In North Europe, several biotic stress agents have specialized on the 
common broad-leaved tree species, including planted poplars (Populus 
spp.) and pedunculate oak (Quercus robur). Among these biotic stressors, 
leaf  rusts from the genus Melampsora are widespread and devastating 
obligate biotrophic pathogens greatly inhibiting poplar growth all over 
the world (Feau et al. 2009). Among the Melampsora species, M. larici-
populina is one of  the most common poplar rust species with outbreaks 
between late summer to leaf  fall in North Europe (Vialle et al. 2011). 
Melampsora outbreaks lead to enormous poplar biomass reductions and 
massive economic losses (Benetka et al. 2011; Wan et al. 2013). 

Apart from the obligate pathogens, poplar trees are also specific hosts 
of  diverse arthropods, such as aphids. One interesting and noticeable 
phenomenon is that aphid species in the genus Pemphigus commonly 
form the round galls on the middle of  petiole of  poplar species as the 
specialized primary host (Shour et al. 2004; Wool 2004; Hałaj and Osiadacz 
2013). Studies attempting to uncover the cellular mechanisms underlying 
formation of  the gall have revealed that formation and growth of  a gall is 
mainly attributed to the active cell multiplication in meristematic tissues 
(Shour et al. 2004; Giron et al. 2016). This is a typical response of  the 
alteration of  phytohormone levels caused by aphid feeding (Takei et al. 
2015; Richardson et al. 2016). 

Unlike the poplar aphid galls infecting the petiole, majority of  gall-
forming insects prefer plant leaves as the obligate site of  infection. 
Tumor-like wasp galls can be formed in a wide range of  species by mutual 
interactions between gall wasps and the host plant (Taper and Case 1987; 
Stone et al. 2002). Similar to the formation of  aphid galls, wasp galls are 
created by the ovipositioning secretion of  female wasps; the formed galls 
provide nutrition and protect from various stresses to the larva (Mani 
1992; Nyman and Julkunen-Tiitto 2000; Stone et al. 2002; Stone and 
Schönrogge 2003; Nylander 2004; Nylander et al. 2004; Raman 2007). 
As the most widely distributed gall wasps on the oak trees in Europe, 
wasps in Neuroterus and Cynips genera form a diversity of  galls with 
a vast variation in the gall shape, size and color. (Abrahamson and Weis 
1987; Ronquist and Liljeblad 2001). Studies of  the anatomical structure 
of  the Neuroterus and Cynips galls have demonstrated that the galls are 
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composed of  a protective outer layer and an inner layer of  nutritive tissue 
(Stone and Schönrogge 2003), which can constantly sequester nutrients 
from the surrounding leaf  tissue (McCrea et al. 1985; Bronner 1992). 
After infection by the gall-forming wasps, the physical characteristics 
of  host plant, including plant architecture (Larson and Whitham 1997), 
shoot growth (Hartnett and Abrahamson 1979; Vuorisalo et al. 1990), 
nutrient distribution (McCrea et al. 1985; Abrahamson and McCrea 
1986), and whole-plant growth and survival can be profoundly affected 
(Hakkarainen et al. 2005).

Methyl jasmonate (MeJA), a semivolatile chemical induced by insect 
infestation and microbe infection, has been documented to act as a 
long-distance airborne signal that initiates defense responses within the 
plant or in neighboring plants, priming of  direct defences or leading to 
attraction of  natural enemies of  the herbivores as the indirect defense 
response (Cheong and Choi 2003; Heil and Ton 2008; Tamogami et al. 
2008). Exogenous application of  MeJA on leaves typically triggers the 
emission of  characteristic stress volatiles (Dicke et al. 1999; Kappers et 
al. 2010; Mätylä et al. 2014). So, exogenous application of  MeJA has 
extensively been applied to mimic the effect of  biotic stress, particularly 
the herbivory feeding, on the response of  jasmonate-dependent defenses 
(Zhao and Chye 1999; Heijari et al. 2008; Tamogami et al. 2008; Suh et 
al. 2013; Shi et al. 2015; Jiang et al. 2016).

In this thesis, our main purpose was to assess the effects of  different 
categories of  biotic stresses on foliage photosynthetic characteristics 
and elicitation of  leaf  volatile emissions. In particular, we asked how the 
severity of  biotic stress alters the timing and strength of  the emission 
response and profile of  volatiles and whether we can discriminate 
among different infections on the basis of  volatile emission blends. We 
hypothesized that (1) Fungal pathogen Melampsora larici-populina alters 
photosynthetic rate, constitutive and induced volatile emissions in an 
infection severity-dependent manner in leaves of  Populus balsamifera var. 
suaveolens (Paper I); (2) Poplar spiral gall aphid (Pemphigus spyrothecae) 
changes the leaf  lamina structure, macronutrient content, photosynthetic 
rate, constitutive isoprene and stress-induced volatile emissions, and that 
these changes scale quantitatively with the aphid gall infection severity 
(Paper II); (3) Oak wasp gall infections affect foliage photosynthetic 
characteristics and constitutive isoprene and induced volatile emissions 
in Quercus robur and there are quantitative relationships between 
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changes in these physiological traits and the wasp gall infection severity 
and that infections by different wasp species lead to different quantitative 
relationships (Paper III); (4) Exogenous application of  MeJA  elicits an 
emission blend of  volatile compounds, whereas the magnitude of  volatile 
emissions and the release kinetics are dependent on MeJA concentration 
(Paper IV). Paper I investigates the foliage chemical and photosynthetic 
traits and constitutive/induced volatile emissions in infected poplar 
leaves with varying infestation by M. larici-populina. Paper II describes 
the effects of petiole aphid gall (P. spyrothecae) infection on lamina 
structural, chemical and photosynthetic characteristics, and constitutive 
isoprene and stress volatile emissions in Populus x petrovskiana Dippel 
(P. deltoides x P. laurifolia). Paper III examines macroelement contents 
of  leaves and galls, foliage photosynthetic rate and constitutive isoprene 
and induced volatile emissions in infected leaves of Q. robur with 
varying infestation by four species of  gall wasps from the Neuroterus (N. 
anthracinus and N. albipes) and Cynips (C. divisa and C. quercusfolii) 
genera. Paper IV studies the emission kinetics of  volatile compounds 
response in Cucumis sativus leaves with varying dose of  MeJA. The 
thesis overall demonstrates that foliage structural, photosynthetic and 
volatile emission characteristics change in biotic stress severity dependent 
manner, suggesting that the magnitude of  stress volatile emissions is a 
reliable indicator of  the severity of  biotic stress.
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2. REVIEW OF THE LITERATURE

2.1  Changes in photosynthetic characteristics and biomass of  
leaves with infestation by rust fungi and upon gall formation

Rust infections in a variety of  plant species have been demonstrated to 
lead to various alterations in the physiological traits, including reduction 
in leaf  chlorophyll content and photosynthetic activity, and enhancement 
of  stomatal conductance as well as reductions in water use efficiency 
(Robert et al. 2005; EI-Ghany et al. 2009; Major et al. 2010; Toome et 
al. 2010b). Since the consumption of  photosynthetic products of  the 
host leaves and the reduction of  physiological activity of  impacted leaves 
(Staples 2001; Voegele and Mendgen 2003), losses of  photoassimilate 
export and biomass of  leaves hosted by Melampsora have been 
documented (Laureysens et al. 2005; Aylott et al. 2008; Major et al. 2010; 
Cao et al. 2012; Covarelli et al. 2013; Wan et al. 2013).

Similar to the infection by rust fungi, formation of  wasp galls could 
also change the gas-exchange characteristics of  the leaves, including 
photosynthesis, stomatal conductance, and water use efficiency (Fay and 
Samenus 1993; Larson 1998; Florentine et al. 2005; Dorchin et al. 2006). 
However, the impacts of  gall formation on gas-exchange processes are 
variable and depend on the species of  gall inducer attacking the host plant 
(Welter 1989). For example, in the canopy leaves of  mature sugar maple 
(Acer saccharum) trees, leaf  net assimilation rate (by approximately 60%) 
and stomatal conductance (by approximately 50%) were both reduced by 
infestation of  maple spindle gall mite Vasates aceriscrumena (Patankar et 
al. 2011). In other study, the photosynthesis rate in Machilus thunbergii 
leaves was not significantly affected by infestation of  cecidomyiid insect 
galls (Huang et al. 2014). Given the competition for leaf  photosynthetic 
products between gall consumption for larval benefits and leaf  
development (McCrea et al. 1985; Abrahamson and Weis 1987; Bronner 
1992), the biomass and photosynthetic rates of  the foliage are commonly 
reduced (Washburn 1984; Fay et al. 1996; Hess et al. 1996; Larson 1998; 
Tooker and De Moraes 2008; Prior and Hellmann 2010). However, 
the relationships among the consumption of  photosynthetic products 
of  leaves infested by wasp galls and amount of  carbon remaining for 
construction of  the infested leaves have not been studied in relation to 
the infection severity.
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As for the insect galls formed on plant parts other than leaf  lamina, 
the infestation by poplar spiral gall aphids (Pemphigus spyrothecae) 
results in increasing contents of  phenolic compounds and decreasing 
contents of  nitrogen and chlorophyll in the leaves P. nigra var. italica 
(Künkler et al. 2013). It has been demonstrated that formation of  aphid 
galls could disrupt the balance of  sink-source relationships between 
host leaf  and gall. Furthermore, the aphid galls not only consumed a 
large fraction of  carbon assimilated by the host leaf, but also sequestered 
part of  photosynthetic products from other adjacent leaves (Larson and 
Whitham 1991; Compson et al. 2011). Despite the effect of  gall aphids 
on photosynthetic traits is unclear, it has been reported that the biomass 
on leaves of  Pistacia palaestina infested by gall aphids (Baizongia 
pistaciae) increased due to the carbon transferred from neighboring 
leaves (Kurzfeld-Zexer et al. 2010). 

2.2  Induction of  volatile emissions from leaves infested by rust 
fungi

Plenty of  studies have demonstrated that emissions of  lipoxygenase 
(LOX) pathway compounds and terpenoids, which are the typical 
compounds elicited by herbivore infestation, can also be induced upon 
infection by pathogenic fungi (Vuorinen et al. 2007; Jansen et al. 2009; 
Toome et al. 2010b; Copolovici et al. 2014b). Whereas the terpene 
emissions are similar for leaves infested by herbivores and pathogenic 
fungi, there are important differences in the emission pattern of  LOX 
volatiles in leaves attacked by herbivores or infested by fungi. For 
example, it is noticeable that LOX volatiles are commonly induced as 
the direct short-term wounding response by herbivore attacks, while the 
LOX emissions induced by fungal pathogen colonization are sustained; 
this suggests a chronic stress impact of  pathogens (Vuorinen et al. 2007; 
Jansen et al. 2009; Piesik et al. 2013; Copolovici et al. 2014b). 

So far, there are few studies looking at the quantitative relationships 
among the severity of  fungal infection and the emission rates of  induced 
volatiles. In Q. robur, quantitative relationships among the severity of  
powdery mildew infestation and the emission rates of  induced volatiles 
(including LOX, monoterpenes) has been observed (Copolovici et al. 
2014b). In another study, Toome et al. (2010b) found that inoculation 
of  leaves of  hybrid willow (Salix burjatica Nasarow × S. dasyclados 
Wimm.) by rust fungus Melampsora epitea Thüm. lead to elicitation of  
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emissions of  LOX, monoterpenes and sesquiterpenes, whereas possible 
quantitative scaling of  the emissions with the damage severity was not 
investigated.

2.3  Induction of  volatile emissions from leaves infested by gall 
wasps and gall-forming aphids 

There is evidence that formation of  insect galls on plant leaves can 
lead to modification of  volatile emission profiles (Augustyn et al. 2010; 
Besten et al. 2015). As examples, volatile emissions from the leaves 
of  goldenrod (Solidago altissima) are altered by the infection of  the 
tephritid fly Eurosta solidaginis and the gelechiid moth Gnorimoschema 
gallaesolidaginis galls, implying a role of  volatiles for indirect plant 
defenses (Tooker et al. 2008). Besides the roles in defense, the gall-
induced volatiles may be also involved in the attraction and orientation 
of  the insects for feeding or oviposition (Hess et al. 1996). As studied 
by Santos et al. (2016), hymenopteran parasitic wasps can be attracted by 
volatile terpenoids induced by Dittrichia viscosa flowers infected by the 
gall-forming dipteran Myopites stylatus.

Besides the elicitation of  volatiles in directly infested leaves, it has been 
demonstrated that volatile emissions can also be triggered in non-infected 
leaves in hybrid aspen (P. tremula x tremuloides) by herbivore feeding 
(Li and Blande 2017). Moreover, petiolar galls might also promote the 
transportation of  chemical signals, such as jasmonic acid and salicylic 
acid. This evidence suggests that gall aphid infestations on petiole could 
modify and induce stress volatile emissions from leaf  laminas. 

Differently from stress-induced volatiles, biotic stress can negatively affect 
constitutive emissions. Isoprene is a key constitutive volatile released 
by various woody species, such as poplars and many oak species. It has 
been shown that powdery mildew infection resulted in reduced isoprene 
emission (Copolovici et al. 2014b), suggesting that there is a competition 
for photosynthetic products used for isoprene and monoterpenes 
synthesis (Sharkey and Yeh 2001; Monson et al. 2012; Grote et al. 2013). 
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2.4  Induction of  volatile emission from leaves by exogenous 
MeJA application

Once entered into the leaf  intercellular spaces through stomata, MeJA 
can trigger rapid emissions of  several VOCs such as LOX compounds 
(Rodriguez-Saona et al. 2001; Martin et al. 2003; Semiz et al. 2012; Kegge 
et al. 2013). These rapid emissions of  LOX volatiles by MeJA treatment 
are related to the constitutive activity of  the key rate-controlling enzymes 
(LOX) that are immediately engaged as soon as their substrate, the 
polyunsaturated fatty acids are released from plant membranes (Andreou 
and Feussner 2009). In the longer term, upregulation of  expression 
level of  terpene synthase genes is responsible for the de novo synthesis 
of  specialized terpenoids (including monoterpene and sesquiterpenes) 
(Martin et al. 2002, 2003; Byun-McKay et al. 2006). It has been well 
documented that the profile of  volatile emissions induced by MeJA 
shows a great resemblance to the emissions induced by herbivory attacks; 
these volatiles play keys role as the cues in attracting natural enemies or 
in priming defenses in neighboring plants (Dicke et al. 1999; Rodriguez-
Saona et al. 2001; Heil and Kost 2006; Heil and Ton 2008; Kappers et 
al. 2010). Given that MeJA has been used as a handy tool to simulate 
biotic stress in a multitude of  studies, it is surprising that MeJA dose 
dependency of  volatile emissions has not been studied in detail through 
rapid and slower phases of  volatile emissions. Nevertheless, there is 
evidence that MeJA response might be multiphasic, consisting of  the 
direct initial response and followed by amplification or damping of  
emissions depending on the applied dose (Jonak et al. 2002 Popova et al. 
2003; Jung 2004; Zhang and Xing 2008; Repka et al. 2013). 

2.5  Dose response of  VOC emission upon biotic stresses

Although there have been several studies investigating the quantitative 
patterns among stress severity and induced volatile emission for abiotic 
stresses (Beauchamp et al. 2005; Copolovici et al. 2012; Copaciu et al. 
2013; Opriş et al. 2013; Kanagendran et al. 2018; Li et al. 2018), in the case 
of  biotic stresses, the quantitative relationships among the rate and total 
amount of  volatiles induced by biotic stresses and the stress severity are 
still poorly understood. This reflects the circumstance that the majority 
of  studies about the biotic stress-induced volatiles have mainly focused 
on either the modifications in volatile profiles or the ecological roles of  
the volatile induction (Rodriguez-Saona et al. 2001; Martin et al. 2003; 
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Semiz et al. 2012; Kegge et al. 2013), while the quantitative relationships 
between the emission magnitude and elicitor dose (stress severity) have 
rarely been studied.

In the past years, evidence indicating that volatile emissions elicited by 
biotic stresses are quantitatively related to the stress severity according 
to a dose-dependent pattern has accumulated (Niinemets et al. 2013). 
Nevertheless, due to the complexity of  magnitude and timing of  biotic 
impacts, it has been difficult to describe the severity of  biotic stress. 
For instance, for herbivory stress, the degree of  wounding (Mithöfer et 
al. 2005; Portillo-Estrada et al. 2015, 2017) and the number of  feeding 
larvae (Copolovici et al. 2011; Yli-Pirilä et al. 2016; Copolovici et al. 
2017) have been used for quantitative evaluation of  stress severity. Time-
dependent changes in the intensity of  herbivory and presence of  old 
and fresh wounding sites complicate estimation of  herbivory stress 
severity, and make the emission responses hard to decipher (Grote et al. 
2013). Analogously, lesions due to fungal infections include old and new 
damages (Vuorinen et al. 2007; Toome et al. 2010a), again complicating 
quantitative assessment of  the biotic stress severity.

Besides the magnitude of  volatile emissions, datasets of  continuous 
volatile emission kinetics through the start of  stress application to the 
cessation of  the biotic stress, are still very limited. Furthermore, it is 
noticeable that most of  the previous studies looking at the emission 
kinetics of  volatiles induced by biotic stresses have been performed in 
a low time resolution (from hours to days). Limited data on emission 
kinetics suggest that the time courses of  biotic stress induced emissions 
of  LOX products, ethylene and terpenoids have a biphasic pattern (Mur 
et al. 2008; Toome et al. 2010b; Wi et al. 2012). I argue that quantitative 
characterization of  the complex temporal kinetics of  emission responses, 
including timing of  emission peaks, rate of  emission rise and decrease 
and maximum emission rates at the emission peaks can provide useful 
information to evaluate how secondary metabolic processes respond to 
biotic stresses. Therefore, it is necessary to complement the information 
about the quantitative relationship between volatile emissions and the 
degree of  biotic stresses. 
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3. AIMS OF THE STUDY

The overall objective of  this thesis was to study the effects of  typical 
biotic stresses, including infections by rust fungi, wasp galls, and petiole 
aphid galls, occurring in European forest ecosystems, and application 
of  MeJA on leaf  structure and chemical, photosynthetic characteristics 
(net assimilation rate, stomatal conductance and the intercellular CO2 
concentration), constitutive isoprene and induced volatile emissions in 
infected or treated leaves. The key hypothesis through the studies was 
that the leaf  structural and physiological changes scaled quantitatively 
with the infection severity or degree of  visible damage. 

The specific aims of  the thesis were:

1. to describe changes in lamina structure and changes in macroelement 
contents upon infestation by rust disease and gall-forming insects 
(Papers I-III);

2. to investigate mechanisms of  the quantitative scaling of  photosynthetic 
characteristics with the severity of  infection (Papers I-III);

3. to examine effects of  rust and gall infestation upon constitutive 
isoprene and induced volatile emissions and to test whether volatile 
release scales quantitatively with the severity of  infection (Papers 
I-III);

4. to estimate how MeJA dose alters the total amount of  volatiles 
released, how it affects volatile composition and how the release of  
volatiles scales with the concentration of  MeJA (Paper IV).
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4. MATERIALS AND METHODS

4.1  Sample sites and plant material (Papers I-III)

For Papers I-III, the sampling was conducted in Tartu (Estonia) in 
2015-2016. The summers of  both study years were characterized by a 
cool and wet environmental conditions. Such a humid and cool weather 
promotes the growth and spread of  Melampsora (Agrios 2005; Toome et 
al. 2010a) and provided ideal conditions for the propagation of  the wasps 
and aphids, resulting in visible damage in poplar leaves with infestation 
by rust fungus and massive galls forming on their hosts (poplar and 
oak). The details of  plant material, infecting species and data of  weather 
conditions are summarized in Tables 1 and 2. In general, the infections 
were diffused to all trees at the study sites, but the degree of  infestation 
varied among individual trees and leaves. Thus, we collected leaves 
with varying severity of  infestation. The branches (around 20 cm long) 
with multiple leaves from either the poplar or oak trees were sampled. 
Every branch was cut under water, kept with the cut end in water and 
immediately transported to the laboratory where a representative leaf  was 
selected for physiological measurements. Previous studies have reported 
that twig excision does not significantly affect foliage photosynthesis and 
volatile emission rates (Copolovici et al. 2014b). Altogether 25 leaves 
infected by fungal pathogen (M. larici-populina) with varying severity 
from ～3 to 60% were measured. In total, 10 leaves with diverse number 
and size of  petiole aphid galls (Pemphigus spyrothecae) were measured. 
For infection by Neuroterus species (N. anthracinus and N. albipes), 23 
leaves in both infection types were measured, and for Cynips species, 10 
leaves and 16 leaves infected respectively by C. divisa and C. quercusfolii 
were measured. In addition, we measured three non-infected leaves as 
controls in each study.
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Table 1. The source of  plant species investigated in this study.

Site Coordination Plant species Status of  Plant

Estonian 
University of  Life 
Sciences (EULS), 
Tartu, Estonia

58°23′N, 
27°05′E, 
elevation 40 m

Populus 
balsamifera
 var. suaveolens

about 30-year-old, 
height of  20–23 m, 

diameter of  60–70 
cm at breast height

Ihaste, Tartu 58°36’N, 
26°77’E, 
elevation 40 m

Quercus robur 15–16 years old, 
6–8 m tall

Vicinity of  EULS 58°23′N, 
27°05′E, 
elevation 25 m

Populus × 
petrovskiana

about 80-year-old, 
height 25–28 m, 
diameter of  60–80 
cm at breast height

Table 2. Type of  biotic stressors investigated in this study, time of  study and 
environmental conditions for the given study year

Infestation species Year of  experiment Weather of  summer (June to 
September)

Melampsora larici-
populina 
(rust fungus)

beginning of  
September 2015

Air temperature:15.5 ± 1.0 °C,
Relative air humidity:73.2 ± 
3.7%, monthly 
mean (±SE) precipitation:48.5 
± 5.4 mm

Neuroterus anthracinus
(oak gall wasp)

beginning of  
September 2015

Same as above

Neuroterus albipes, 
Cynips divisa and 
Cynips quercusfolii
 (oak gall wasps)

beginning of  
September 2016

Air temperature:16.1 ± 1.2 °C,
Relative air humidity:76.1% ± 
2.9%, monthly
 mean (±SE) precipitation:88.6 
± 25.2 mm

Pemphigus spyrothecae 
(petiole aphid)

mid-September 
of  2016

Same as above
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4.2  Identification of  rust and gall-forming insect species (Papers 
I-III)

For Paper I, the morphological information obtained from urediniospores 
and paraphyses were used to identify the species of  Melampsora infecting 
the poplar in this study (Vialle et al. 2011). Fungal morphology was 
viewed by light and scanning electron microscopy (SEM; Zeiss LS15, 
Carl Zeiss AG, Jena, Germany). The poplar rust fungus was determined 
as Melampsora larici-populina Kleb. based on the images taken by SEM. 

For Paper II, to identify the gall-forming organisms occurring on poplar 
petiole, the dissected galls were observed with a Nikon Eclipse E600 
microscope and photographed with a Nikon 5 MP digital microscope 
camera DS-Fi1 (Nikon Corporation, Kyoto, Japan). From these images, 
the parasites inside the galls were discerned as the aphids (Pemphigus 
spyrothecae) according to the insect anatomical and morphological 
characteristics (Blackman and Eastop 2011; Hałaj and Osiadacz 2013).

For Paper III, the galls formed on leaves of  pedunculate oak trees were 
cut into halves and stained with toluidine blue for light microscopy. 
The dissected sections were observed under a Nikon Eclipse E600 
microscope and pictures taken with a Nikon 5 MP digital microscope 
camera DS-Fi1 (Nikon Corporation, Kyoto, Japan). The thickness of  
gall-wall was estimated from these pictures. For further anatomical 
analyses, gall material was treated according to standard processes for 
sample embedding and sectioning for light and electron microscopy 
(Tosens et al. 2012). A-micron-thick sections were cut and stained with 
toluidine blue. The stained semi-thin cross-sections were viewed and 
photographed as explained above. Based on the morphological and 
anatomical characters of  microtome sections of  oak galls (Williams, 
2006), the galling organisms were identified as wasp. Further, the specific 
wasp species were identified as Neuroterus anthracinus, Neuroterus 
albipes, Cynips divisa and Cynips quercusfolii respectively.

4.3  Plant growth conditions and methyl jasmonate (MeJA) 
treatments (Paper IV)

Cucumber (Cucumis sativus cv. Libelle F1) was grown from seed (Seston 
Seemned OÜ, Estonia). After germination, the seedlings were replanted 
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into 1 liter plastic pots filled with commercial potting soil (Biolan Oy, 
Finland) and watered every day. They were cultivated in plant growth 
room with constant environmental conditions: the light intensity of  300-
400 μmol m−2 s−1 (HPI-T Plus 400 W metal halide lamps, Philips) at the 
surface of  leaves for 12 h light period, the relative humidity of  60%-
70% and day/night air temperatures of  24/20°C. We used plants with 
height of  20-30 cm and four to five fully developed leaves to start the 
experiment.

The cucumber leaves were sprayed with varying MeJA concentrations 
(dissolved in 5% ethanol) to gain an insight into the dose response. The 
following concentration gradient was applied: 0 (control, 5% ethanol), 
0.2, 2, 5, 10, 20, and 50 mM MeJA. For each MeJA concentration 
treatment, three replicate treatments (three leaves from individual plants) 
were conducted. The measurements were conducted in the glass chamber 
(described below). Before the plant measurements, the background air 
from the empty chamber was collected. Thereafter, the cucumber leaf  
with an area of  about 40 cm2 was enclosed and volatile emissions of  
non-treated leaves were collected. Then, we opened the glass chamber 
and sprayed over the entire surface of  leaf  with 10 ml solution of  given 
MeJA concentration, and sealed the cucumber leaf  in the chamber again 
within 1 min after MeJA application.

4.4  Experimental setup for the measurement of  photosynthetic 
rate and emission of  VOCs

For Papers I-IV, a custom-made gas-exchange system (Copolovici and 
Niinemets 2010; Copolovici et al. 2014b, see Fig. 1) was used to measure 
photosynthetic characters and volatile compound emissions from leaves 
with varying severity of  biotic stress and different MeJA treatment. The 
system used has a double-walled glass chamber (1.2 L) with a glass and 
stainless steel bottom. Water with constant temperature (maintained 
by a temperature-controlled water bath) was circulating between the 
glass walls of  the chamber so that the air temperature of  chamber was 
maintained within 0.2 °C of  the circulating water. An air pump was used 
to draw the ambient air from outside. The air passed through an ozone 
trap, charcoal filter and humidifier before entering the gas-exchange 
system. A fan installed at the bottom of  the chamber provided the 
turbulent environment and the air flow rate was fixed at 1.6 L min-1. The 
standard conditions used in these studies were: leaf  temperature of  25 
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°C, light intensity at leaf  surface of  1000 μmol m−2 s−1 (700 μmol m−2 s−1 
in Paper III and 500 μmol m−2 s−1 in Paper IV) and relative humidity 
of  60%. Concentration of  CO2 and H2O was measured by an infrared 
dual-channel gas analyzer (for more details see section 4.5) connected 
to the chamber in differential mode. Chamber volatile compound 
concentrations were measured in an air sample taken from the chamber 
(see below) with a gas chromatograph with mass spectrometric detector 
(GC-MS, Shimadzu Corporation, Kyoto, Japan) in Papers I-III or in real 
time with a proton transfer reaction-time of  fl ight-mass spectrometer 
(PTR-TOF-MS, Ionicon Analytik GmbH, Innsbruck, Austria) in Paper 
IV.

For Paper IV, to collect the emitted volatiles for GC-MS analysis, the 
cucumber leaves with MeJA spraying were enclosed in a multi-chamber 
gas-exchange system (Toome et al. 2010b; Copolovici et al. 2011). This 
dynamic headspace system consisted of  four 3 L chambers. The purifi ed 
and humidifi ed air went through each individual chamber at the fl ow 
rate of  1 L min−1. A fan installed in each chamber resulted in turbulent 
conditions. During the experiment, the light conditions followed 12-h 
daylight regime, and light intensity was set at 200–400 μmol m−2 s−1. The 
air temperature inside the chambers was 24 and 22 °C for day and night 
periods, respectively. Air humidity was 60%-70% and CO2 concentration 
was 380 μmol mol−1.
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Figure 1. Schematic overview of  the two-channel custom-designed gas-exchange system 
applied for measurements of  photosynthesis and trace gas emissions. Reproduced from 
Paper II. 

4.5  Gas-exchange measurements (Papers I-III)

An infrared dual-channel gas analyzer (CIRAS II, PP-systems, Amesbury, 
MA, USA for Paper I, Paper II and CIRAS III, PP-systems, Amesbury, 
MA, USA for Paper III) operated in two modes (reference or measurement 
mode) was used to gauge CO2 and H2O concentrations in the incoming 
and outgoing air. After enclosure of  the leaf  in the chamber, the leaf  
was acclimatized to the standard conditions. When leaf  gas-exchange 
rates reached a steady state, the characteristics of  photosynthesis (rates 
of  net assimilation rate, transpiration rate and stomatal conductance to 
water vapor) and volatile emission were recorded. Leaf  photosynthetic 
rate, transpiration rate and stomatal conductance were calculated from 
the concentrations of  CO2 and H2O at the chamber inlets and outlets 
according to the equations of  von Caemmerer and Farquhar (1981).
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4.6  Volatile sampling for GC-MS analysis and calculation of  
volatile emission rate

To estimate volatile emission rates and composition of  emitted volatiles 
in leaves exposed to different biotic stresses in our study, sample air 
was drawn from the gas-exchange chamber through multi-bed stainless 
steel cartridges filled with three different Carbotrap absorbents by an 
air sampling pump (210-1003MTX, SKC, Inc., Houston, TX, USA; 
Niinemets et al. 2011) with a constant flow rate of  0.2 L min-1 for 20 
min. Adsorbent cartridges with the collected volatile compounds were 
analyzed with a combined Shimadzu TD20 automated cartridge desorber 
and a Shimadzu 2010 Plus GC-MS instrument (Kännaste et al. 2014). 
LOX pathway products, mono- and sesquiterpenes were identified by 
comparing the compound retention times and mass spectra with the 
authentic standards (GC purity, Sigma-Aldrich) and data available in the 
NIST spectral library (National Institute of  Standards and Technology). 
GC-MS was calibrated with authentic standards. The background of  the 
empty chamber was subtracted from the plant samples in all cases. For 
Paper IV, the air samples were taken before treatment with MeJA and 20 
min, 2, 10, and 24 hours after treatment with MeJA. 

Volatile emission rates (Φx, nmol m-2 s-1) were calculated as

where Speak area,x is the peak area of  the given volatile compound x in the 
chromatogram (area), F is the flow rate through the system (L s−1), Cf 
(calibration factor) is the peak area to volatile mass conversion factor for 
the given authentic standard (area g-1), M is the molar mass of  the volatile 
(g mol-1), S is the leaf  area enclosed in the chamber (m2), V is the volume 
of  the sample air collected through the tube (L, volume was 4 L).

4.7  Online monitoring of  dynamics of  plant volatiles (Paper IV)

For Paper IV, a proton transfer reaction time-of-flight mass spectrometer 
(PTR-TOF-MS 8000, Ionicon Analytik GmbH, Innsbruck, Austria) 
with high time resolution was connected to the chamber port to detect 
volatile compound release in real time. PTR-TOF-MS system was 
calibrated prior to operating the instrument with a standard gas including 

Φx = 
Speak area,x · F ·104 ·109

Cf · M · 60 · S ·V  
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representatives of  all key volatiles (Ionimed GmbH, Innsbruck, Austria). 
The operation conditions of  drift tube were 600 V drift voltage with the 
temperature of  60 °C and pressure of  2.3 mbar. The raw PTR-TOF-MS 
data acquired by TofDaq software (Tofwerk AG, Switzerland) were post-
processed with the PTR-MS Viewer 3.0.0.99 (Tofwerk AG, Switzerland) 
(Portillo-Estrada et al. 2015). Each compound emitted from the plant 
was identified according to respective ion mass to charge (m/z) ratio. 
Methanol, isoprene, methyl salicylate, methyl jasmonate were detected 
at mass signals (m/z) of  33.034, 69.070, 153.055, 225.146 respectively. 
LOX products were characterized as the protonated parent ion with 
m/z 57.033 [(E)-2-hexenal (fragment)], 85.101 [hexanol (fragment)], 
103.112 [hexanol (main)], or the sum of  individual mass signals as 81.070 
[(Z)-3-hexenal+(E)-3-hexenal (fragment)], 83.085 [hexenol+hexanal 
(fragment)], 99.108 [(Z)-3hexenal+(E)-3-hexenal (main)], and 101.096 
[(Z)-3-hexenol+(E)-3-hexenol +(E)-2-hexenol +hexanal (main)] (Brilli 
et al. 2011; Portillo-Estrada et al. 2015). Total monoterpene signal was 
detected by the parent ion with m/z 137.133, and total sesquiterpene 
by the mass signal at 205.195. The emission rate per unit leaf  area was 
calculated considering the measurements of  incoming gas concentration 
and empty chamber before plant enclosure in the gas-exchange system 
(Niinemets et al. 2011). 36 h to 48 h after the treatment, PTR-TOF-MS 
measurements were finished because volatile emissions reached the 
background level.

4.8  Estimation of  damage severity by rust and gall infestation  
and with MeJA treatment

For Paper I and Paper IV, the lower sides of  enclosed leaves were 
scanned and the degree of  damage per leaf  was determined by UTHSCSA 
ImageTool 2.0 (Dental Diagnostic Science, The University of  Texas 
Health Science Center, San Antonio, TX, USA) after the experiment. 
The damage per unit projected leaf  area was used to assess the severity 
of  rust infection and MeJA treatment. For Paper II and Paper III, galls 
were separated from infected leaves and both the galls and leaf  laminas 
without galls were dried in a drying oven at 70 °C for at least 48 h. After 
that, dry masses of  the galls and leaf  laminas were measured. The dry 
gall mass per leaf  dry mass, Mg/Ml, was used to estimate the severity of  
gall infestation. 
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4.9  Analysis of  nitrogen, carbon, and phosphorus contents of  the 
galls and infected leaves (paper II-III)

We analyzed macroelement contents of  uninfected leaves, infected 
leaves without galls and separated galls. Carbon (C) and nitrogen (N) 
contents were measured in Paper II, while carbon (C), nitrogen (N) and 
phosphorus (P) contents were measured in Paper III. The contents 
of  C and N were measured by a Vario MAX CNS analyzer (Elementar 
Analysensysteme GmbH, Hanau, Germany) after samples were ground 
into powder in liquid nitrogen. For P content, the samples were digested 
in sulphuric acid, and P content was estimated with microwave plasma 
atomic emission spectroscopy (Agilent MP-AES4100).
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5. RESULTS

5.1  Appearance and infestation severity of  rust disease and gall-
forming aphids and wasps (Papers I-III)

In Paper I, visible yellow chlorotic spots and several brown or even 
black necrotic areas scattered on the upper leaf  side were observed in 
poplar leaves infected by the rust fungus M. larici-populina (Fig. 2a). 
Rust-colored pustules with rust spores were confined to the lower leaf  
surface. The degree of  damage by the rust disease (ratio of  the damaged 
area and the entire leaf  area) varied from 3% to 60%. In Paper II, where 
infestation by P. spyrothecae aphid galls was investigated, the poplar 
petiole was twisty and swollen, and leaf  lamina did not show any visible 
damage or distortion. In addition, commonly one aphid gall was found 
on the petiole, but sometimes multiple (2-3) galls were observed (Fig. 
2b). Given the lack of  visible damage of  lamina and the differences in 
gall size, the gall dry mass per leaf  dry mass (Mg/Ml) was taken as an 
appropriate measure of  the infestation severity instead of  the number of  
galls per leaf  or per unit leaf  area.

For Paper III, morphological characteristics of  wasp galls infecting oak 
leaves showed a great diversity (Fig. 1a–e in Paper III). In Neuroterus 
species, N. anthracinus galls showed light green color and occurred 
along the main veins (Fig. 1a in Paper III). N. albipes galls were whitish 
to reddish and occurred on intercostal areas of  leaf  lamina. Moreover, 
immature galls were typically creamy white and were smaller than mature 
galls; mature galls were also typically reddish (Fig. 1b, c in Paper III). In 
Cynips species, the color of  C. quercusfolii galls was light green, while 
C. divisa galls were yellowish. The galls of  these two species were both 
attached to the proximity of  major veins (Fig. 1a, d, e in Paper III). The 
galls of  N. anthracinus and Cynips species were generally distributed 
on the lower leaf  surface, whereas N. albipes occasionally occurred on 
the upper leaf  side (in the case of  ca. 5–10% of  infected leaves). N. 
anthracinus–infected leaves had senescent yellow and even necrotic 
brown areas at the leaf  margins. Some yellow chlorotic spots were 
occasionally found at the margins of  oak leaves infected by N. albipes 
and Cynips (Fig. 1a in Paper III). In addition, we observed that N. 
albipes galls had smaller and denser cells than the galls of  Cynips species 
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(Fig. 2c, d). As in Paper II, the severity of  infection was quantified by the 
gall dry mass per leaf  dry mass (Mg/Ml).

Figure 2. Representative images of  a Populus balsamifera var. suaveolens leaf  
infected by rust fungus M. larici-populina and the lower leaf  surface demonstrating 
the morphology of  M. larici-populina urediniospores and paraphyses (a), a P. × 
petrovskiana leaf  with spiral gall aphid (Pemphigus spyrothecae) galls on the petiole 
and cross sections of  the gall (b), Quercus robur leaves infested by gall-forming wasp 
N. albipes (c) and Cynips species (d) with cross sections of  the galls (c, d). Reproduced 
from Papers I-III.

5.2  Modifications of  foliage structural and chemical 
characteristics by rust and gall infection (Papers I-III)

In our study, the infections by rust fungus and infestation by gall-forming 
aphids and wasps resulted in all cases in significant reductions in leaf  dry 
mass per unit area (MA). MA decreased linearly with increasing severity of  
rust and gall infestation (Fig. 3). In fact, MA was 2.4-fold lower for leaves 
severely infected by M. larici-populina (mean ± SE = 54 ± 9 g m-2) than 
uninfected leaves (130.9 ± 2.0 g m-2) (Fig. 3a). MA was reduced by 1.2-fold 
for poplar leaves due to aphid gall infection compared with control leaves 
across the entire infection severity (Mg/Ml) range (51.2 ± 1.7 g m-2 for 
severely infected leaves vs 65.5 ± 1.3 g m-2 for control leaves, Fig. 3b). The 
decrease of  MA for Neuroterus species infection was ca. 2.0‐fold (49.0 ± 
1.7 g m-2 for severely infected leaves by N. anthracinus vs 96.5 ± 1.7 g m-2 

for control leaves) to 2.6‐fold (37.6 ± 9.0 g m-2 for heavily infected leaves 
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c
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by N. albipes vs 101 ± 14 g m-2 for control leaves) for the entire range of  
infection severity (Fig. 3c, d), while MA of  oak leaves with infections by 
Cynips species was 1.8-fold lower for severely infected leaves (53.2 ± 2.4 
g m-2) than for non-infected leaves (101 ± 14 g m-2) (Fig. 3e). 

We compared variations in macroelement contents including carbon, 
nitrogen and phosphorus contents between control leaves and infected 
leaves with petiole aphid galls or wasp galls removed. Measurements 
of  C content of  control leaves and infected leaves with galls separated 
indicated that leaf  C content per dry mass was almost constant in both 
species, ca. 41% to 43% and was not affected by gall formation (Table 1 
in Paper II and Table 2 in Paper III). Leaf  N content per dry mass for 
leaves severely infected by aphid galls (1.084% ± 0.052%) was reduced 
by 1.5-fold compared with control leaves (1.652% ± 0.014%) (Table 1 in 
Paper II). Leaf  N content per dry mass in C. quercusfolii-infected leaves 
(1.83% ± 0.08%) was 1.3-fold lower, and P content per dry mass in N. 
anthracinus-infected leaves (0.173% ± 0.007%) declined by 2.3-fold in 
comparison with non-infected leaves (N content of  2.31% ± 0.16% and 
P content of  0.39% ± 0.06%) (Table 2 in Paper III). 

Furthermore, differences in macroelement contents of  detached galls 
and uninfected leaves and infected leaves with galls removed were 
analyzed. C content of  aphid galls (46.09% ± 0.21%) was 1.1-fold 
greater than that of  both control leaves and heavily infected leaves. N 
content of  aphid galls (0.69% ± 0.12%) was 2.4-fold lower than that of  
uninfected leaves and 1.6-fold lower than severely infected leaves (Table 
1 in Paper II for the leaf  data; P < 0.01 for both comparisons). For wasp 
galls, we only measured the elemental contents of  Cynips species due to 
insufficient samples of  Neuroterus galls. C content (34.4% ± 1.3%), N 
content (0.340% ± 0.010%) and P content (0.050% ± 0.007%) of Cynips 
galls was lower, by 1.2-fold, 5.4-fold and 8.3-fold, respectively, than the 
contents of  these macroelements in infected leaves (Table 2 in Paper 
III for the leaf  data; P < 0.01 for all comparisons for three chemical 
elements). 
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Figure 3. Leaf  dry mass per unit leaf  area of  P. balsamifera var. suaveolens, Populus × 
petrovskiana and Quercus robur in relation to the severity of  leaf  infection by (a) rust 
fungus M. larici-populina, (b) Pemphigus spyrothecae spiral aphid galls, gall-forming 
wasps (c) N. anthracinus, (d) N. albipes, and (e) Cynips (C. divisa and C. quercusfolii) 
respectively. The severity of  infection was characterized by percentage of  leaf  area 
visibly damaged (leaves with infestation by rust fungus) or gall to leaf  dry mass ratio 
(leaves infected by aphid galls and wasp galls). Data were fi tted by linear regressions and 
the corresponding regression equations are (a) y = -0.933x + 114; (b) y = 64.6 - 6.89x; 
(c) y = -638x + 82.6; (d) y = -632x + 94.2; and (e) y = -24.6x + 86.8. Reproduced from 
Papers I-III. 

5.3  Photosynthetic characteristics of  leaves (Papers I-III)

The net assimilation rate per leaf  area (An) in all cases with different 
infections was negatively correlated with infestation severity (Fig. 4). The 
reduction of  An of  severely rust-infected leaves (5.84 ± 0.06 μmol m-2 
s-1) was 1.6-fold in comparison with uninfected leaves (9.04 ± 0.16 μmol 
m-2 s-1) and An decreased linearly with increasing the damage percentage 
(Fig. 4a). Infestation by aphid galls led to a 4-fold reduction of  An, from 
6.6 ± 0.5 μmol m-2 s-1 in control leaves to 1.4 ± 0.8 μmol m-2 s-1 in leaves 
with the greatest degree of  infestation severity (Fig. 4b). For wasp galls, 
An of  leaves infected by N. anthracinus (1.71 ± 0.18 μmol m-2 s-1) and 
N. albipes (2.84 ± 0.11 μmol m-2 s-1) was reduced by 2.3‐fold and 1.8-
fold in most severely infected leaves compared with control leaves (3.87 
± 0.33 μmol m-2 s-1 for control leaves of  N. anthracinus and 5.04 ± 0.20 
μmol m-2 s-1 for control leaves of  N. albipes). Moreover, the reduction of  
An with infection severity was nonlinear in Neuroterus species, implying 
that the reduction became gradually weaker with increasing severity of  
infection (Fig. 4c, d). Infestation by Cynips led to a linear reduction of  An 
with increasing infection severity. An was 2.7-fold lower in leaves heavily 
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infected by Cynips (1.86 ± 0.14 μmol m-2 s-1) than in control leaves (5.04 
± 0.20 μmol m-2 s-1) (Fig. 4e). 

Changes in stomatal conductance to water vapor (gs) due to infestation 
by M. larici-populina and aphid galls were contrary to changes in An. 
Stomatal conductance increased linearly with the degree of  infection 
severity (Fig. 5a, b), resulting in 1.9-fold and 1.3-fold higher gs in most 
severely infected leaves compared with the corresponding controls. As 
the result of  the decrease in An and the increase in gs, the intercellular CO2 
concentration increased nonlinearly with increasing the severity of  leaf  
damage in rust-infected poplar leaves (2.0-fold than control) and aphid 
gall-infested oak leaves (2.4-fold than control) (Fig. 6a, b). Analogous to 
changes in An, gs decreased nonlinearly and leveled off  with the degree 
of  infection severity for infections by all wasp species (Fig. 5c, d, e) with 
the reduction of  2.1-fold, 3.8-fold and 2.4-fold for N. anthracinus, N. 
albipes and Cynips species, respectively. With increasing Mg/Ml, the 
intercellular CO2 concentration increased linearly in all leaves infected b 
wasps (Fig. 6c, d, e). The intercellular CO2 concentration in most infected 
leaves was 1.4-fold higher for leaves infested with N. anthracinus and 
2.0-fold higher for both N. albipes and Cynips infected leaves than for 
the healthy leaves.

Figure 4. Relationships of  net assimilation rate with the severity of  leaf  damage in 
P. balsamifera var. suaveolens leaves infected by M. larici-populina (a), in Populus × 
petrovskiana leaves infected by Pemphigus spyrothecae gall-forming aphids (b), and in 
Quercus robur leaves infected by Neuroterus anthracinus (c), N. albipes (d) and Cynips 
(e) (C. divisa and C. quercusfolii) gall-forming wasps. Data were fi tted by linear (a) or 
nonlinear hyperbolic (b, c, d, e) regressions, and the corresponding regression equations 
respectively are: (a) y = -0.0427x + 8.44; (b) y = 2.758/(0.425 + 844 x); (c) y = 0.938 
+ 0.0143/(0.00466 + x); (d) y = 1.85 + 0.0966/(0.0317 + x); (e) y = -1.55x + 4.47. 
Reproduced from Papers I-III.

（a）

（e）（d）（c）

（b）
r2=0.64, p<0.001

r2=0.70, p<0.01

r2=0.84, p<0.01

r2=0.77, p<0.01

 0

r2=0.85, p<0.01

 0

c
C.divisa
C.quercusfolii



34

Figure 5. Relationships of  stomatal conductance to water vapor with the severity of  
leaf  damage in P. balsamifera var. suaveolens leaves infected by M. larici-populina 
(a), in Populus × petrovskiana leaves infected by Pemphigus spyrothecae gall-forming 
aphids (b), and in Quercus robur leaves infected by Neuroterus anthracinus (c), N. 
albipes (d) and Cynips (e) (C. divisa and C. quercusfolii) gall-forming wasps. Data were 
fi tted by linear (a, b) or nonlinear hyperbolic (c, d, e) regressions, and the corresponding 
regression equations respectively are: (a) y = 1.95x + 113.4; (b) y = 111.8 + 15.1x; (c) 
y = 67.2 + 0.296/(0.00288 + x); (d) y = 26.6 + 1.70/(0.0158 + x); (e) y = 42.7 + 8.99/
(0.0926 + x). Reproduced from Papers I-III. 

Figure 6. Relationships of  intercellular CO2 concentration with the severity of  leaf  
damage in P. balsamifera var. suaveolens leaves infected by M. larici-populina (a), in 
Populus × petrovskiana leaves infected by Pemphigus spyrothecae gall-forming aphids 
(b), and in Quercus robur leaves infected by Neuroterus anthracinus (c), N. albipes 
(d) and Cynips (e) (C. divisa and C. quercusfolii) gall-forming wasps. Data were fi tted 
by linear (c, d, e) or nonlinear hyperbolic (a, b) regressions, and the corresponding 
regression equations respectively are: (a) y = 162.6 + 175.6x/(7.37 + x); (b) y = 122.3 
+ 180.5x/(0.085+ x); (c) y = 1864x + 265; (d) y = 1581x + 181; (e) y = 98x + 184. 
Reproduced from Papers I-III. 
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5.4  Effects of  rust and gall infections on constitutive isoprene 
emissions (Papers I-III)

Infection by rust and wasp galls resulted in a dramatic decrease of  
isoprene emission rate which was reduced by 4.1-fold for leaves infected 
by M. larici-populina (86.3 ± 4.4 nmol m-2 s-1 for control leaves vs 21.2 
± 1.7 nmol m-2 s-1 for heavily infected leaves), 3.7-fold for leaves infected 
by N. anthracinus (5.3 ± 0.6 nmol m-2 s-1 for control leaves vs 1.45 ± 0.15 
nmol m-2 s-1 for heavily infected leaves), 4.3-fold for leaves infected by N. 
albipes (5.03 ± 0.47 nmol m-2 s-1 for control leaves vs 1.18 ± 0.34 nmol m-2 
s-1 for heavily infected leaves) and 7.3-fold for leaves infected by Cynips 
(5.03 ± 0.47 nmol m-2 s-1 for control leaves vs 0.69 ± 0.17 nmol m-2 s-1 
for heavily infected leaves). Moreover, the decline in isoprene emission 
was curvilinear with the increasing rust infection severity and wasp gall 
infestation severity in all species (Fig. 7a, c, d, e). The stronger reduction 
of  isoprene emission rate than An indicated that the newly assimilated 
carbon entering into the pathway of  isoprene synthesis decreased with 
increasing infection severity in oak leaves infested by wasp and in poplar 
leaves by rust infection (Fig. 7a, c, d, e). In contrast to rust and wasp gall 
infections, isoprene emission rate of  poplar leaves infested by aphid galls 
increased non-linearly with increasing the spread of  infestation (Fig. 7b). 
Isoprene emission rate increased by 1.7-fold from 8.7 ± 0.18 nmol m-2 s-1 

in healthy leaves to 14.6 ± 1.7 nmol m-2 s-1 in heavily infected leaves.
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5.5  Responses of  stress-induced volatile emissions upon rust and 
gall infection (Papers I-III)

The profi les of  VOC emission changed profoundly upon the infections 
by rust disease, petiole-galling aphids and four species of  gall-forming 
wasps. A variety of  volatile compounds and signaling components was 
induced by infection including the release of  volatile compounds of  
the LOX pathway, elicitation of  terpene and benzenoid emissions. In 
Paper I, rust disease resulted in the release of  diverse LOX products 
[(E)-3-hexenal, (Z)-3-hexen-1-ol, (Z)-3-hexenyl acetate], monoterpenes 
(limonene and β-ocimene), homoterpene DMNT, sesquiterpenes 
[α-copaene, α-bergamotene, α-cubebene, α-muurolene, (E,E)-α-
farnesene, β-bisabolene, α-selinene, β-eudesmol] and benzenoid (MeSA) 
(Fig. 5 and Table 1 in Paper I). Strong increase of  the emission rate of  
methanol was also observed (Fig. 8a in Paper I). In paper II, with severe 
infestation by aphid galls, increases of  LOX products (including heptanal 
and 2-ethyl hexanal), monoterpenes (dominated by α-pinene, Δ3-carene, 
limonene, eucalyptol) and benzenoids (benzaldehyde, benzothiazole) 
were more signifi cant compared with uninfected leaves (Table 2 in paper 

Figure 7. Isoprene emission rate (of  P. balsamifera var. suaveolens leaves, Populus 
× petrovskiana leaves and Quercus robur leaves in dependence on the degree of  
infection by M. larici-populina and infestation by Pemphigus spyrothecae aphid galls, 
gall-forming wasps of  N. anthracinus and N. albipes and Cynips species). Data were 
fi tted by nonlinear hyperbolic regressions (a, c, d, e) or by a second order polynomial 
regression (b) , and the corresponding regression equations respectively are: (a) y = 12.3 
+ 366.8/(4.98 + x); (b) y = 8.26 - 1.14x + 2.01x2; (c) y = 0.862 + 0.00583/(0.00131 + 
x); (d) y = 0.622 + 0.0857/(0.0196 + x); (e) y = 0.624+ 0.354/(0.0813 + x). Reproduced 
from Papers I-III. 
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II). Emissions of  the sesquiterpene β-eudesmol and signaling compound 
MeJA were induced in heavily infected leaves while these two volatile 
compounds were below the detection limitation in control leaves (Table 
2 in paper II). In Paper III, infections by gall-forming wasps elicited 
greater emission of  LOX compounds [(E)-3-hexenal, 2-ethyl-1-hexanol], 
monoterpenes (α-pinene, camphene, β-myrcene, β-pinene, β-ocimene, 
limonene and linalool), sesquiterpene α-bergamotene, and benzenoids 
(benzaldehyde, benzothiazole) (Table 3 in Paper III). Nonetheless, 
no enhancement or even reduction of  emissions of  mono- and 
sesquiterpenes and benzenoids was observed in oak leaves with severe 
infestation by N. anthracinus. Furthermore, there was no significant 
difference in emission of  2-ethyl-1-hexanol between control and severely 
infected leaves by N. anthracinus (Table 3 in Paper III). 

In all cases, the emission rates of  induced volatiles were positively 
associated with infestation severity, except for monoterpene emission 
of  oak leaves infected by N. anthracinus (Fig. 8, 9). Emission rates of  
elicited volatiles increased with increasing spread of  M. larici-populina, 
and the increases of  stress-elicited volatiles were exponential for LOX 
product (Fig. 8a) and monoterpene (Fig. 9a) emissions and linear for 
MeSA emission (Fig. 8c in Paper I). The emissions of  total LOX products 
(Fig. 8b) and total monoterpenes (Fig. 9b) increased exponentially with 
increasing the degree of  infection by aphid galls. Infection by four species 
of  wasps resulted in linear increases for total LOX compound (Fig. 8 c, 
d, e) and monoterpene (Fig. 9d, e) emissions, except for the exponential 
reduction of  monoterpene emission rate with increasing severity of  N. 
anthracinus infestation (Fig. 9c). 
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Figure 8. Emission rates of  LOX pathway volatiles (LOX, also called green leaf  
volatiles) (of  P. balsamifera var. suaveolens leaves, Populus × petrovskiana leaves and 
Quercus robur leaves in relation to the degree of  infestation by M. larici-populina, 
Pemphigus spyrothecae aphid galls, gall-forming wasps of  N. anthracinus, N. albipes 
and Cynips species). Data were fitted by a second order polynomial (a, b) or linear (c, 
d, e) regressions, and the corresponding regression equations are: (a) y = 0.00325x2 - 
0.0251x + 2.51; (b) y = 0.0459 + 0.0197x + 0.0448x2; (c) y = 10.9x + 0.482; (d) y = 
0.846x + 0.00473; (e) y = 0.0661x + 0.0317. Reproduced from Papers I-III. 

Figure 9. Emission rates of  total monoterpenes (of  P. balsamifera var. suaveolens 
leaves, Populus × petrovskiana leaves and Quercus robur leaves in relation to the 
degree of  infestation by M. larici-populina, Pemphigus spyrothecae aphid galls, gall-
forming wasps of  N. anthracinus and N. albipes and Cynips species). Data were fitted 
by a second order polynomial (a, b), nonlinear hyperbolic (c) or linear (d, e) regressions, 
and the corresponding regression equations are: (a) y = 0.00015x2 + 0.00184x + 0.112; 
(b) y = 0.0056 + 0.0069x + 0.0093x2; (c) y = 0.0347+ 0.000413/(0.00418 + x); (d) y = 
23.0× + 0.0862; (e) y = 1.036x + 0.371. Reproduced from Papers I-III. 
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5.6 Short- and long-term responses of  volatile emissions to MeJA 
treatment in leaves of  Cucumis sativus: MeJA elicits volatile 

emissions in dose-dependent manner (Paper IV)

Two bursts of  LOX compounds and one burst of  monoterpenes and 
sesquiterpenes were observed by measurements of  PTR-TOF-MS 
combined with the analysis of  GC-MS (Fig. 10). After the treatment of  
MeJA, the first burst of  LOX products including (Z)-3-hexenal, (Z)-3-
hexen-1-ol, heptanal and 3-hexenyl acetate rose instantly and approached 
a peak level in 0.2-1 h (Table 2 in Paper IV, Fig. 10a). The second LOX 
burst including (Z)-3-hexenal, (Z)-3-hexen-1-ol and heptanal with a 
slower rate of  increase started in 6-10 h after exposure to MeJA and 
reached the highest value in 16-20 h (Table 2 in Paper IV, Fig. 10a). For 
monoterpene (Δ3-carene, limonene, linalool) and sesquiterpene emissions 
(α-cedrene, β-caryophyllene, β-farnesene), only a slow burst appeared in 
2–6 h after the treatment with MeJA and the maximum emission level 
was reached in 15–25 h (Table 2 in Paper IV, Fig. 10b). 

Varied degree of  damage of  cucumber leaves was observed after treatment 
with different MeJA concentrations (36-48 h). There were no visible 
changes in control leaves and leaves treated with 0.2 mM MeJA. Some 
chlorotic spots with light yellow color were observed in 2 mM treated 
leaves, and extensive areas with varied sizes occurred in leaves treated 
with 5-20 mM. After 50 mM treatment, the chlorotic areas occupied the 
entire surface of  leaves (Fig. 1A in Paper IV). The percentage of  leaf  
damage was linearly correlated with applied MeJA concentration (Fig. 1B 
in Paper IV). Our data collectively indicated that the maximum emission 
rate and total emissions of  LOX compounds, mono-, and sesquiterpenes 
increased with increasing concentration of  MeJA, and scaled positively 
with the degree or leaf  damage (Fig. 11).
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Figure 10. Representative time-courses of  lipoxygenase pathway volatile (LOX) and 
monoterpene emission rates from a C. sativus leaf  treated with 20mM MeJA. The 
release of  volatiles was monitored by a proton-transfer reaction time-of-fl ight mass 
spectrometer (PTR-TOF-MS). Application of  20 mM MeJA induced two bursts of  
LOX (a) and one burst of  monoterpenes (b). ΦM1 and ΦM2 are the maximum emission 
rates of  individual emission bursts, and tM1 and tM2 indicate the corresponding times 
from the start of  the treatment to the emission maxima. IT1 and IT2 denote integrated 
emissions of  the two bursts (shaded areas). Reproduced from Paper IV. 

Figure 11. Maximum emission rates (ΦM, a, b, c) and Integrated emissions (IT, d, e, 
f) of  LOX volatiles, monoterpenes and sesquiterpenes in relation to applied MeJA 
concentration (main panel) and in relation to the damage percentage (insets) in leaves 
of  C. sativus. Data were fi tted by second-order polynomial regressions (a, b ,e), linear 
regression (d) or sigmoidal regressions (c, f), and the corresponding regression equations 
are: (a for burst 1, main panel) y = 0.062x2 + 1.19x + 0.46; (a for burst 1, inset ) y = 
0.013x2 + 0.89x – 0.3; (a for burst 2, main panel) y = 0.0335x2 + 0.94x + 0.46; (a for burst 
2, inset ) y = 0.013x2 + 0.37x + 1.05; (b, main panel) y = 0.0037x2 + 0.23x + 0.30; (b, 
inset) y = 0.0023x2 + 0.098x + 0.36; (c, main panel) y = 3.26/[1 + e(9.80− x)/4.02]; (c, inset) 
y = 3.72/[1 + e(21.5 − x)/8.72]; (d for burst 1, main panel) y = 0.0112x – 0.0124; (d for burst 
1, inset) y = 0.00576x – 0.0080; (d for burst 2, main panel) y = 0.0716x + 0.0322; (d for 
burst 2, inset) y = 0.0409x + 0.023; (e, main panel) y = 0.22x2 + 9.43x + 15.2; (e, inset) 
y = 0.12x2 + 3.85x + 17.8; (f, main panel) y = 127/[1 + e(11.3 − x)/4.20]; (f, inset) y = 161/
[1 + e(25.8 − x)/9.16]. 50 mM was lethal concentration, so the second LOX emission burst 
and mono- and sesquiterpene emission bursts at this concentration were absent. Three 
replicates were conducted at each applied MeJA dose. Reproduced from Paper IV.
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6. DISCUSSION

6.1  Changes in lamina structure and macroelement contents 
upon infestation by rust fungus and aphid and wasp galls (Papers 

I-III)

We demonstrated that the leaf  dry mass per unit area (MA) decreased 
linearly with increasing the severity of  biotic infestation in all species 
studied (Fig. 3). Regarding the reduction of  MA in poplar leaves 
infected by M. larici-populina (Fig. 3a), past studies have showed that 
a hypersensitive response leading to programmed cell death and tissue 
necrosis, can be commonly triggered by fungal infections at the infection 
spots (Bolton et al. 2008; Toome et al. 2010b; Kolmer 2013). This rapid 
response leads to the typical loss of  soluble carbon in damaged leaf  
parts just as in the case of  leaf  senescence (Munné-Bosch and Alegre 
2004; Tavernier et al. 2007). In addition, the obligate parasitic fungi like 
M. larici-populina can only survive by absorbing carbon and nutrients 
from mesophyll cells of  host plants (Staples 2001; Voegele and Mendgen 
2003; Toome et al. 2010b). This can explain the loss of  the biomass 
of  the leaves infected by M. larici-populina. Given the increase of  dark 
respiratory activity (Fig 3 in Paper I) in leaves with severe infection by M. 
larici-populina compared with control leaves, we hypothesize that the 
infection may accelerate the decomposition of  leaf  structures. Thus, we 
conclude that the consumption of  leaf  carbon and nutrients by fungi is 
mainly responsible for the reduction of  leaf  biomass in leaves infected 
by M. larici-populina. 

As highlighted in the Introduction, gall infestations can profoundly affect 
carbon source/sink relationships in the leaf. It has been reported that 
the ratio of  nutrients transported to the leaf  and to the other tissues via 
phloem can be modifi ed by the gall infestations (Walling 2000; Richardson 
et al. 2016). Therefore, balancing the carbon partitioning between the 
growing gall and the leaves can lead to the alteration of  lamina structure 
and biomass accumulation. In the poplar leaves infested by petiole aphid 
galls, high ratios of  gall to lamina dry mass (Mg/Ml) (even exceeding 2.0) 
were occasionally observed (Fig. 3b), indicating that there is a signifi cant 
carbon sink in growing galls on the petiole and feeding aphids inside the 
galls. This result is consistent with the reduction of  lamina MA (Fig. 3b, c, 
d, e), implying that leaf  biomass accumulation in growing infected leaves 
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is limited by the carbon availability. It is noticeable that N content per dry 
mass in lamina was reduced in both poplar leaves infected by petiole galls 
(Table 1 in Paper II) and in C. quercusfolii infected oak leaves (Table 3 
in Paper III). Nitrogen that is mainly contained in proteins and nucleic 
acids is essential for the gall formation and parasite reproduction. Thus, 
gall infestation of  leaves can reduce the N content of  lamina. However, 
low N content in galls themselves (data in Paper II) suggested that low 
lamina N contents in infected leaves can also be associated with the 
restriction of  N transport via xylem flow into growing leaves. Besides 
the N supply to the growing leaves, N content of  lamina can also be 
impacted by sink-source relationships (Jeschke et al. 1997; Jordi et al. 
2000; Lavigne et al. 2001). It is also possible that infestation by gall-
forming aphids and wasps can lead to premature leaf  senescence and 
withdrawal of  nutrients from leaf  lamina. 

6.2  Modifications in photosynthetic characteristics with 
infestation by rust fungus and aphid and wasp galls (Papers 

I-III)

There is increasing evidence from a wide range of  species that infections 
by obligate biotrophic fungi (Magyarosy et al. 1976; Tang et al. 1996; 
Robert et al. 2005; Major et al. 2010; Toome et al. 2010b; Copolovici et 
al. 2014b) and parasite galls (Dorchin et al. 2006; Patankar et al. 2011; 
Carneiro et al. 2014) can result in typical reduction of  photosynthetic 
capacity of  the host plant. The reduction of  net assimilation rate is not 
simply a “passive response” present at the spots of  the infection, but a 
systematic response of  whole leaf. Therefore, both rapid physiological 
responses and longer-term developmental and senescence responses 
might contribute to the reduction of  photosynthesis in leaves exposed to 
biotic stresses. Furthermore, besides the direct effects on photosynthetic 
rate, increasing leaf  respiration rate caused by the fungi and the galls 
(sum of  the respiration rates of  the colonizing organisms and the leaf  
tissues) could contribute to the reduction of  the net assimilation rate. 
Both limited availability of  carbon for construction of  the leaf  carbon 
skeleton and N and P which are the key mineral elements required for 
construction of  the leaf  photosynthetic machinery can also explain the 
reduction in leaf  photosynthesis rates. In addition, the twist of  petiole 
of  poplar tree caused by aphid gall infection could possibly lead to 
the restrictions in photosynthesis due to disrupted xylem and phloem 
transport.
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In Paper I and Paper II, the reduction of  photosynthesis was 
accompanied with enhanced stomatal conductance, indicating that the 
leaf  water use efficiency (photosynthetic rate per unit transpiration 
rate) decreased. A similar increase of  water loss in infected leaves has 
been also reported in other species (Berger et al. 2007; Major et al. 
2010; Toome et al. 2010b; Copolovici et al. 2014b). Presence of  fungal 
germ tubes between the guard cells have been observed to lead to the 
damage of  cell walls or cuticle, increasing non-stomatal water loss, and 
to mechanical disturbance of  stomatal movements, hindering stomatal 
closure (Berryman et al. 1991; Toome et al. 2010b). In the case of  M. 
larici-populina infection of  poplar leaves, the mechanical damage caused 
by the urediniospores and paraphyses covering the leaf  surface (Fig 1A), 
is potentially responsible for the loss of  stomatal control and increases 
of  non-stomatal water loss. The increase of  stomatal conductance in 
poplar leaves infected by aphid is most likely associated with decreasing 
concentration of  phytohormone abscisic acid in xylem flow; abscisic acid 
is responsible for stomatal closure and its concentrations are negatively 
associated with gs (Aasamaa et al. 2002; Comstock 2002). Greater leaf  
dry to fresh mass ratio, i.e. lower leaf  water content, in the infected leaves 
observed in our study is probably caused by the greater leaf  water loss 
(Table 2 and Fig 2A in Paper II). 

In Paper III, the stomatal conductance was also inhibited in oak leaves 
infected by different wasp species. Nevertheless, photosynthetic rate was 
reduced relatively more than stomatal conductance, resulting in higher 
intercellular CO2 concentration and lower leaf  water use efficiency in 
infected leaves. This suggests that decreasing photosynthesis in our 
study was due to non-stomatal processes, including the reduced activity 
of  photosynthetic electron transport and reductions in the amount 
or activity of  photosynthetic rate-limiting protein as documented 
(Magyarosy et al. 1976; Greenberg 1996; Lam et al. 2001; Niinemets 
et al. 2013; Copolovici et al. 2014b; Singh et al. 2015). On the other 
hand, leaf  dry to fresh mass ratio also scales positively with the carbon 
investment in cell walls. This is relevant as mesophyll diffusion resistance 
that reflects the restriction of  CO2 diffusion flux from the intercellular air 
space to chloroplasts is greater in leaves with a higher investment in cell 
walls (Flexas et al. 2012; Tomás et al. 2013; Tosens et al. 2016). Thus, the 
CO2 concentration in chloroplasts might still be lower in leaves infected 
by wasp galls. Accordingly, the reduced mesophyll diffusion conductance 
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could be involved in reduction of  photosynthesis rate triggered by 
infections. 

Despite the reduction in An was greater than in gs in Paper III, the question 
is what caused the reduction in gs. We suggest that gall formation in the 
immediate vicinity of  or on the major veins could be responsible for the 
stomatal closure. In our study, for N. anthracinus galls that occurred 
next to the midrib and second order main veins, necrosis of  leaf  areas 
downstream of  the veins colonized by the galls was observed (Fig 1a in 
Paper III). Nevertheless, as stated above for the remaining leaf  areas 
and for all other galling species investigated in our study, the intercellular 
CO2 concentration increased with increasing the infection severity. 

What could be the impact of  leaf  necrosis on leaf  photosynthesis in 
gall wasp infected leaves? Similar to the observed chlorotic and necrotic 
areas at leaf  margins caused by N. albipes and Cynips spp. infestation, 
the non-functional necrotic leaf  area downstream the formation spot of  
N. anthracinus galls also contributed to the reduction of  photosynthetic 
capacity. Nevertheless, our results showed a 2.3-fold reduction of  An for 
N. anthracinus with ca. 20% necrotic and chlorotic areas and a 1.8-fold 
reduction of  An for Cynips spp. with 5-10% necrotic and chlorotic areas 
(Fig. 4c, d, e), suggesting that the reduction in An in leaves infected by 
wasp galls is not mainly caused by the spread of  necrosis. Moreover, 
in Paper II, there were no visible damage of  leaves infected by galling 
aphids, and clearly other factors outlined above were responsible for the 
decline in leaf  photosynthesis.

6.3 Scaling of  constitutive isoprene emissions with the severity of  
infestation (Papers I-III)

Our studies indicated that the infection of  poplar leaves by M. larici-
populina and infestation of  oak leaves by Neuroterus and Cynips gall 
wasps all reduced the constitutive emissions of  isoprene, whereas the 
reductions were quantitatively associated with the damage severity (Fig. 
7a, c, d, e). Several studies have documented that increasing the degree 
of  leaf  damage by fungal infection results in lower isoprene emission 
(Toome et al. 2010a; Copolovici et al. 2014b). However, reductions in 
leaf  isoprene emission upon gall infection observed in this study had not 
been demonstrated.
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In general, the rate of  isoprene emission depends on the substrate 
availability for isoprene synthesis and the activity of  isoprene synthase, 
which is the key enzyme responsible for isoprene synthesis. Substrate 
availability for isoprene synthesis is typically regulated either by the 
activation of  the isoprenoid synthesis pathway (2-C-methyl-D-erythritol 
4-phosphate/1-deoxy-D-xylulose 5-phosphate pathway, MEP/DOXP 
pathway), or by the competition of  biosynthesis of  other isoprenoids 
using the same substrate pool (Rasulov et al., 2014). It has been shown 
that a large fraction of  photosynthetic carbon (up to 10%) can be 
emitted in the form of  isoprene (Sharkey and Yeh 2001). Therefore, 
simultaneous reductions of  isoprene emission and photosynthesis rates 
indicate a limitation of  carbon availability for isoprene biosynthesis in 
leaves infected by fungi (Copolovici et al. 2014b). Although there were 
synchronous reductions in isoprene emission and net assimilation rate in 
both poplar leaves infected by M. larici-populina and oak leaves infested 
by wasp galls, the reduction in isoprene emission rate was much greater 
compared to net assimilation rate in severely infected leaves. This indicates 
that the fraction of  photosynthetic carbon going into isoprene emission 
declined with increasing the degree of  damage of  infected leaves.

Previous studies have demonstrated that constitutive isoprene emission 
is negatively related to the emission of  terpenoids (e.g. monoterpenes 
and sesquiterpenes) induced by biotic tresses in other species (Toome 
et al. 2010a; Copolovici et al. 2014b; Copolovici et al. 2017). As the 
same MEP/DOXP pathway is responsible for the synthesis of  both 
isoprene and monoterpenes in plastids, their emission is greatly affected 
by the availability of  the primary intermediates dimethylallyl diphosphate 
(DMADP) and isopentenyl diphosphate (IDP) (Rajabi et al. 2013; 
Rosenkranz and Schnitzler 2013). However, the Michaelis–Menten 
constant (Km) of  isoprene synthase for DMADP is actually one order 
of  magnitude greater than that for prenyltransferases that condense 
the DMADP and IDP to geranyl diphosphate (GDP), the immediate 
substrate for monoterpene production (Rajabi et al. 2013; Rosenkranz 
and Schnitzler 2013). This implies an one-sided competition for the 
substrate with the monoterpene synthesis always favored (Rasulov et 
al. 2014). Thus, as the activity of  monoterpene synthases is increasing 
with the spread of  the biotic stress, monoterpene emissions consume a 
large share of  the DMADP and IDP pools in chloroplasts. Consistent 
with this hypothesis, the reduction of  isoprene emission rate in leaves 
infected by rust fungi and wasp galls (N. albipes and Cynips) occurred 
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simultaneously with increasing monoterpene emissions. However, the 
decrease of  isoprene emission in leaves infested by N. anthracinus was 
associated with low level of  monoterpene emissions (Fig. 9c). Thus, the 
reduction in isoprene emissions for that type of  infection was likely a 
result of  decreased activity of  isoprene synthase.

On the contrary, we observed an increase of  isoprene emission in dose-
dependent manner from P. × petrovskiana leaves infested by the petiole 
gall aphids (Fig. 7b). The greater isoprene emission and a greater fraction 
of  photosynthetic carbon for isoprene synthesis is inconsistent with 
the reduction of  isoprene emission triggered by other biotic stresses in 
our study. It has been suggested that the typical reduction of  isoprene 
emission coupled with photosynthesis reduction is associated with the 
limited carbon availability for isoprene synthesis. The absence of  the 
reduction of  isoprene emission rate in petiole aphid gall infected leaves 
might be partly associated with low level of  induction of  other terpenoids 
(see below). Moreover, given the role of  isoprene in preserving plant 
membrane integrity against diverse abiotic stresses (Vickers et al. 2009; 
Possell and Loreto 2013), petiole gall-infected leaves might employ the 
increased isoprene emission as a protection from more severe water 
stress in infected leaves with impaired stomatal movements. 

6.4  Changes of  emissions of  induced volatiles upon infestation 
by rust fungus and aphid and wasp galls (Papers I-III)

6.4.1  Induction of  LOX pathway volatiles

In our study, emissions of  LOX compounds were increased in leaves 
of  P. balsamifera var. suaveolens infected by the rust fungus M. larici-
populina, in P. × petrovskiana infected by the petiole galling aphids 
and in Q. robur infected by Neuroterus and Cynips gall wasp (Fig. 8). 
However, the LOX emissions were less than an order of  magnitude 
lower from leaves with infestation by petiole galling aphids than in the 
other two types of  infections (Fig. 8 a, c, d, e).

Damage of  membranes caused by severe biotic stresses, including 
the fungal pathogen infection, herbivory attack and MeJA treatment 
(Niinemets et al. 2013; Copolovici et al. 2014a, b), can typically lead to 
the elicitation of  LOX pathway volatiles (Copolovici et al. 2012; Matsui et 
al. 2012; Scala et al. 2013). Our results indicated that the LOX emissions 
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are positively associated with the damage severity caused by a variety of  
biotic stresses in our studies. In Paper I, (Z)-3-hexenal derivatives, (Z)-3-
hexen-1-yl acetate and (Z)-3-hexen-1-ol were emitted as the dominant 
LOX compounds from poplar leaves infected by M. larici-populina 
(Table 1 in Paper I). The sustained elicitation of  the LOX compounds 
indicates the potential continuous extension of  leaf  necrosis beyond 
the immediate infection spot. In Paper II, emissions of  heptanal and 
2-ethyl hexanal in leaves infected by petiole galling aphids also exhibited 
a sustained pattern. As no visual damage appeared on the poplar leaf  
surface infested by petiole galls, the question is what is the origin of  LOX 
emissions from laminas. Due to the water-soluble property of  LOX, it is 
plausible that the LOX products can be transported from petiole galls to 
leaves via the transpiration flux. Thus, LOX products formed in the galls 
can be partly responsible for the LOX emissions from lamina. On the 
other hand, volatile cues as methyl jasmonate released from petiole galls 
could trigger the secondary LOX emissions from laminas (Arimura et al. 
2000; Arimura et al. 2001; Fäldt et al. 2003). In Paper III, the majority 
of  LOX compounds, including 6-methyl-5-hepten-2-one and 2-ethyl-1-
hexanol, emitted from leaves infected by N. albipes and Cynips (Table 3 
in Paper III) are derivatized products, indicating that a large fraction of  
LOX elicited upon direct localized damage could have also been modified 
in non-damaged parts of  leaves infected by N. albipes and Cynips spp. 
Nevertheless, the greatest emission of  3-(Z)-hexenal was observed from 
leaves by N. anthracinus infestation, possible indicative of  the release 
of  LOX as the result of  direct activity of  wasp larvae. However, we also 
shown that LOX can be continuously emitted from leaves infected by the 
wasp galls even after removing the galls (Fig. 6 in Paper III), suggesting 
that galls lead to overall higher level of  endogenous stress in leaves.

6.4.2  Induction of  terpenoids and benzenoids

In Paper I, MeSA, monoterpenes [limonene and (E)-β-ocimene], several 
sesquiterpenes and homoterpene (DMNT) were induced in the poplar 
leaves infected by M. larici-populina. The emission profile of  elicited 
volatiles is characteristic to that observed in poplars exposed to other biotic 
stresses (Arimura et al. 2004; Blande et al. 2007; McCormick et al. 2014; 
Eberl et al. 2018). For example, several studies have demonstrated that 
monoterpenes including limonene and (E)-β-ocimene are characteristic 
compounds elicited in P. trichocarpa × deltoides leaves in response to 
feeding by various herbivorous insects, including tent caterpillar moth 
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feeding (Malacosoma disstria Hübner), common leaf  weevil (Phyllobius 
piri L.) and autumnal moth (Epirrita autumnata Borkh.) (Arimura et 
al. 2004). Besides poplar trees, emissions of  monoterpenes and MeSA 
are elicited from Q. robur leaves upon infection by oak powdery 
mildew (E. alphitoides) (Copolovici et al. 2014b), whereas emissions of  
monoterpenes and sesquiterpenes were induced from leaves of  hybrid 
willow (S. burjatica × dasyclados) upon infection by the rust fungus M. 
epitea (Toome et al. 2010b). MeSA is a typical stress volatile indicating 
initiation of  salicylic acid-dependent defense responses to both pathogen 
infections (Thaler et al. 1999; Cardoza et al. 2002) and insect attacks 
(Li et al. 2006; Zarate et al. 2007; Zhao et al. 2010; McCormick et al. 
2014). MeSA serves as an important volatile signaling molecule that can 
promote terpenoid production and emission from the leaves (Peñuelas et 
al. 2007; Liu et al. 2018).

In Paper II, emissions of  methyl jasmonate were induced from the 
leaves infected by petiole galling aphids (Table 2 in Paper II), indicating 
that the volatiles induced from leaf  lamina might be dependent on 
jasmonate signaling pathway. There is ample evidence that JA- and 
SA-mediated plant defense pathways are involved in plant metabolic 
responses against herbivorous insects including both chewing herbivores 
and those with piercing/sucking mouthparts (Tooker and Helms 2014). 
The jasmonate pathway can be triggered by insect attack, particularly by 
chewing herbivores (Davies 2004; Howe and Jander 2008; Erb et al. 2012; 
Wasternack and Hause 2013). It can result in the subsequent activation of  
multiple downstream defensive responses, including the production of  
enzymes for defense, antifeedant chemicals, and volatile compounds that 
play a role in attracting natural enemies or in deterrence of  oviposition 
of  herbivores (De Moraes et al. 1998; Walling 2000; De Moraes et al. 
2001; Howe and Jander 2008; Tooker et al. 2008; Wasternack and Hause 
2013). Methyl jasmonate, the methylated derivative of  jasmonic acid, is 
a vital long-distance signaling chemical to trigger the defense responses 
in neighboring non-infected plants and non-infected leaves on the same 
plant (Cheong et al. 2003; Heil and Ton 2008; Tamogami et al. 2008). 
The presence of  MeJA produced at the localized spot of  infection on the 
leaf  lamina could lead to the elicitation of  systemic defense responses 
in other part of  the leaf  lamina, such as the onset of  LOX, terpenoid 
and benzenoids compound emission. Furthermore, given the less severe 
tissue damage caused by phloem-feeding herbivores like aphids, salicylic 
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acid (SA) pathway is activated similarly to pathogen infections (Walling 
2000). 

In Paper III, a few monoterpenes with low-level emission rates 
(including α-pinene and limonene) were identified from non-infected 
leaves and also from leaves infected by N. anthracinus (Table 3 in 
Paper III). However, β-pinene, camphene, and myrcene were found to 
be induced from leaves infection by N. albipes and Cynips spp. It has 
been observed that the profile of  monoterpene blends emitted by Q. 
robur leaves upon different biotic stresses is different. For the powdery 
mildew infestation, the induced monoterpene blend was dominated by 
α-pinene, limonene, Δ3-carene, and camphene (Copolovici et al. 2014b). 
In the case of  herbivory feeding, the emission was dominated by (E)-β-
ocimene for Tortrix viridana attacks (Ghirardo et al 2012) and by 
α-pinene, Δ3-carene, limonene, and β-phellandrene for Lymantria dispar 
infestation (Copolovici et al. 2017). Moreover, it is notable that N. albipes 
and Cynips infections led to a characteristic emission of  benzothiazole in 
our study (Table 3 in Paper III) that have not been detected before in Q. 
robur under other biotic stresses. In other woody species, benzothiazole 
has been identified in wounded maple (Acer negundo) leaves (Ping et al. 
2001) and damaged poplar (Populus simonii x P. pyramidalis) cuttings 
(Hu et al. 2008). Thus, the benzenoids identified in this study importantly 
contribute to the differentiation of  the emission blend of  oak leaves 
elicited by different wasp galls.

Our results demonstrate clearly that the release of  terpenoids from oak 
leaves infested by wasp galls (Paper III) is much lower than the emission 
rates from leaves infected by rust fungus (Paper I) or from leaves upon 
herbivory feeding (Blande et al. 2007; Frost et al. 2008; Copolovici et al. 
2017). Moreover, the emissions of  all induced volatiles (LOX, terpenoids 
and benzenoids) from infected leaves were found to be positively related 
to the biotic stress severity in a dose-dependent manner. For Paper II, 
the dose-dependence of  volatile emissions likely reflect the scaling of  the 
amount of  jasmonic acid (JA) transported to the leaf  laminas from the 
aphid galls with the infestation severity of  petiole galls. Therefore, we 
hypothesize that the dose-dependent stress exerted by petiole aphid galls 
determines the expression of  a series of  downstream genes involved in 
the terpenoid and benzenoids synthesis in proportion with the amount 
of  JA generated in galls and transported to the leaves. 
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6.5  Dose-dependent manner of  volatile emissions by MeJA 
treatment in C. sativus (Paper IV)

6.5.1  Biphasic volatile emissions elicited by MeJA

Biphasic emission kinetics for several oxygenated volatiles, including 
methanol and ethanol, have been reported in response to various abiotic 
(Beauchamp et al. 2005; Li et al. 2017) and biotic stresses (Mur et al. 2008; 
Wi et al. 2012). Methanol and ethanol can be synthesized constitutively, 
but their emissions are remarkably enhanced upon different stresses 
(Beauchamp et al. 2005; Li et al. 2017). Besides the enhancement 
of  emissions of  constitutive volatiles, biphasic emissions of  LOX 
compounds and terpenoids were also induced by M. epitea infection 
(Toome et al. 2010a). In this study, with a much higher time resolution, 
we observed a typical biphasic LOX emission pattern in cucumber 
leaves after the MeJA spraying. The first burst of  LOX emission was 
detected instantly after enclosing the treated leaves in the gas-exchange 
system, and the maximum emission rate was reached between 0.1-1 
h after application of  MeJA with given concentration (Fig. 10a). The 
rapid emission burst is similar with the rapid response to physical 
wounding caused by herbivore feeding (Brilli et al. 2011; Portillo-Estrada 
et al. 2015), and suggests that the early MeJA response might reflect 
constitutive activity of  lipoxygenases (LOX), hydroperoxide lyase (HPL), 
allene oxide synthase (AOS), and alcohol dehydrogenase (ADH). Due to 
the modifications of  cell walls caused by the damage, the diffusion of  
MeJA into the cellular space can be significantly enhanced, and MeJA can 
trigger endogenous response, including endogenous synthesis of  JA (see 
below) and elicitation of  expression of  defence genes. Thus, the rapid 
emission burst of  LOX was followed by a second burst of  LOX (Fig. 
10a), monoterpenes (Fig. 10b), and sesquiterpenes with the maximum 
rate at 16-25 h after MeJA spraying (Fig. 5B, C in Paper IV). 

In non-stressed cucumber leaves, monoterpene emissions are detectable 
at a very low level (Table 2 in Paper IV) and the terpene emissions were 
not altered by MeJA treatment in the short term. This delayed response 
demonstrated that the elicitation of  terpenoid emissions requires 
terpene synthase gene expression as observed in several studies (Martin 
et al. 2002, 2003; Byun-McKay et al. 2006). Moreover, the elicited 
monoterpene profiles were profoundly modified compared with the 
blend of  constitutive emissions (Table 2 in Paper IV), indicating that 
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the expression of  inducible terpenoid synthases is responsible for the 
induced monoterpene emissions after MeJA application. The terpenoid 
compounds induced by MeJA treatment (Table 2 in Paper IV), particularly 
monoterpenes (limonene and linalool) and sesquiterpenes (β-farnesene, 
α-cedrene, and β-caryophyllene), were also induced in cucumber leaves 
by herbivory feeding (Bouwmeester et al. 1999; Kappers et al. 2010), 
implying their roles as airborne cues for attraction of  natural enemies of  
herbivores or in priming defenses in neighboring plants (Degenhardt and 
Lincoln 2006; Brilli et al. 2009; Mäntylä et al. 2014).

The second sustained burst of  volatile LOX products that occurred 
synchronously with the elicitation of  induced terpene emissions is 
unexpected. Given the evidence that volatile emission response to MeJA 
also involves increasing levels of  endogenously synthesized jasmonate 
(Tamogami et al. 2008), the second LOX burst suggests possible 
upregulation of  expression of  jasmonate-dependent LOX pathway genes 
(Bell and Mullet 1991; Wasternack and Parthier 2007). The volatile LOX 
products released together with terpenes at the later stages of  elicitation 
might also play vital roles in attracting the natural enemies and in priming 
of  defences in neighboring plants (Dicke et al. 1999; Bruinsma et al. 2007; 
Frost et al. 2008; Allmann and Baldwin 2010; Copolovici et al. 2011, 
2014a). Therefore, this late emission burst of  LOX volatiles synchronous 
with the elicited terpenoid emissions might be an integral part of  volatile 
blends induced by herbivory feeding, and as such serve as an important 
signal in plant-insect and plant-plant interactions.

6.5.2  Dose dependent emission of  induced volatiles scaling with 
MeJA concentration

In this study, both the maximum emission rate and the total integrated 
emission bursts were quantitatively associated with the concentration 
of  applied MeJA and the damage severity for LOX compounds (for 
both emission burst, Fig. 11a, d), monoterpenes (Fig. 11b, e) and 
sesquiterpenes (Fig. 11c, f). The evidence collectively suggests that both 
the initial rapid response as a result of  activation of  constitutive defenses, 
and the later response due to elicitation of  induced defenses occur in 
a dose-dependent manner. The MeJA dose dependency of  induced 
emissions resembles quantitative relationships between biotic stress 
severity and volatile emissions observed in our studies (Papers I-III) 
and in studies looking at the impact of  herbivory feeding on volatile 
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emissions. In particular, the rate of  terpene emission has been shown 
to increase with the leaf  area consumed by herbivores (Copolovici et 
al. 2011, 2014a), implying the acceleration of  terpene biosynthesis in 
remaining leaf  parts. There is evidence that both the attractiveness (Heil 
2014) and the repellency (Zas et al. 2011) to herbivores can be regulated 
by the quantitative modification of  volatile emissions by MeJA treatment, 
indicating that the dose dependency can importantly regulate the plant-
insect communication. Thus, the quantitative relationships between the 
dose of  MeJA (severity of  leaf  damage) and the elicitation of  volatile 
emission in cucumber uncovered in this study fulfil important biological 
functions. 



53

CONCLUSIONS

The presented data of  this thesis provide convincing evidence of  
quantitative relationships between biotic damage severity and leaf  
photosynthetic characteristics, and the release of  constitutive and induced 
volatile compounds in leaves exposed to a wide range of  biotic stresses. 
Based on these results, it can be concluded that:

The infection by rust disease (Melampsora larici-populina) in Populus 
balsamifera var. suaveolens, infestation by petiole aphid galls (Pemphigus 
spyrothecae) in Populus × petrovskiana and wasp galls (Neuroterus 
species including Neuroterus anthracinus and Neuroterus albipes and 
Cynips species including Cynips divisa and Cynips quercusfolii) in 
Quercus robur resulted in reduced availability of  carbon and nitrogen for 
the construction of  leaf  carbon skeleton and photosynthetic machinery. 
As the result of  the loss of  carbon and nutrients in leaves, leaf  dry 
mass per unit area (MA) and net assimilation rate per leaf  area (An) were 
reduced in dependence on the severity of  infection. Simultaneously 
with the reductions in net assimilation rate, stomatal conductance 
and intercellular CO2 concentration increased in rust-infected and 
gall-infested leaves, indicating lower leaf  water use efficiency. Higher 
intercellular CO2 concentration, however, partly compensated for 
reduced leaf  photosynthetic capacity. These three individual studies 
collectively suggest that there is a quantitative relationship between foliage 
photosynthetic capacity and the degree of  biotic stresses (infestation by 
rust fungi and petiole aphid or wasp galls), reflecting leaf  structural and 
chemical alterations due to changes in sink-source relationships during 
leaf  growing period or in mature leaves. 

Profound changes in leaf  volatile emission profiles and total volatile 
emission rates were elicited by different types of  biotic stresses, including 
the suppression of  constitutive isoprene emissions and the induction of  
emissions of  specialized stress volatiles (LOX compounds, monoterpenes 
and benzenoids), except for the induction of  constitutive isoprene 
emissions in leaves infested by petiole galling aphids. In addition, the 
emission rate of  stress-induced volatiles scaled quantitatively with the 
degree of  infection severity. Using volatile fingerprints of  ambient air, 
the unique volatile blends provide significant information to diagnose 
infections by specific species and predict the effects on photosynthetic 
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productivity of  infected leaves. The induction of  volatile LOX products, 
together with elicitation of  monoterpenes and benzenoids triggers 
systemic defense which could be direct (anti-fungal effect, reduction 
of  palatability to herbivores) or indirect (attracting the parasitoids and 
predators) as well as prime defense responses in neighboring plants.

Treatment of  cucumber (Cucumis sativus) leaves with exogenous MeJA 
was applied to gain a detailed insight into the relationships between the 
kinetics of  induced-volatile emissions, maximum emission rates and total 
emissions and the elicitor dose, mimicking jasmonate-dependent stress 
responses elicited by a variety of  biotic stresses. MeJA treatment resulted 
in a biphasic burst of  methanol, volatile LOX products, and monoterpene 
and sesquiterpene emissions in a dose dependent manner. These results 
allowed separation of  immediate stress responses, elicitation of  gene 
expression and development of  induced stress responses and can be used 
to simulate plant stress responses. As exogenous MeJA can be applied in 
precisely defined doses, it provides an invaluable quantitative model to 
study scaling of  photosynthetic and volatile responses with the severity 
of  different biotic agents.
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SUMMARY IN ESTONIAN

BIOOTILISE STRESSI KVANTITATIIVNE MÕJU LEHTEDE 
FOTOSÜNTEESILE NING KONSTITUTIIVSETE 
JA INDUTSEERITUD LENDUVATE ÜHENDITE 

EMISSIOONILE 

Taimed toodavad elutegevuse käigus suurel hulgal sekundaarseid 
ainevahetussaadusi, sealhulgas biogeenseid orgaanilisi lenduvühendeid 
(VOC). Vastavalt biosünteesi radadele jaotatakse need isoprenoidideks, 
bensenoidideks ja lipoksügenaasi raja (LOX) saadusteks. Lenduvühenditel 
on oluline roll taimede suhtlemisel nii naabertaimede kui ka teiste 
elusorganismidega. Õitelt ja viljadelt erituvad lenduvühendid on olulised 
selleks, et kohale meelitada tolmeldavaid ja seemneid edasi kandvaid loomi. 
Lehestikust erituvad lenduvühendid aga saadavad kutsungi lehtedest 
toituvate putukate looduslikele vaenlastele. See signaal hoiatab ka teisi 
taimi herbivooride eest. Lisaks tõrjuvad lenduvühendid ka mikroobe ja 
seeni. Seetõttu teame, et lenduvühendid omavad märkimisväärset mõju 
biosfääri-atmosfääri vastastikustes protsessides.

Kõik taimed ei erita lenduvühendeid pidevalt, kuid stressitingimustes 
(abiootiline ja biootililine stress) on nad kõik võimelised lenduvühendeid 
eritama. Biootilise stressi all peetakse tavaliselt silmas taimel erinevaid 
füsioloogilisi muutusi põhjustavaid kahjustusi, mida tekitavad patogeenid 
või putukad. Üle 80 liigi obligatoorseid biotroofilisi patogeene hõlmab 
leherooste perekond Melamspora hõlmab. Perekonnast Melamspora 
on kõige laialdasemalt levinud paplirooste M. larici-populina. Veel üks 
papli (Populus) looduslik vaenlane on leherootsu lehetäi. Papli lehetäi 
liik Pemphigus spyrothecae, kes elutseb leherootsu keskel, moodustab 
oma elutegevuse käigus papli leherootsudele pahad. Neuroterus ja 
Cynips on kõige liigirikkamad pahkvaablaste perekonnad maailmas ja 
nad on laialdaselt levinud ka Euroopas. Pahkvaablased on puulehtede 
obligatoorsed parasiidid ning nende rünnakutele on kõige vastuvõtlikumad 
tammed (Quercus). 

Enamus taimede biootilise stressi uuringutest keskenduvad fotosünteesi 
aktiivsuse muutmisele ja lenduvühendite profiilile, kuid füsioloogiliste 
protsesside sõltuvust parasiitide või muu kahjustuste ulatusest on veel 
vähe uuritud. Biootilise stressi simuleerimiseks töödeldakse taime 
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välispidiselt metüüljasmonaadiga ning taimes hakkavad tööle sellest 
ainest sõltuvad kaitsemehhanismid. Kuna väliselt on MeJA võimalik 
lisada väga täpsetes annustes, siis saab töötlemisele järgnevate mõõtmiste 
abil luua kvantitatiivse mudeli, mis kirjeldab lenduvühendite eritumise 
hulka vastavalt biootilise stressi määrale. 

Töö eesmärgid
Töö eesmärgiks oli uurida biootilise stressi mõju (nakatamine roostega, 
pahkvaablastega, leherootsu täidega ja MeJA töötlemisega) lehe 
struktuurile, keemilisele koostisele ja fotosünteesile (kogu assimilatsioon, 
õhulõhede juhtivus, rakusisene CO2 sisaldus) ning konstitutiivset 
isopreeni ja lenduvühendite eritumist nakatatud/töödeldud lehtedes. Töö 
hüpoteesiks oli, et biootilise stressi korral toimuvad lehes struktuursed 
ja füsioloogilised muutused ning lenduvühendite emissioon on 
kvantitatiivselt sõltuv nakatumise ulatusest või lehe nähtavate kahjustuste 
ulatusest. 

Töö alaeesmärgid olid:

1. kirjeldada muutusi lehelaba struktuuris ja makroelementide 
sisalduses pärast roostega nakatumist ja pahkvaablaste kahjustust 
mudel-liikidel pappel ning tamm (I-III);

2. uurida kvantitatiivselt fotosünteesi tunnuste muutusi sõltuvalt 
roostega nakatumisest ja pahkade moodustumisest (I-III);

3. uurida, millist mõju avaldavad rooste ja pahkadega nakatumine 
isopreenide konstitutiivsele ja lenduvühendite indutseeritud 
emissioonile ning teha kindlaks, kas lenduvühendite hulk on 
vastavuses kahjustuste määraga (I-III);

4. hinnata MeJA doosi mõju vabanenud lenduvühendite hulgale ja 
koostisele ning teha kindlaks lenduvühendite emissiooni hulga 
seos MeJA kontsentratsiooniga (IV).

Töö tulemused
Roostega nakatumise, pahku moodustavate lehetäide ja pahkvaablaste 
parasiteerimise tulemusel langes märkimisväärselt lehtede kuivmass 
lehepinna kohta (MA). MA kahanes rooste, lehetäide ja pahkvaablaste 
poolt põhjustatud kahjustuste suurenedes. Võrreldes nakatamata 
lehtedega oli MA 2,4 korda madalam lehtedel, mis olid nakatatud liigiga 
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M. larici-populina. Seaduspära kehtis kahjustuse kõigi erinevate ulatuste 
korral. Paplil oli leherootsu lehetäide kahjustustega lehtede MA 1,2 korda 
madalam kui tervetel lehtedel. Liigiga Neuriterus nakatumisel oli lehtede 
kuivmassi vähenemine suurem - umbes 2,0 – 2,6 korda, võrreldes Cynips 
spp. nakatumisega. Viimasel juhul kahanes kõige enam infitseeritud 
(suurim Mg/Ml) lehtedel MA 1,8 korda (I-III).

Kokku kõikidel lehtedel, millel oli erinev nakatamise ulatus, oli kogu 
assimilatsiooni (An) ja kahjustuse ulatuse vahel negatiivne seos. Vastupidiselt 
kogu assimilatsioonile, kasvas õhulõhede juhtivus veeaurule (gs) M. larici-
populina põhjustatud kahjustustes ja pahkvaablaste parasiteerimisel 
lineaarselt. Kahjustuste ulatuse suurenedes ning An kahanemise ja gs tõusu 
tulemusena kasvas rakusisene CO2 kontsentratsioon mittelineaarselt. 
Pahkvaablaste kahjustusega lehtede õhulõhede juhtivus muutus sarnaselt 
kogu assimilatsioonile, kuid gs vähenes üldiselt mõnevõrra vähem kui 
An. Rakusisene CO2 kontsentratsioon kasvas kõikidel juhtudel lineaarselt 
koos kasvava Mg/Ml-ga (I-III).

Rooste ja pahkvaablaste kahjustus tingis tugeva isopreeni emissiooni 
vähenemise. Isopreeni hulga langust vastavalt infektsiooni ulatusele 
kirjeldab kõverjooneline (curvilinear) graafik. Pahku moodustavate 
täide kahjustuste tõttu suurenes isopreeni eritumine lineaarselt vastavalt 
parasiitide kahjustuse ulatusele (I-III).

M. larici-populina, nelja erineva pahkvaablase ja täi poolt põhjustatud 
lehekahjustuste tulemuseks olid märkimisväärsed muutused 
lenduvühendite emissiooni profiilides. Kahjustused tingisid erinevate 
stressi- ning signaalühendite emissiooni, mille hulgas olid kõik lenduvad 
LOX komponendid, ning kutsusid esile terpeeni ja bensenoidi 
lendumise. Kõikidel lehtedel ning kõikide kahjustuste määrade juures 
kasvas vastavalt ka indutseeritud lenduvühendite emissioon, välja arvatud 
monopterpeenide emissioon, mis langes N. anthrancinus kahjustuse 
puhul (I-III).

LOX emissioonil esines kaks kõrgpunkti – kiire purse vahetult pärast 
MeJA-ga töötlemist, mis jõudis maksimumini ~ 0,2-1 tunni jooksul 
ning aeglasem purse, mis ilmnes 6-10 tundi pärast MeJA-ga töötlemist 
maksimumiga ~16-20 tundi pärast töötlust. Mono- ja seskviterpeenide 
eritumise puhul oli näha ainult üks aeglaselt tekkiv kõrgpunkt. See algas 
2-6 tundi pärast MeJA-ga töötlemist ja jõudis maksimumini ~15-25 
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tunni möödudes MeJA-ga pritsimisest. Maksimaalne emissiooni tase 
ja kogu MeJA poolt esile kutsutud emissioon kasvas koos suureneva 
MeJA kontsentratsiooniga ning oli positiivses suhtes lehtede kahjustuste 
ulatusega (IV). Need tulemused võimaldasid eristada geeni ekspressioonist 
tingitud kohest vastust stressile indutseeritud stressivastuse arenemisest. 

Tulemuste põhjal eristati taime kohest stressireaktsiooni, geenide 
ekspresseerumist ja  indutseeritud stressireaktsiooni, mistõttu saab 
tulemusi kasutada taime stressivastuste simuleerimiseks. Doosipõhine 
eksogeense MeJA kasutamine loob väärtusliku kvantitatiivse mudeli, 
mis võimaldab uurida fotosünteesi ja lenduvühendite eritumist sõltuvalt 
erinevatest biootilistest teguritest ja stressi tõsidusest.  
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Fungal infections result in decreases in photosynthesis, induction of  stress and signaling volatile emissions and reductions in 
constitutive volatile emissions, but the way different physiological processes scale with the severity of  infection is poorly known. 
We studied the effects of  infection by the obligate biotrophic fungal pathogen Melampsora larici-populina Kleb., the causal agent 
of  poplar leaf  rust disease, on photosynthetic characteristics, and constitutive isoprene and induced volatile emissions in leaves 
of  Populus balsamifera var. suaveolens (Fisch.) Loudon. exhibiting different degrees of  damage. The degree of  fungal damage, 
quantified by the total area of  chlorotic and necrotic leaf  areas, varied between 0 (noninfected control) and ∼60%. The rates of  
all physiological processes scaled quantitatively with the degree of  visual damage, but the scaling with damage severity was 
weaker for photosynthetic characteristics than for constitutive and induced volatile release. Over the whole range of  damage 
severity, the net assimilation rate per area (AA) decreased 1.5-fold, dry mass per unit area 2.4-fold and constitutive isoprene 
emissions 5-fold, while stomatal conductance increased 1.9-fold and dark respiration rate 1.6-fold. The emissions of  key stress 
and signaling volatiles (methanol, green leaf  volatiles, monoterpenes, sesquiterpenes and methyl salicylate) were in most cases 
nondetectable in noninfested leaves, and increased strongly with increasing the spread of  infection. The moderate reduction in 
AA resulted from the loss of  photosynthetically active biomass, but the reduction in constitutive isoprene emissions and the 
increase in induced volatile emissions primarily reflected changes in the activities of  corresponding biochemical pathways. 
Although all physiological alterations in fungal-infected leaves occurred in a stress severity-dependent manner, modifications in 
primary and secondary metabolic pathways scaled differently due to contrasting operational mechanisms.

Keywords: fungal infections, isoprene, light dependency, LOX compounds, monoterpenes, poplar, quantitative responses.

Introduction

The genus of leaf rusts Melampsora comprises >80 species of 
obligate biotrophic pathogens ( Feau et al. 2009). Although 
some Melampsora species can have a broad range of hosts, sev-
eral of them are highly specialized, including M. larici-populina 
Kleb., which uses poplar (Populus spp.) as the telial host to com-
plete its life cycle ( Cummins and  Hiratsuka 2003,  Wan et al. 
2015). Among the Melampsora species, M. larici-populina is the 
most widespread poplar rust ( Vialle et al. 2011). It is native to 

Eurasia, but has also been introduced to the Americas, Australia 
and New Zealand ( Steimel et al. 2005,  Vialle et al. 2011).

Past studies have demonstrated that rust infestations result in 
a series of physiological changes including decreases in leaf 
chlorophyll content and photosynthetic activity, and increases of 
leaf transpiration rate due to increases in stomatal openness 
( Robert et al. 2005,  EI-Ghany et al. 2009,  Major et al. 2010, 
 Toome et al. 2010b). Due to the consumption of photosynthetic 
products of the host leaves and the reduction of physiological 
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activity of  impacted leaves ( Staples 2001,  Voegele and 
 Mendgen 2003), infection by Melampsora leads to major losses 
of biomass yield of its hosts ( Laureysens et al. 2005,  Aylott 
et al. 2008,  Major et al. 2010,  Cao et al. 2012,  Covarelli et al. 
2013,  Wan et al. 2013). Thus, a detailed quantitative under-
standing of the direct and indirect responses of plants to Melam-
psora infection is of paramount significance in predicting the 
potential yield losses and establishing control approaches for 
coping with this devastating and widespread pathogen.

So far, the way the physiological changes in rust-infected 
leaves is related to the quantitative spread of fungal infection 
has not been investigated in detail. In the case of necrotrophic 
fungi such as Botrytis that kill the infected host cells, spread of 
dead tissue can directly explain the loss of photosynthetic func-
tion ( Berger et al. 2007). In the case of biotrophic pathogens, 
how the spread of infection is related to the loss of photosyn-
thetic function is less clear, although the infections can lead to 
spread of chlorotic and necrotic areas ( Tavernier et al. 2007, 
 Kolmer 2013) and a scaling of the reduction of photosynthetic 
activity with the visible area of impact ( Copolovici et al. 2014).

Apart from changes in photosynthetic activity, biotic stress 
typically triggers local and systemic stress responses, including 
elicitation of synthesis of diverse secondary metabolites through 
lipoxygenase (LOX), shikimate and terpenoid synthesis path-
ways ( Chen et al. 2009,  Pfabel et al. 2012); many of the end 
products of theses pathways are volatile ( Jansen et al. 2009, 
 Matsui et al. 2010,  Kask et al. 2013,  Niinemets et al. 2013). 
Studies with herbivores have demonstrated that rapid biotic 
stress responses are dominated by the release of volatile LOX 
products (green leaf volatiles) and other short-chained oxygen-
ated volatiles ( von  Dahl et al. 2006,  Matsui et al. 2010, 
 Portillo-Estrada et al. 2015), followed by volatile isoprenoids 
(monoterpenes, sesquiterpenes and homoterpenes) and benze-
noids ( Blande et al. 2007,  Irmisch et al. 2014,  McCormick et al. 
2014a,  2014b). There is evidence that similarly to herbivory, 
pathogenic fungi trigger the emissions of LOX volatiles and ses-
quiterpenes ( Vuorinen et al. 2007,  Jansen et al. 2009,  Toome 
et al. 2010b,  Copolovici et al. 2014). However, the available 
evidence suggests that differently from herbivore attacks where 
LOX volatiles are released as the direct short-term wounding 
response, fungal pathogen colonization can result in sustained 
emissions of LOX volatiles ( Vuorinen et al. 2007,  Jansen et al. 
2009,  Piesik et al. 2013,  Copolovici et al. 2014) suggesting a 
chronic stress impact of pathogens.

Furthermore, there is evidence that the release of volatiles 
elicited by pathogenic fungi is dependent on the severity of 
infestation in a dose-dependent manner ( Niinemets et al. 2013, 
 Copolovici et al. 2014). To our knowledge, quantitative relation-
ships among the severity of fungal infection and the emission 
rates of induced volatiles (LOX, monoterpenes) have been char-
acterized only for powdery mildew infestation of Quercus robur  L. 
leaves ( Copolovici et al. 2014). Toome et al. (2010b) studied 

volatile emissions elicited by Melampsora epitea Thüm. through 
the inoculation until sporulation in willow (Salix burjatica Nasarow × 
S. dasyclados Wimm.), and showed elicitation of emissions of 
LOX, monoterpene and sesquiterpenes, but whether the emis-
sions scaled quantitatively with the degree of infestation was not 
studied.

A quantitative perspective of stress-induced volatile release is 
essential as the volatiles induced by pathogen infections have 
been reported to play a major role in priming for intra- and inter-
plant defense responses ( Wenda-Piesik et al. 2010,  Piesik et al. 
2011,  Niinemets et al. 2013). For example, induced emissions of 
LOX, methyl salicylate (MeSA) and other benzenoid volatiles due 
to infection of corn (Zea mays L.) by Fusarium elicited the release 
of volatiles from adjacent uninfected leaves ( Piesik et al. 2011). 
Similarly, volatiles released from Fusarium spp.-infected wheat 
(Triticum aestivum L.) could induce the release of volatiles from 
other healthy crop species including barley (Hordeum vulgare) 
and oat (Avena sativa L.) ( Wenda-Piesik et al. 2010). As the prim-
ing efficiency of a volatile elicitor depends on the ambient concen-
tration of the volatile, i.e., on the distance from the volatile-emitting 
plant and the rate of volatile release induced by the given biotic 
stress ( Kappers et al. 2010), the possible quantitative scaling of 
the release of induced volatiles can importantly influence the 
development of defense reactions in surrounding vegetation.

While fungal infections result in induction of stress and signal-
ing volatile release, powdery mildew infection in constitutive iso-
prene emitter Q. robur ( Copolovici et al. 2014) and leaf rust 
infection in constitutive isoprene emitter S. burjatica × dasycla-
dos ( Toome et al. 2010b) resulted in major decreases in iso-
prene emission in both cases. This response of constitutive 
isoprene emissions to pathogens is different from the herbivory 
effects that are either minor or even can result in enhanced iso-
prene release ( Blande et al. 2007). As constitutive isoprene 
emissions are strongly related to photosynthetic carbon metabo-
lism ( Monson et al. 2012,  Morfopoulos et al. 2014), the reduc-
tion in isoprene emission in fungal-infected leaves might reflect 
decreased leaf photosynthetic activity. However, plastid-synthe-
sized isoprenoids such as constitutive isoprene and induced 
monoterpene synthesis compete for the same substrate pool 
( Rasulov et al. 2014), and the extent to which induced isoprenoid 
emissions can replace the constitutive emissions is not known.

As plant-emitted volatiles constitute a major source of atmo-
spheric reactive hydrocarbons ( Arneth et al. 2008,  Guenther et al. 
2012), they play an important role in atmospheric chemistry with 
major implications for air quality ( Fowler et al. 2009), and for 
formation of organic aerosols and cloud condensation nuclei with 
potential ramifications for regional and global climate ( Andreae 
and  Crutzen 1997,  Kulmala et al. 2009). Given that larger 
 isoprenoids induced by stress are typically more reactive with 
atmospheric oxidants than isoprene ( Atkinson and  Arey 2003, 
 Arneth and  Niinemets 2010), fungal-induced changes in volatile 
product profiles can have major effects on atmospheric processes.
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In this study, we investigated the influences of M. larici-populina 
infection on foliage photosynthetic characteristics and constitu-
tive and induced volatile emissions in Populus balsamifera var. 
suaveolens (Fisch.) Loudon. Populus balsamifera var. suaveolens is 
a fast-growing early-successional high isoprene-emitting tree 
that is heavily infected by rust fungi in years with wet and cool 
summers. We asked whether the fungal-induced changes in 
photosynthesis and constitutive isoprene and induced volatile 
release scale quantitatively with the infection-dependent spread 
of lesions and if  so, how different processes scale with the 
degree of fungal damage. We demonstrate significant scaling 
relationships among the severity of damage for all studied phys-
iological characteristics, and also show that different physiologi-
cal processes scale differently with the severity of damage. We 
further studied the effect of rust infection on the light responses 
of photosynthesis and isoprene emission to gain insight into 
possible modifications of the shape of the light response curve 
driven by the effects of infection on light interception efficiency 
and substrate availability for isoprene synthesis ( Sun et al. 
2012b,  Niinemets et al. 2015). The obtained results provide 
valuable information for diagnosing Melampsora infections using 
ambient air volatile fingerprints and for predicting the impacts of 
infections on photosynthetic productivity. We further argue that 
the quantitative relationships between the severity of infection 
and volatile release form the basis for modeling the effects of 
pathogen infestations on ambient air chemistry.

Materials and methods

Study sites and plant material

The study was conducted at the campus of the Estonian Univer-
sity of Life Sciences, Tartu, Estonia (58°23′N, 27°05′E, eleva-
tion 40 m above sea level) at the beginning of September 2015 
before the onset of night frosts. The year 2015 was character-
ized by a cool and humid summer with monthly mean (±SE) 
precipitation of 48.5 ± 5.4 mm, air temperature of 15.5 ± 1.0 °C 
and relative air humidity of 73.2 ± 3.7% for the months June–
September (data of the Laboratory of Environmental Physics, 
Institute of Physics, University of Tartu, http://meteo.physic.
ut.ee). Such a wet and cool environment provides ideal condi-
tions for the growth and dispersal of Melampsora ( Agrios 2005, 
 Toome et al. 2010a). However, during most of the active growth 
period in summer, the level of Melampsora infection typically 
remains low and leaves with visible signs of damage are rare as 
in the case of other fungal infections ( Copolovici et al. 2014). In 
2015, a minor degree of infection was visible in mid-August, 
while by the start of the study, all poplar trees in the area were 
infected with the rust fungus with ∼80% of all leaves on a given 
tree exhibiting visible signs of damage.

To characterize the quantitative relationships among the 
degree of infection and leaf physiological traits, five ∼30-year-
old P. balsamifera var. suaveolens trees (height 20–23 m and 

diameter of 60–70 cm at breast height) were selected, and 
leaves with varying degrees of infection ( Figure 1a for sample 
leaf images) were collected for the measurements. Approxi-
mately 20-cm-long twigs with multiple leaves were sampled for 
the physiological measurements. Each twig was excised under 
water, maintained with the cut end in water and immediately 
transported to the laboratory where a representative leaf was 
selected for measurements. Altogether 28 leaves with different 
degrees of infection were measured (3 leaves with virtually 
no signs of infection, called controls, and 25 infested leaves 
with the degree of infection varying between ∼3 and 60%, 
 Figure 1a).

Identification of Melampsora species

The morphology of urediniospores and paraphyses was exam-
ined by light and scanning electron microscopy (SEM; Zeiss 
LS15, Carl Zeiss AG, Jena, Germany). The SEM pictures were 
taken with the detector SE1 with a working distance between the 
sample surface and the lens (WD) of 8.5 or 9 mm and with extra 
high tension voltages of 14.27, 15.0 or 17.6 kV. The surface 
texture of the urediniospores of the leaf rust was well discerned 
on these images (Figure 1b). Based on the morphological char-
acteristics of urediniospores, the rust species was identified as 
Melampsora larici-populina Kleb. ( Vialle et al. 2011). Both its 
aecial (Larix spp.) and telial (Populus spp.) hosts were present in 
the campus. For our physiological analysis, we consider the level 
of rust fungus identification sufficient, but we note that there is a 
relatively large genetic variability within different M. larici-populina 
isolates ( Cao et al. 2012,  Persoons et al. 2014), and sometimes, 
M. larici-populina complex is separated to a finer level of taxa 
based on genetic information ( Pei et al. 2005). We suggest that 
such a finer level of identification can be particularly useful when 
studying physiological responses in different rust-infected host 
species.

Foliage gas-exchange measurements

A custom-made gas-exchange system ( Copolovici and 
 Niinemets 2010,  Copolovici et al. 2014 for details) was used 
to measure foliage net assimilation and transpiration rates 
and emissions of  volatiles from P. balsamifera var. suaveolens 
leaves with varying degrees of  rust infection. The system 
used has a 1.2 l temperature-controlled double-walled glass 
chamber with glass and stainless steel bottom. Ambient air 
(mean ± SE CO2 concentration of  401.6 ± 28.3 μmol mol−1) 
was drawn from outside with a pump, and passed through a 
custom-made ozone scrubber and a humidifier ( Copolovici 
and  Niinemets 2010,  Copolovici et al. 2014). The flow rate 
was maintained at 1.6 l min−1, and turbulent conditions in the 
chamber were obtained by a fan installed inside the chamber. 
For the first-order decay kinetics, the half-time of  the cham-
ber air exchange was estimated to be ∼30 s ( Niinemets et al. 
2011). Leaf temperature was measured with a thermocouple 
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attached to the lower leaf  surface. The standard measure-
ment conditions used were: light intensity at leaf  surface of 
1000 μmol m−2 s−1, leaf  temperature of  25 °C and relative 
air humidity of  60%. Concentrations of  CO2 and H2O in the 
incoming and outgoing air were gauged with an infrared dual-
channel gas analyzer operated in differential mode (CIRAS II, 
PP-systems,  Amesbury, MA, USA).

After enclosure of the leaf, standard measurement conditions 
were established and the leaf was conditioned until stomata 
opened and leaf gas-exchange rates reached a steady state 
(typically in 30 min after enclosure). Thereafter, the steady-state 
rates of net assimilation and transpiration and volatile emission 
(see the next section) were recorded.

Light response curves of leaf gas-exchange and volatile emis-
sion rates were measured with a GFS-3000 portable gas-
exchange/fluorescence system (Heinz Walz GmbH, Effeltrich, 
Germany) using the standard clip-on type leaf cuvette with an 

8 cm2 window area. Measurement light (10% blue and 90% red) 
was provided by the Walz 3055-FL leaf chamber fluorimeter. After 
enclosure of the leaf in the chamber, the leaf was again stabilized 
under standard conditions (ambient CO2 concentration of 
400 μmol mol−1, light intensity of 1000 μmol m−2 s−1, leaf tem-
perature of 25 °C and relative air humidity of 60%) until steady-
state gas-exchange rates were observed. After establishing the 
steady-state conditions, light intensity (Q, μmol m−2 s−1) was 
changed in the sequence of 1000→1200→1500→1000→
800→500→400→200→0. At each light level, the leaf was sta-
bilized for 8–25 min until new steady-state level was achieved 
and the rates were recorded. Light response curve measurements 
were carried out for both control and seriously infected leaves 
(∼60% leaf area infected) in three replications.

Calculation of leaf net assimilation and transpiration rates and 
stomatal conductance followed von Caemmerer and Farquhar 
(1981). The light response curves of net assimilation rate and 

 

Figure 1. Representative images of upper and lower leaf sides of P. balsamifera var. suaveolens with different degrees of infection (%) by rust fungus 
M. larici-populina (a) and SEM images of the lower leaf surface at different magnifications demonstrating the morphology of M. larici-populina uredin-
iospores and paraphyses (b).
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volatile emission were fitted by the Smith’s equation ( Sun et al. 
2012b,  Niinemets et al. 2015):

 
y

Q
Q y

y= + −α
α[ ( )]

,/1 2 2 1 2 0/ max2  
(1)

where α is the initial quantum yield (αA for net assimilation and 
αI for isoprene emission), ymax is the light-saturated rate of the 
given characteristic (Amax for net assimilation and Imax for iso-
prene emission) and y0 is the rate of the given process at 
Q = 0 μmol m−2 s−1 (y0 is equal to dark respiration rate, Rd, in the 
case of net assimilation measurements and y0 = 0 for isoprene 
emission). Equation (1) was fitted to the data by iteratively min-
imizing the sum of error squares.

Measurement of volatile emission rates

Real-time measurements of volatile emission occurred simultane-
ously with measurements of foliage gas exchange. A sample of 
outgoing air was drawn for volatile analysis by proton transfer 
reaction mass spectrometry, whereas a high-sensitivity version 
proton transfer reaction mass spectrometer (PTR-MS) with a quad-
rupole mass spectrometer (PTR-QMS) was used in measurements 
with the custom-made gas-exchange system using the protocol of 
operation of  Copolovici and  Niinemets (2010), and a PTR-MS 
with a time-of-flight mass spectrometer (PTR-TOF) (Ionicon, Inns-
bruck, Austria for both) was used with the Walz gas-exchange 
system using the protocol of  Portillo-Estrada et al. (2015). Both 
systems were intercalibrated with a commercial standard contain-
ing key plant volatiles (Ionimed, Innsbruck, Austria), and their per-
formance was also compared by measuring the same sample leaf 
simultaneously. Estimation of emissions of key volatile compounds 
followed the standard approach ( Copolovici and  Niinemets 2010, 
 Brilli et al. 2012,  Portillo-Estrada et al. 2015) with methanol emis-
sion characterized by the mass signal 33 (m/z), isoprene by 69, 
the total amount of octadecanoid pathway products (LOX prod-
ucts) by the sum of individual mass signals 57 [(E)-2-hexenal 
(fragment ion)], 83 [hexenol + hexanal (fragment ion)], 85 [hexa-
nol (fragment ion)], 99 [(Z)-3-hexenal + (E)-3-hexenal (parent 
ion)], 101 [(Z)-3-hexenol + (E)-3-hexenol + (E)-2-hexenol + 
hexanal (parent ions)], 103 [hexanol (parent ion)], 143 [(Z)-
3-hexenyl acetate]), monoterpenes by 137, MeSA by 153 and 
linalool by 155. In the case of the last three masses, we used pure 
substances (α-pinene for monoterpenes) to estimate the fraction-
ation pattern and to correct for the underestimation of the parent 
ion concentration (see  Copolovici et al. 2005).

The limitation of PTR-MS measurements is that they cannot 
distinguish among volatiles with the same mass, such as among 
different monoterpenes and sesquiterpenes. In addition, after 
water abstraction, pentanol or pentanone can yield mass frag-
ments of 69 (m/z) during PTR-MS measurements and thereby 
interfere with isoprene emission measurements ( Brilli et al. 
2011,  2012). To resolve the compounds with the same m/z in 

the emission blend, the chamber exhaust air was also sampled 
for gas chromatography–mass spectrometry (GC–MS) analyses 
using an air sample pump (210-1003MTX, SKC, Inc., Houston, 
TX, USA;  Niinemets et al. 2011) operated with a flow rate of 
0.2 l min−1 for 20 min. Stainless steel cartridges filled with three 
carbon-based adsorbents with different specific surface area to 
trap all the volatiles in the C3–C15 range ( Kännaste et al. 2014) 
were used for the sampling. A Shimadzu TD20 automated car-
tridge desorber was used for desorption and a Shimadzu 2010 
Plus GC–MS instrument (Shimadzu Corporation, Kyoto, Japan) 
with a Zebron ZB-624 fused silica capillary column (0.32 mm 
i.d. × 60 m, 1.8 μm film thickness, Phenomenex, Torrance, CA, 
USA) was used for GC–MS analysis according to the protocol of 
 Kännaste et al. (2014). For compound identification, mass 
spectra of volatiles were compared with the authentic standards 
and the spectra available in the National Institute of Standards 
and Technology library (NIST 05) ( Copolovici et al. 2009, 
 Kännaste et al. 2014). The GC–MS analysis demonstrated lack 
of pentanol or pentanone in the emission blends of infected and 
control poplar leaves, indicating that the compound detected at 
m/z 69 by PTR-MS corresponds to isoprene. Calculation of the 
emission rates of volatiles per unit projected leaf area in both 
PTR-MS and GC–MS analyses was conducted according to the 
equations of  Niinemets et al. (2011).

Leaf structural measurements and quantification 
of the degree of infection

In poplar, stomata, the entrance points of rust fungus M. larici-
populina, occur on the lower leaf side, and thus the rust-colored 
pustules containing rust spores are also confined to the bottom of 
the leaf (Figure 1a). However, the visible damage, scattered chlo-
rotic yellow spots and brown or black necrotic areas, was also 
evident on the upper leaf surface (Figure 1a). Both sides of each 
leaf were photographed after the gas-exchange measurements, 
and projected leaf area and the percentage of damaged area per 
leaf area were measured by UTHSCSA ImageTool 2.0 (Dental 
Diagnostic Science, The University of Texas Health Science Cen-
ter, San Antonio, TX, USA) for both leaf surfaces. After photo-
graphing, leaves were dried at 70 °C for 48 h, their dry mass was 
determined and leaf dry mass per unit area was calculated.

Data analyses

The statistical relationships of leaf dry mass per unit area, pho-
tosynthetic characteristics and emission rates of volatiles with 
the degree of infection were explored by linear and nonlinear 
regression analyses, and functions yielding the greatest degree 
of explained variance (r2) were reported. As the visible areas of 
damage of  the infected leaves estimated for the lower 
(mean ± SE = 16.7 ± 4.1%) and upper (17.2 ± 4.0%) surfaces 
were similar, and all statistical relationships were qualitatively 
identical when either the degree of damage of lower or upper 
surface was used in the regressions, we used the percentage of 
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infection for the lower surface in all analyses. The average rates 
of emission of individual volatiles and light response curve char-
acteristics [Eq. (1)] were compared among control and heavily 
infected leaves (∼60% of leaf area infected, Figure 1a) by anal-
yses of variance (ANOVA). All leaves from different trees were 
pooled in these analyses to study the influences of the continu-
ous effect variable, the damage severity and the categorical 
effect variable, the fungal infection (control vs infected), on the 
studied traits. The statistical analyses were conducted with SAS 
(Version 8.02. SAS Institute, Cary, NC, USA). All statistical 
effects were considered significant at P < 0.05.

Results

Photosynthesis characteristics of leaves infected 
with M. larici-populina

Infection by M. larici-populina resulted in 1.6-fold reduction of 
the light-saturated net assimilation rate of P. balsamifera var. 
suaveolens leaves (mean ± SE = 9.04 ± 0.16 μmol m−2 s−1 in 
control noninfected leaves vs 5.84 ± 0.06 μmol m−2 s−1 in 
leaves with ∼60% of leaf area damaged, the means are signifi-
cantly different at P < 0.01). Across all leaves with different 
degrees of damage (Figure 1a for sample leaves), there was a 
negative relationship between the net assimilation rate and the 
severity of leaf damage (Figure 2a).

Contrary to the net assimilation rate, stomatal conductance 
increased with the degree of  M. larici-populina damage 
( Figure 2b). As a result of the reduction of net assimilation rate 
and increase of stomatal conductance, the intercellular CO2 con-
centration increased nonlinearly with increasing severity of leaf 
damage (Figure 2c).

Analysis of the light response curves of net assimilation rate 
(Figure 3) further demonstrated that in addition to the reduction 
of the light-saturated net assimilation rate, the initial quantum 
yield [αA in Eq. (1)] decreased upon M. larici-populina infection 
(mean ± SE of 0.0650 ± 0.0037 mol mol−1 for control and 
0.0351 ± 0.0021 mol mol−1 for heavily infected leaves with 
∼60% of leaf area damaged, means are significantly different at 
P < 0.001). However, leaf dark respiration rate [Rd in Eq. (1)] was 
greater in infected than in control leaves (2.71 ± 0.36 μmol m−2 s−1 
in heavily infected vs 1.65 ± 0.12 μmol m−2 s−1 in control leaves, 
means are significantly different at P < 0.05), and the ratio of Rd 
to light-saturated net assimilation rate [Amax in Eq. (1)] was 
greater in infected than in control leaves (0.400 ± 0.021 for 
severely infected leaves vs 0.136 ± 0.020 for control leaves, 
P < 0.001 for the difference among the means).

Leaf dry mass per unit area in relation to the degree of 
infection by M. larici-populina and implications for 
changes in net assimilation rate

Leaf dry mass per unit area (MA) decreased with increasing 
severity of damage due to M. larici-populina infection (Figure 4, 

mean ± SE = 130.9 ± 2.0 g m−2 for control vs 54 ± 9 g m−2 for 
severely infected leaves with ∼60% of the area damaged, means 
are significantly different at P < 0.001). As leaf net assimilation 
rate per area (AA) is the product of MA and net assimilation rate 
per dry mass (AM), the reduction of photosynthetic tissue due to 
fungal infection can be partly responsible for decreases in AA in 
fungal-infected leaves in Figure 2a. In fact, the reduction in MA 

 

Figure 2. Relationships of net assimilation rate (a), stomatal conductance 
to water vapor (b) and intercellular CO2 concentration (c) with the sever-
ity of leaf damage by M. larici-populina in P. balsamifera var. suaveolens 
leaves. Data were fitted by linear (a and b) or nonlinear (c) regressions, 
and the corresponding regression equations are: y = –0.0427x + 8.44 
(a), y = 1.95x + 113.4 (b) and y = 162.6 + 175.6x/(7.37 + x) (c). Alto-
gether 28 leaves with different degrees of infection were measured (3 
noninfected control leaves and 25 infected leaves, see Figure 1a for sam-
ple leaves with different degrees of infection).
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across the entire range of damage severity (2.4-fold) was greater 
than that in AA (1.5-fold), and thus, AM was actually 1.7-fold 
greater for severely infected (115 ± 17 nmol g−1 s−1) than for 
control (69.05 ± 0.17 nmol g−1 s−1) leaves (means are signifi-
cantly different at P < 0.05), and there was a positive correlation 
between AM and the degree of damage (r2 = 0.36, P < 0.001 for 
a linear regression).

Effects of M. larici-populina infection on constitutive 
isoprene emissions

Populus balsamifera var. suaveolens is a strong constitutive iso-
prene emitter (Figures 5 and 6a, Table 1). Infection by M. larici-
populina led to a strong reduction of isoprene emission rate, 
>5-fold, from 80–100 nmol m−2 s−1 in control leaves to 

<20 nmol m−2 s−1 in heavily infected leaves (Figure 6a). Light 
response curves of isoprene emission (Figure 7) demonstrated 
that apart from changes in the maximum light-saturated isoprene 
emission rate, the initial quantum yield for isoprene emission [αI in 
Eq. (1)] was also reduced by fungal infection (mean ± SE = 0.43 
± 0.09 mmol mol−1 for control leaves and 
0.151 ± 0.034 mmol mol−1 for heavily infected leaves, P < 0.05 
for the difference among the means).

As with the net assimilation rate, the damage-dependent 
change in the isoprene emission rate per dry mass was less than 
in the area-based rate, 2.3-fold (0.661 ± 0.038 nmol g−1 s−1 for 
control and 0.28 ± 0.06 nmol g−1 s−1 for heavily infected leaves, 
means are significantly different at P < 0.005), but there was 
nevertheless a strong damage-dependent reduction in isoprene 
emission rate per dry mass (r2 = 0.73, P < 0.001 for an hyper-
bolic nonlinear relationship similar to that shown for the area-
based relationship in Figure 6a). As the result of stronger 
inhibition of isoprene emission than inhibition of net assimilation 
rate (cf. Figures 2a and 6a), the fraction of newly assimilated 
carbon going in isoprene synthesis decreased with increasing 
degree of leaf infection (r2 = 0.85, P < 0.001 for a hyperbolic 
relationship).

Induction of stress volatiles by M. larici-populina 
infestation

Leaf infection by M. larici-populina resulted in profound changes 
in the emission profiles (Figure 5). Under nonstressed conditions, 
emission rates of volatiles other than isoprene were low, for many 
compounds below the detection limit (Table 1), with the excep-
tion of methanol that was constitutively released from non-
stressed leaves at a level of 10–20 nmol m−2 s−1 (Figure 8a). 
Infestation induced emissions of a variety of stress volatiles and 
signaling compounds, including volatiles of the LOX pathway 
[(E)-3-hexenal, (Z)-3-hexen-1-ol, (Z)-3-hexenyl acetate], mono-
terpenes (limonene and β-ocimene), homoterpene DMNT, ses-
quiterpenes [α-copaene, α-bergamotene, α-muurolene, 
(E,E)-α-farnesene, β-bisabolene, α-selinene, β-eudesmol, 
α-cubebene] and benzenoid MeSA (Figure 5, Table 1). Infesta-
tion also resulted in strong increases in methanol emission rate 
(Figure 8a).

The rates of emission of induced volatiles increased with 
increasing degree of fungal damage with the increase being 
almost exponential for monoterpenes (Figure 6b), methanol 
(Figure 8a) and LOX product emission (Figure 8b) and close to 
linear for MeSA emission (Figure 8c). Across all leaves with dif-
ferent degrees of damage, the constitutive emissions of iso-
prene were negatively correlated with the induced emissions of 
LOX products (r2 = 0.60, P < 0.001 for a hyperbolic relation-
ships; Figure 9), while the emission rate of different induced 
monoterpenes was positively correlated with the rate of LOX 
product emission (r2 = 0.69, P < 0.001 for a linear relationship; 
Figure 9).

Figure 3. Light response curves of net assimilation rate for noninfected 
control leaves of P. balsamifera var. suaveolens and for leaves severely 
infected by M. larici-populina (percentage of leaf area infected ∼60%, 
see Figure 1a for representative sample leaves). Each value represents 
the mean ± SE for three replicate leaves. Data were fitted to Eq. (1).

Figure 4. Leaf dry mass per unit leaf area in relation to the severity of 
leaf infection by M. larici-populina (percentage of leaf area visibly dam-
aged) in P. balsamifera var. suaveolens. Figure 1a shows representative 
leaves with varying degree of damage. Sample size as in Figure 2. Data 
were fitted by a linear regression (y = –0.933x + 114).
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Discussion

Reduction of assimilation rates of poplar leaves 
dependent on the severity of M. larici-populina infection

We observed that infection of P. balsamifera var. suaveolens 
leaves with the rust fungus M. larici-populina resulted in a sig-
nificant reduction in foliage net assimilation rate per leaf area 
(Figure 2a). An analogous reduction of net assimilation rate has 
been observed in leaf rust (M. epitea)-infested hybrid willow 
(S. burjatica × dasyclados) leaves ( Toome et al. 2010b). 
Although feeding biotrophically, a reduction of the net assimila-
tion rate seems to be a general response to infections by obli-
gate biotrophic fungi in a wide range of species ( Magyarosy 
et al. 1976,  Tang et al. 1996,  Robert et al. 2005,  Major et al. 
2010,  Toome et al. 2010b,  Copolovici et al. 2014).

In our study, the decrease in net assimilation rate was associ-
ated with enhanced stomatal conductance (Figure 2b), implying 
a lower leaf water use efficiency (rate of photosynthesis per unit 
rate of transpiration) and an overall increase of leaf water loss 
in infected plants as observed in several other studies ( Berger 
et al. 2007,  Major et al. 2010,  Toome et al. 2010b). The loss of 
stomatal control is probably a consequence of damage of cell 
walls and cuticle caused by the fungus and the disruption of the 

closure of stomata due to the mechanical disturbance by the 
fungal germ tubes between the guard cells ( Berryman et al. 
1991,  Toome et al. 2010b).

Reduced net assimilation rate in combination with increased 
stomatal conductance collectively resulted in increased intercel-
lular CO2 concentration in infected P. balsamifera var. suaveolens 
leaves (Figure 2c), indicating a reduced photosynthetic capacity. 
This is consistent with previous observations suggesting that the 
fungal-triggered reduction of leaf photosynthesis is caused by 
inhibition of photosynthetic electron transport and reductions in 
the amount or activity of photosynthetic rate-limiting proteins 
( Magyarosy et al. 1976,  Greenberg 1996,  Lam et al. 2001, 
 Niinemets et al. 2013,  Copolovici et al. 2014,  Singh et al. 
2015). Analysis of light responses of net assimilation rate fur-
ther indicated reductions in the initial quantum yield of photo-
synthesis in M. larici-populina-infected poplar leaves (Figure 3), 
consistent with the spread of chlorotic and necrotic lesions on 
leaf surface (Figure 1a) and corresponding reductions in the 
efficiency of light harvesting.

In our study, the reduction in the apparent foliage net assimila-
tion rate was partly also associated with enhanced respiratory 
activity either due to activation of leaf catabolic processes or 

 

Figure 5. Representative chromatographs of the emission blends from the control and M. larici-populina-infected leaves of P. balsamifera var. suaveo-
lens. The air samples were quantitatively collected from the exhaust air of the gas-exchange system and separated and analyzed by a Shimadzu 2010 
Plus GC–MS system. Peaks for several characteristic volatile compounds specifically induced by M. larici-populina infection are marked in the lower panel 
including the volatiles of the LOX pathway (LOX products, also called green leaf volatiles; shown are peaks for 3-hexen-1-ol and 3-hexenyl acetate), 
monoterpenes (limonene, β-ocimene), homoterpene (3E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), sesquiterpenes (shown is the peak for α-muurolene) 
and benzenoid MeSA.
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fungal respiratory activities (Figure 3). We estimated that the 
enhancement of respiration reduced the apparent net assimila-
tion rate by ∼10% in heavily infected leaves, suggesting that 
while being significant, it was not the main factor responsible for 
the reduced net assimilation rate in fungal-infected leaves.

Loss of leaf biomass as the result of fungal colonization 
explaining the decline in net assimilation rate per unit 
area

We observed that the degrees of reduction of net assimilation rate 
(Figure 2a) and increase in stomatal conductance ( Figure 2b) 
were quantitatively associated with the severity of leaf damage 
resulting from M. larici-populina infection. In the case of the loss of 
stomatal control, such a dose–response can be explained by a 
quantitative scaling of the number of impacted stomatal pores 
with the degree of infection. For the net assimilation rate, it has 
been suggested that the relationship with the degree of damage 
reflects the loss of photosynthetic function in the necrotic areas of 
the infected leaf, while the assimilation rate is maintained almost 

constant in noninfected leaf regions ( Roloff et al. 2004,  Niinemets 
et al. 2013,  Copolovici et al. 2014). Loss of tissue function is 
typically associated with fungal infection-triggered hypersensitive 
response including programmed cell death and tissue necrosis at 
the spots of infection ( Bolton et al. 2008,  Toome et al. 2010b, 
 Kolmer 2013), a response that is typically stronger in more resis-
tant genotypes ( Kolmer 2013). Such reactions typically result in 
resorption of nutrients and soluble carbon from damaged leaf 
areas similar to that occurring during leaf  senescence 
( Munné-Bosch and  Alegre 2004,  Tavernier et al. 2007). In addi-
tion, biotrophic fungi, including Melampsora spp., draw carbon 
and nutrients from living plant mesophyll cells via haustoria 
( Staples 2001,  Voegele and  Mendgen 2003,  Toome et al. 
2010b). We observed a major increase in leaf dark respiratory 
activity, >1.6-fold per unit leaf area and 4-fold per unit dry mass 
in P. balsamifera var. suaveolens leaves severely infected by M. 
larici-populina compared with noninfected leaves, indicating that 
processes associated with dismantling of leaf structures and pos-
sibly also with fungal respiratory activity were strongly enhanced 
in fungal-infected leaves.

Both the resorption of carbon and nutrients from cells prior to 
cell death and associated increase in cellular respiratory activity 
and the consumption of cellular contents by fungi are expected to 
result in a reduction of leaf biomass. Indeed, we observed a major 
reduction of leaf dry mass per unit leaf area (MA) in M. larici-
populina-infected poplar leaves (Figure 4). Examination of leaf 
photosynthetic capacity both per unit area (AA) and mass 
(AM = AA/MA) indicated that the negative scaling of AA with the 
degree of fungal infection (Figure 2a) primarily resulted from 
decreases in photosynthetic biomass per unit area in infected 
leaves. In fact, AM was even positively correlated with the degree 
of leaf  damage, suggesting a certain overcompensation 
( Niinemets 2016). This compensatory response reflects the loss 
of stomatal control (Figure 2b) such that the remaining photosyn-
thetically competent cells operated at a higher intercellular CO2 
concentration (Figure 2c). These data collectively indicate that 
the loss of tissue mass upon infection is a key factor explaining 
the reduction in net assimilation rate per area in M. larici-populina-
infected leaves of P. balsamifera var. suaveolens. Although the 
infection also results in reduced leaf water use efficiency, the loss 
of stomatal control partly compensates for the reduced photosyn-
thetic biomass such that the reduction in net assimilation rate per 
unit area is not fully proportional to the degree of leaf damage.

Scaling of constitutive isoprene emissions with the 
severity of leaf rust infection

Poplars are strong constitutive isoprene emitters and P. balsam-
ifera var. suaveolens, with an isoprene emission rate per dry 
mass of 0.661 ± 0.038 nmol g−1 s−1 at leaf temperature of 
25 °C and incident quantum flux density of 1000 μmol m−2 s−1 
(the emission factor) in noninfected leaves, belongs to the 
higher end of that reported for isoprene-emitting poplars, similar 

Figure 6. Isoprene (a) and monoterpene (b) emission rates of P. bal-
samifera var. suaveolens leaves dependent on the degree of infection by 
M. larici-populina. The emission rates were measured by a proton trans-
fer reaction mass spectrometer with a quadrupole mass spectrometer 
(PTR-QMS). Representative chromatograms of control and infected 
leaves are demonstrated in Figure 5. Sample size as in Figure 2 and 
damage percentage as defined in Figure 1a. Data in (a) were fitted to a 
hyperbolic relationship as y = 12.3 + 366.8/(4.98 + x), and in (b) to a 
second-order polynomial relationship as y = 0.00015x2 + 0.00184x + 
0.112.
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to the emission factors measured in North American poplars 
Populus balsamifera L. and P. trichocarpa Torr. & A. Gray ( Drewitt 
et al. 1998,  Kesselmeier and  Staudt 1999,  Geron et al. 2001). 

Infection of P. balsamifera var. suaveolens leaves by M. larici-
populina resulted in a major inhibition of the capacity of isoprene 
release (Figures 6a and 7) as well as in a reduction of the initial 
quantum yield of isoprene emission (Figure 7). To our knowl-
edge, there have been no reports about the response of iso-
prene emissions to fungal infection in poplar species, but 
analogous reductions in isoprene emission capacity have been 
demonstrated in rust (M. epitea)-infested S. burjatica × dasycla-
dos ( Toome et al. 2010b) and oak powdery mildew (Erysiphe 
alphitoides (Griffon & Maubl.) U. Braun & S. Takam.)-infested Q. 
robur ( Copolovici et al. 2014) leaves.

Our study further demonstrates that the reduction of isoprene 
emissions from poplar leaves by rust infestation was quantita-
tively associated with the damage severity (Figure 6a) similarly 
to that in mildew-infested Q. robur ( Copolovici et al. 2014) 
leaves. Given that a significant fraction of leaf photosynthetic 
carbon, up to 10% or even more in stressed leaves, can be 
released as isoprene ( Sharkey and  Yeh 2001), synchronous 
reductions of isoprene emission and photosynthesis rates have 
been suggested to reflect limited carbon availability for isoprene 
biosynthesis due to decreased photosynthesis in fungal-infected 

 

Figure 7. Light dependencies of isoprene emission rate for P. balsam-
ifera var. suaveolens noninfected control leaves and for leaves severely 
infected by M. larici-populina (percentage of leaf area infected ∼60%). 
Each value is the mean ± SE of three replicate leaves. Data were fitted to 
Eq. (1).

Table 1. Volatile emission rates of noninfected control leaves and leaf rust fungus (M. larici-populina)-infected leaves in P. balsamifera var. suaveolens. 
In these comparisons, the degree of visible damage was ∼60% for the infected leaves, indicating a severe infection. The limit of detection was 
0.5–1 pmol m−2 s−1 for all studied compounds. The means (n = 3 for both control and infected leaves) were compared by ANOVA and the statistical 
significance as *P < 0.05 and **P < 0.01. For compounds not detected in the control leaves (ND, emission rate below the limit of detection), no sta-
tistical comparisons were made. The retention indices were gained by injecting the C8 to C20 hydrocarbon standard (Sigma-Aldrich, St Louis, MO, USA) 
to GC–MS as shown in  Pazouki et al. (2015).

Compound Retention index Emission rate (nmol m−2 s−1)

Control Infected

Aliphatic derivatives
 (E)-3-Hexenal 802 0.0068 ± 0.0011 0.057 ± 0.016**
 (Z)-3-Hexen-1-ol 863 0.47 ± 0.06 3.26 ± 0.47**
 Heptanal 899 0.0046 ± 0.0008 0.0431 ± 0.0037**
 (Z)-3-Hexen-1-yl acetate 1008 0.174 ± 0.033 2.84 ± 0.36**
 Nonanal 1098 0.069 ± 0.012 0.18 ± 0.05*
 Decanal 1204 0.158 ± 0.027 0.235 ± 0.042*
Isoprenoids
 Isoprene 507 86.3 ± 4.4 21.2 ± 1.7**
 α-Pinene 932 0.025 ± 0.006 0.0374 ± 0.0042
 β-Pinene 980 0.0292 ± 0.0016 0.0535 ± 0.0028
 Limonene 1029 0.0036 ± 0.0005 0.35 ± 0.06**
 β-Ocimene 1046 0.0057 ± 0.0013 0.136 ± 0.017**
 DMNT 1115 ND 0.063 ± 0.014
 α-Copaene 1382 ND 0.068 ± 0.013
 α-Bergamotene 1434 ND 0.0156 ± 0.0035
 α-Cubebene 1352 ND 0.062 ± 0.011
 α-Muurolene 1470 ND 0.125 ± 0.035
 (E,E)-α-Farnesene 1506 ND 0.035 ± 0.008
 β-Bisabolene 1494 ND 0.0542 ± 0.0043
 α-Selinene 1631 ND 0.0627 ± 0.0031
 α-Eudesmol 1652 ND 0.0694 ± 0.0022
Benzenoids
 MeSA 1198 ND 0.175 ± 0.032
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leaves ( Copolovici et al. 2014). This reasoning seems to be 
 pertinent given that in the case of mildew infection, the reduc-
tion in isoprene emission, about twofold, was less than that in 
the net assimilation rate, more than threefold, and ultimately, the 
fraction of photosynthetic carbon going into isoprene emission 
increased with increasing the degree of  mildew infection 
( Copolovici et al. 2014).

Although the reduction in both the isoprene emission capacity 
and in the initial quantum yield is analogous to changes in net 
assimilation characteristics in rust-infected poplar leaves 
( Figures 2a and 3), the reduction in isoprene emission in most 
severely infected leaves was much larger, >5-fold for isoprene 
emission per unit leaf area and 2.3-fold for isoprene emission 
per unit dry mass, than the reduction in net assimilation rate (cf. 
Figures 2a and 6a). As a result, the fraction of leaf photosyn-
thetic carbon going into isoprene emission actually decreased 
with increasing the degree of leaf infection. Thus, limited carbon 
availability is unlikely to explain the reduction in isoprene emis-
sion rate in rust-infected poplar leaves. Although both mildew 
and rust fungi are obligate biotrophic pathogens, differences in 
the quantitative scaling of isoprene emission with the degree of 
leaf damage for the two major types of biotrophic fungal infec-
tions suggest that more case studies are needed for a general 
understanding of the scaling of constitutive isoprene emissions 
with the severity of pathogenic stress.

Induction of ubiquitous stress volatiles in rust-infected 
leaves

Rust infection of P. balsamifera var. suaveolens leaves resulted in 
major modifications in the blend of emitted volatiles (Figure 5, 
Table 1), including enhancement of methanol emissions 
( Figure 8a), and elicitation of emissions of mono-, sesqui- and 
homoterpenes (Figure 6b, Table 1), volatile products of the LOX 
pathway (Figure 8b) and MeSA (Figure 8c). Among the com-
pounds exhibiting enhanced emission in rust-infected leaves, 
methanol and LOX volatiles are ubiquitous stress marker com-
pounds, the release of which has been associated with acute 
abiotic or biotic stresses, typically leading to cellular damage 
( Beauchamp et al. 2005,  Cojocariu et al. 2006,  Müller et al. 
2010,  Brilli et al. 2012,  Niinemets et al. 2013,  Portillo-Estrada 
et al. 2015). Both methanol and LOX product release is commonly 
considered as an early stress response because emissions of 
these volatiles can be induced very rapidly upon severe stress, 
e.g., within minutes upon leaf wounding ( Brilli et al. 2012, 
 Portillo-Estrada et al. 2015). Some of these early stress volatiles 
have been shown to serve as important priming agents enhancing 
plant resistance to subsequent stress events ( Farag and  Paré 
2002,  Dorokhov et al. 2012a,  2012b). However, in M. larici- 
populina-infected poplar leaves, the emissions of methanol and 
LOX products were sustained, and scaled with the severity of vis-
ible damage (Figure 8a and b). It is therefore pertinent to ask 
what is responsible for these sustained emissions. In the follow-

ing, we discuss the possible mechanisms of emissions of 
 methanol and LOX pathway volatiles that are formed by two dis-
tinct pathways.

Stress severity-dependent methanol emissions in rust-
infected leaves

Methanol is emitted from plant leaves constitutively at a low level 
under nonstressed conditions ( Harley et al. 2007,  Hüve et al. 
2007,  Eller et al. 2012,  Brilli et al. 2014 ), whereas the  emission 

Figure 8. Emission rates of methanol (a), LOX pathway volatiles (LOX, also 
called green leaf volatiles; b) and MeSA (c) of P. balsamifera var. suaveolens 
leaves in relation to the degree of M. larici-populina infection (see Figure 1a 
for representative leaves with varying degree of infection). Data in (a) and 
(b) were fitted by second-order polynomial regressions as y = 0.0136x2 − 
0.338x + 16.9 (a) and y = 0.00325x2 − 0.0251x + 2.51 (b), and in (c) 
by a linear regression (y = 0.00266x + 0.0352). Measurements were con-
ducted as in Figure 6 and sample size as in Figure 2.
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rates are enhanced in growing and senescing leaves ( Harley 
et al. 2007,  Hüve et al. 2007,  Sun et al. 2012a). These consti-
tutive emissions have been associated with cell wall modifica-
tions reflecting the activity of  pectin methylesterases that 
methylate and demethylate the primary pectin constituents, 
polygalactouronans, thereby resulting in cell wall relaxation 
(methyl-esterified galactouronans) or rigidification (demethyl-
ated galactoruronan polymers cross-linked by Ca2+ ions) ( Fall 
and  Benson 1996,  Micheli 2001,  Pelloux et al. 2007). There 
are several pectin methylesterases ( Pelloux et al. 2007, 
 Komarova et al. 2014), some of which are constitutively active, 
being responsible for the constitutive methanol emissions as 
well as for the rapid burst of methanol emission during the initial 
stress response ( Komarova et al. 2014), for example, from dam-
aged cell walls at the leaf wound site ( Brilli et al. 2012, 
 Portillo-Estrada et al. 2015). Stress further leads to expression 
of additional pectin methylesterases ( Pelloux et al. 2007, 
 Komarova et al. 2014) that catalyze enhanced methanol emis-
sions over extended time periods ( Dorokhov et al. 2012a, 
 2012b,  Komarova et al. 2014). Thus, the sustained enhance-
ment of methanol emissions in rust-infected leaves can reflect 
the upregulation of pectin methylesterase activity in cell walls 
through the entire leaf. The quantitative relationship among 
methanol emission and damage severity would then suggest that 
the overall degree of damage, either through the initial rapid 
volatile response or through vascular signaling, determines the 
signal strength thereby driving the upregulation of pectin methy-
lesterases. On the other hand, the sustained emissions can also 
indicate continuous spread of fungal haustoria throughout the 
leaf, resulting in a continuously increasing number of impacted 
cell walls. Under such a case, sustained emissions do not neces-
sarily even need upregulation of pectin methylesterases. Clearly, 
further biochemical studies are needed to gain conclusive 

insight into changes in pectin methylesterase expression and 
activity in rust-infected leaves.

Sustained LOX emissions in rust-infected leaves reflect 
primary and secondary responses

The situation with LOX compound emissions is similar to metha-
nol, except that nonstressed leaves typically do not release LOX 
volatiles. Lipoxygenase compounds are synthesized by multiple 
LOX and fatty acid hydroperoxide lyases from polyunsaturated 
fatty acids ( Feussner and  Wasternack 2002). Enzymes required 
for LOX product formation are typically constitutively active in 
leaves, but the lack of LOX volatile synthesis under nonstressed 
conditions is due to missing the initial substrate, the free polyun-
saturated fatty acids ( Liavonchanka and  Feussner 2006, 
 Andreou and  Feussner 2009). Upon acute stress, free fatty 
acids are released, resulting in rapid induction of emissions of 
volatile LOX products, for example, (Z)-3-hexen-1-ol and (Z)-3-
hexen-1-yl acetate are released upon biotic stress treatment 
( Zhang et al. 2008,  Bruinsma et al. 2009,  Toome et al. 2010b, 
 War et al. 2012,  Pańka et al. 2013) as was also observed in our 
study (Table 1). As with methanol, sustained emission of LOX 
products scaling with the degree of visible damage (Figure 8b) 
might indicate continuous biotic stress impact as the result of 
spread of fungal haustoria. It can also reflect secondary amplifi-
cation of LOX release as the result of enhanced expression of 
the genes within the octadecanoid pathway ( Porta and 
 Rocha-Sosa 2002,  Liavonchanka and  Feussner 2006). How-
ever, as the substrate availability is ultimately controlling the 
release of LOX products, it is unlikely that non-stress-impacted 
cells are the sites of the release of primary LOX emission signal, 
although they could contribute to derivatization of highly toxic 
C6 aldehydes diffusing from stress-impacted areas to less toxic 
alcohols and acetylated products and emit these secondary 
derivatives ( Matsui et al. 2012). Thus, we suggest that the 
quantitative scaling of LOX emission with the degree of patho-
gen damage as observed for the infections with the rust fungus 
M. larici-populina in this study, with oak mildew (E. alphitoides) 
in  Copolovici et al. (2014) and with the necrotrophic fungus 
Botrytis cinerea in  Jansen et al. (2009) primarily reflects the 
interaction of the fungi with infected leaf tissues and propaga-
tion of cellular damage to leaf areas not yet infected.

Different stresses are known to result in release of different 
blends of LOX products ( Matsui 2006,  Allmann et al. 2013, 
 Scala et al. 2013). In particular, the secondary induction of gene 
expression in fungal-infected leaves (e.g.,  Toome et al. 2010b), 
including the genes responsible for derivatization of C6 alde-
hydes, can importantly alter the profile of emitted LOX products. 
In M. larici-populina-infected poplar leaves, (Z)-3-hexenal deriva-
tives, (Z)-3-hexen-1-yl acetate and (Z)-3-hexen-1-ol were the 
dominant LOX compounds (Table 1), suggesting a high leaf 
capacity for C6 aldehyde conversion, possibly both in stress-
impacted and nonimpacted leaf areas ( Matsui et al. 2012).

 

Figure 9. Correlations of constitutive isoprene (filled circles) and 
induced monoterpene (open circles) emission rates with LOX compound 
emission rate in P. balsamifera var. suaveolens leaves with different 
degrees of M. larici-populina infection (data from Figures 6 and 7). The 
correlation of isoprene vs LOX compound emissions was fitted by a 
nonlinear regression [y = 9.63 + 143.4/(1.82 + x)], and the correlation 
of monoterpene vs LOX compound emissions was fitted by a  linear 
regression (y = 0.0537x + 0.0201).
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The dominant LOX compounds elicited by M. larici-populina 
infection from poplar leaves in our study have been reported as 
directly inhibiting for the pathogen spread, and also as the can-
didate compounds triggering the defense responses in other 
uninfected plants ( Cardoza et al. 2002,  Engelberth et al. 2004, 
 Piesik et al. 2013,  Castelyn et al. 2015). In Arachis hypogaea L., 
(Z)-3-hexen-1-yl acetate inhibited the growth of necrotrophic 
fungus Sclerotium rolfsii Sacc. ( Cardoza et al. 2002), while in Z. 
mays ( Engelberth et al. 2007) and Populus deltoides Bart. ex 
Mars. × P. nigra L. ( Frost et al. 2008), it induced genes coding 
for downstream LOX pathway proteins. The rate of germination 
and hyphal length of B. cinerea were greatly reduced when 
exposed to a mixture of hexenal isomers including (E)-3-hexe-
nal ( Kishimoto et al. 2008), and (E)-3-hexenal could also induce 
a series of defense-related genes in Arabidopsis and thereby 
improve its resistance against subsequent B. cinerea infections 
( Kishimoto et al. 2005,  Castelyn et al. 2015). Thus, we con-
clude that the dominant LOX volatiles induced by M. larici- 
populina infection may play an important role in both direct 
inhibition of rust spread and can also serve as volatile signals 
priming for defensive reactions in whole leaves and leaf regions 
not yet infected.

Stress dose-dependent emission of specialized volatiles

Apart from ubiquitous stress volatiles, elicitation of volatile ter-
penoids and benzenoids is a universal plant response to patho-
gen infection. Analogously to our study, infection of Q. robur 
leaves by the oak powdery mildew (E. alphitoides) induced 
emissions of monoterpenes and MeSA ( Copolovici et al. 2014), 
infection of S. burjatica × dasyclados leaves by the rust M. epitea 
resulted in emissions of mono- and sesquiterpenes ( Toome 
et al. 2010b) and infection of Betula pendula Roth. by the leaf 
spot fungus (Marssonina betulae (Lib.) Magnus.) elicited emis-
sions of monoterpenes dominated β-ocimene ( Vuorinen et al. 
2007).

In our study, MeSA was the only induced benzenoid com-
pound detected in the emissions of M. larici-populina-infected 
leaves. It is a characteristic marker volatile of the onset of sali-
cylic acid-dependent defense responses that are, in particular, 
engaged upon pathogen attacks ( Thaler et al. 1999,  2002, 
 Cardoza et al. 2002) and also upon insect feeding ( Li et al. 
2006,  Zarate et al. 2007,  Zhao et al. 2010,  McCormick et al. 
2014b). Furthermore, MeSA serves as an important volatile sig-
nal molecule enhancing terpenoid synthesis ( Peñuelas et al. 
2007), and thus, likely participated in salicylate-dependent 
regulation of terpenoid metabolism.

In our study, limonene and (E)-β-ocimene were identified as 
the dominant monoterpenoids induced by M. larici-populina 
infection. These monoterpenes are characteristically elicited 
from poplars by other biotic stress factors, such as feeding by 
tent caterpillar moth (Malacosoma disstria Hübner) larvae of 
P. trichocarpa × deltoides leaves ( Arimura et al. 2004) or feeding 

by common leaf weevil (Phyllobius piri L.) and autumnal moth 
(Epirrita autumnata Borkh.) larvae of P. tremula × tremuloides 
leaves ( Blande et al. 2007). However, emissions of linalool that 
are commonly triggered in poplar leaves upon herbivore attacks 
( Arimura et al. 2004,  Blande et al. 2007,  Irmisch et al. 2014, 
 McCormick et al. 2014b) were not detected in our study.

Emissions of homoterpene DMNT were also detected in M. lar-
ici-populina-infected P. balsamifera var. suaveolens leaves as 
reported in other poplar species attacked by herbivores ( Arimura 
et al. 2004,  Blande et al. 2007,  McCormick et al. 2014b). 
Although sesquiterpene release was also triggered by M. larici-
populina infection in our study (Table 1), and by M. epitea infec-
tion in Toome et al. (2010b), the emission rates were much 
lower than the emission rates of most other fungal-elicited vola-
tiles, and much lower than the emission rates typically observed 
in herbivore-attacked leaves ( Blande et al. 2007,  Frost et al. 
2008). Thus, clearly the fungal-elicited emission signature of 
terpenoids differs from that induced in response to herbivory.

Similar to ubiquitous volatiles, the emission rates of special-
ized volatiles from M. larici-populina-infected leaves were posi-
tively associated with the severity of  leaf  damage in a 
dose-dependent manner (Figures 6b and 8c), and there were 
positive correlations among the emissions of ubiquitous volatiles 
and monoterpene and MeSA emissions (Figure 9). As the kinetic 
inoculation experiments with fungal pathogens ( Toome et al. 
2010b,  Piesik et al. 2013) and the herbivore-feeding experi-
ments ( Arimura et al. 2008,  Rodriguez-Saona et al. 2013) dem-
onstrate, the induction of monoterpene release is not as rapid as 
the release of LOX compounds because elicitation of terpene 
synthase activity requires gene expression leading to the delay 
of biosynthesis of terpenes after the initiation of biotic stress.

We cannot completely rule out that some of the specialized 
volatiles released from the fungal-infected leaves were emitted 
by the rust fungus (e.g.,  Müller et al. 2013 for fungal-emitted 
terpenoids). Given that M. larici-populina is an obligate patho-
gen, its emissions cannot be studied separately from the host 
plant, and thus, fungal and plant emissions cannot be separated. 
However, as the fungal and plant emission profiles are typically 
different ( Müller et al. 2013), and the detected volatiles were 
characteristic of poplar emissions induced upon other stresses, 
although the proportions differed ( Arimura et al. 2004,  Blande 
et al. 2007,  McCormick et al. 2014b), we suggest that the spe-
cialized emissions primarily reflected the plant response.

In addition to terpenoid synthase activities, the emission rate 
of terpenoids also depends on the availability of substrate for 
their synthesis. Monoterpenes and isoprene are formed in chlo-
roplasts and their synthesis relies on the same plastidic pool of 
dimethylallyl diphosphate (DMADP), the end product of the 
2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 
5-phosphate pathway (MEP/DOXP pathway) ( Rajabi  Memari 
et al. 2013). Given that both the capacity and the initial quantum 
yield for isoprene emission decreased with increasing spread of 
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rust infection, DMADP pool size likely decreased with the sever-
ity of infection, suggesting that the positive scaling of the rate of 
monoterpene emissions with the severity of leaf rust infection 
likely was controlled by the enhancement of monoterpene syn-
thase activity.

As with LOX, terpenoids induced by a fungal infection can have 
a direct antifungal effect ( Castelyn et al. 2015) and can be indi-
rectly involved in defense via priming of defenses in neighboring 
noninfected leaves and plants (e.g.,  Paré and  Tumlinson 1996, 
 Fäldt et al. 2003). In particular, monoterpenes β-ocimene and 
limonene, which were significantly elicited in this study, reduced 
the length and penetration of B. cinerea hyphae in Arabidopsis 
tissues ( Kishimoto et al. 2006). Thus, we conclude that scaling of 
the rate of release of monoterpenes with the degree of damage 
due to M. larici-populina infection could both enhance the possible 
direct antifungal effect by monoterpenes as well as enlarge the 
spread of priming of defense responses within vegetation.

Conclusions

In this study, we have quantitatively assessed the impact of 
M. larici-populina infection on foliage photosynthetic characteris-
tics and release of constitutive and induced volatiles in poplar 
(P. balsamifera var. suaveolens). The analysis indicated that the 
reduction of foliage photosynthetic rate per area was deter-
mined by the reduction of the photosynthetically active part of 
leaf area and overall reduction of leaf biomass due to the spread 
of necrosis and chlorosis, resembling effects of necrotrophic 
fungi, while the photosynthesis rate in nonimpacted areas some-
what increased as the result of loss of stomatal control. Infection 
also resulted in major changes in the emission bouquet with the 
constitutive isoprene emissions increasingly replaced (but not 
fully replaced) by emissions of larger isoprenoids and enhanced 
release of methanol and LOX pathway volatiles. Although biotic 
stress can modulate emissions both due to changes in emission 
profiles in directly impacted foliar areas and changes in emis-
sions in nonimpacted primed leaf areas, thereby potentially com-
plicating prediction of stress effects on emissions, our study 
demonstrates that stress severity, characterized by the degree 
of damage, and changes in constitutive and induced volatile 
release are quantitatively related. The biological significance of 
the quantitative stress dose vs volatile signal relationships is 
likely both the enhanced direct antifungal defense capacity as 
well as the greater spatial spread of priming for defense reac-
tions in  non-fungal-impacted leaves.

From an atmospheric perspective, a partial replacement of 
isoprene emissions by more reactive mono- and sesquiterpene 
emissions ( Calogirou et al. 1999,  Arneth and  Niinemets 2010) 
might importantly modulate atmospheric reactivity ( Fuentes 
et al. 2000). Furthermore, during the formation of secondary 
organic aerosols, the fraction of carbon that ends up in the con-
densed phase is much greater for larger terpenoids than for 

isoprene ( Claeys et al. 2004,  Hallquist et al. 2009). Thus, fungal 
infections such as observed in poplar and willow species due to 
rust fungi and in oak species due to powdery mildew may play a 
significant role in altering air quality and in large-scale biosphere 
atmosphere processes. We argue that the damage severity vs 
volatile emission rate relationships as observed in our study pro-
vide the quantitative basis for incorporation of pathogen stress 
in numerical volatile emission models.
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Abstract
Key message Massive infection of Populus × petrovskiana leaves by petiole gall aphids (Pemphigus spyrothecae) 
significantly decreased leaf dry mass per unit area, N content per dry mass and net assimilation rate per area, and 
increased stomatal conductance, leaf dry mass per fresh mass, and constitutive emissions of isoprene. The infection 
also induced emissions of green leaf volatiles, monoterpenes and benzenoids. The emissions scaled with the infection 
severity as assessed by dry gall mass per leaf dry mass.
Abstract Poplar spiral gall aphid (Pemphigus spyrothecae) forms galls on the petiole in poplars (Populus) and mass infesta-
tions are frequent in poplar stands, but how these parasite gall infestations can affect the leaf lamina structure, photosynthetic 
rate and constitutive and stress volatile emissions is unknown. We investigated how the infestation by the petiole gall aphids 
affects lamina photosynthetic characteristics (net assimilation rate, stomatal conductance), C and N contents, and constitutive 
isoprene and induced volatile emissions in Populus × petrovskiana. The dry gall mass per leaf dry mass (Mg/Ml) was used as 
a quantitative measure of the severity of gall infestation. Very high fraction of leaf biomass was invested in gall formation 
with Mg/Ml varying between 0.5 and 2. Over the whole range of the infestation severities, net assimilation rate per area, leaf 
dry mass per unit area and N content decreased with increasing the severity of infestation. In contrast, stomatal conduct-
ance, leaf dry mass per fresh mass, constitutive isoprene emissions, and induced green leaf volatile (GLV), monoterpene, 
sesquiterpene and benzenoid emissions increased with increasing the severity of gall infestation. The rates of induced emis-
sions were low and these emissions were associated with methyl jasmonate release from leaf laminas. The data demonstrate 
that petiole gall infestations lead to major changes in leaf lamina sink–source relationships and leaf water relations, thereby 
significantly altering lamina photosynthesis. Modifications in stress-induced emissions likely indicated systemic signaling 
triggered by jasmonate transported from the petiole galls to the lamina where jasmonate elicited a cascade of volatile emis-
sion responses. Enhanced isoprene emissions and induced volatile emissions can play a major role in indirect defense against 
other herbivores, securing the food source for the gall aphids. In conclusion, a massive infestation by petiole gall aphids can 
profoundly modify the foliage photosynthetic performance and volatile emission profiles in poplars.

Keywords Petiole gall aphids · Photosynthesis · Biotic-stressed volatile · Methyl jasmonate · Quantitative responses

Introduction

Galls are abnormal outgrowths or swellings of plant tissues 
in a broad range of sizes, shapes, colors, and textures caused 
by a localized infection of wasps, mites, aphids, nematodes, 
bacteria, fungi and viruses or by mechanical wounding (Red-
fern 2011; Shour et al. 2004). The aphid species of the genus 
Pemphigus induce formation of galls in different parts of the 
leaves of poplar (Populus) species as the specialized primary 
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host (Hałaj and Osiadacz 2013; Osiadacz and Hałaj 2009; 
Shour et al. 2004; Wool 2004). Among the Pemphigus spe-
cies forming galls on petioles, the sugar beet root aphid (P. 
betae) commonly forms galls at the junction of the leaf blade 
and the petiole, while the galls formed by poplar spiral gall 
aphid (P. spyrothecae) are located near the middle of the 
petiole (Shour et al. 2004; Wool 2004). The localized gall 
growth on the petiole occurs by active cell multiplication in 
petiole meristematic tissues and is the response of the host 
plant to the aphid feeding and phytohormones produced by 
feeding insects (Giron et al. 2016; Richardson et al. 2016; 
Shour et al. 2004; Takei et al. 2015).

Needle-like stylet mouthparts of the aphids can penetrate 
plant tissue to reach the vascular tissue, in particular phloem, 
and suck the plant sap (Chapman 2013; Richardson et al. 
2016; Schoonhoven et al. 2005). Swelling and twisting of the 
petiole by the feeding of aphid nymphs leads to formation 
of hollow galls on the developing petioles that protect the 
nymphs from abiotic stress or predators (Hałaj and Osiadacz 
2013; Shour et al. 2004).

The Pemphigus aphids inhabiting the gall and sucking 
the leaf sap as well as mechanical restrictions on vascular 
tissue due to petiole twisting and abnormal outgrowth are 
suggested to lead to the interference of transport of water, 
and primary and secondary metabolites, resulting in altera-
tions in morphology, physiology, and biochemistry of their 
host poplar plant (Compson et al. 2011; Künkler et al. 
2013; Larson and Whitham 1991; Richardson et al. 2016). 
Infestation by P. spyrothecae increased the phenol con-
tent and decreased nitrogen and chlorophyll content in the 
leaf laminas in P. nigra var. italica (Künkler et al. 2013). 
Infection by Pemphigus betae feeding on the phloem con-
tent led to the accumulation of nutritive tissue to support 
the growing aphid numbers in mature galls (Richardson 
et al. 2016). In fact, galling results in major changes in the 
sink-source relationships between host leaf and gall. In P. 
angustifolia, it was demonstrated by 14C-labeling that P. 
betae galls not only consumed a large fraction of carbon 
assimilated by the host leaf, but also sequestered a large 
amount of carbon from surrounding leaves, especially in 
aphid-susceptible tree genotypes (Compson et al. 2011; 
Larson and Whitham 1991). Furthermore, as P. spyrothe-
cae infestation is localized to the petiole, it can compro-
mise the wind-driven rotational lamina movements (elastic 
leaf torsion that is driven by the elliptical cross section of 
the poplar petiole, i.e., fluttering, Roden and Pearcy 1993), 
and can, therefore, lead to premature leaf drop during 
strong winds due to excessive drag (Niinemets and Jiang, 
unpublished observations). Nevertheless, occasionally the 
galling-dependent alterations of sink–source relationships 
may have a positive priming effect on plant development 
and growth and hence indirectly modify the architecture 
of the tree. It has been reported that galling by the aphid 

Baizongia pistaciae of Pistacia palaestina leaflets results 
in the infected branches to carry more leaves and to gain 
more biomass after 2 years since the infestation compared 
with non-galled branches (Kurzfeld-Zexer et al. 2010).

Although the morphological effects of aphid galling on 
leaves have been extensively studied (Compson et al. 2011; 
Künkler et al. 2013; Richardson et al. 2016), it is unknown 
whether the consumption of photosynthetic products and 
nutrients by the poplar petiole gall aphids for the gall con-
struction will lead to a reduction of physiological activity 
of the leaf laminas and changes in leaf biomass. In pedun-
culate oak (Quercus robur), infestation by different lamina-
galling wasps (Neuroterus spp. and Cynips spp.) resulted in 
major reductions in lamina dry mass per unit area (without 
attached gall mass) and lamina photosynthetic rate (Jiang 
et al. 2017a), but petiolar gall effects on lamina character-
istics might be less severe. Furthermore, different lamina 
infections, including fungal, herbivore and galling arthro-
pod infestations, typically lead to induction of various stress 
volatiles such as monoterpenes, sesquiterpenes, benzenoids 
and green leaf volatiles (GLV) (Arimura et al. 2004; Besten 
et al. 2015; Blande et al. 2007; Copolovici et al. 2014, 2017; 
Hall et al. 2017; Irmisch et al. 2014; Jiang et al. 2016, 2017a; 
McCormick et al. 2014; Rand et al. 2017; Yli-Pirilä et al. 
2016). In these studies, infecting agents directly impacted 
the lamina, but how galling arthropod infestations on peti-
oles alter lamina volatile emissions is unknown. Given that 
herbivore feeding induces volatile emissions in non-infected 
tissues in hybrid aspen (P. tremula x tremuloides) (Li and 
Blande 2017), and that petiolar galls might also transmit 
stress signals to the lamina by the transpiration stream, 
including jasmonic acid and salicylic acid signals as well as 
water-soluble GLV, induction of stress volatile emissions by 
petiole gall infestations is likely. If petiole galls do induce 
volatile emissions from leaf lamina, it is further necessary to 
know whether the severity of the gall infestation (generally 
evaluated by the size or number of galls) is quantitatively 
related to photosynthetic traits and the emission rates of con-
stitutive and induced volatiles. However, to our knowledge, 
such relationships have not been studied yet for petiole gall 
infestations.

In addition, in constitutive volatile emitters such as iso-
prene-emitting poplars and oaks, volatile emissions induced 
by lamina infestations are typically associated with reduc-
tions in isoprene emission (Copolovici et al. 2014, 2017; 
Jiang et al. 2016, 2017a). This pattern reflects the competi-
tion for the same chloroplastic substrate pools for isoprene 
and monoterpenes and also the circumstance that isoprene 
emissions are strongly associated with leaf photosynthesis 
rates (Grote et al. 2013; Monson et al. 2012; Sharkey and 
Yeh 2001). However, it is unclear how constitutive emissions 
scale with induced emissions in leaves infected by petiole 
galls.
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To gain an insight into the interactions between petiole 
gall infestation and alteration of physiological traits of leaf 
lamina, in this study, lamina structural and photosynthetic 
characteristics, N and C contents, and constitutive isoprene 
and induced volatile emissions were examined in leaves of 
Populus × petrovskiana Dippel (P. deltoides × P. laurifolia) 
with varying severity of infestation by P. spyrothecae. We 
aimed at addressing five questions: (1) Does the infestation 
by P. spyrothecae alter lamina photosynthetic rate? If so, 
how are changes in photosynthetic characteristics associ-
ated with lamina structural characteristics and elemental 
content? (2) What is the effect of the petiole gall infesta-
tion on stomatal conductance and the intrinsic water use 
efficiency of the leaves? (3) How does the localized infesta-
tion modify the constitutive isoprene emission? (4) Does 
the infestation induce emissions of volatiles characteristic 
to biotic stresses (GLV, mono- and sesquiterpenes, benze-
noids, methyl jasmonate) from the leaf lamina? (5) Are there 
any quantitative relations between these physiological traits 
and the petiole gall infestation severity? The results of this 
study demonstrate significant reduction in lamina photosyn-
thesis rate and enhancement of both induced and constitutive 
volatile emissions in P. spyrothecae gall-infected leaves and 
that these physiological modifications occur in infestation 
severity-dependent manner.

Materials and methods

Study sites and plant material

The study was conducted in the vicinity of the campus 
of the Estonian University of Life Sciences, Tartu, Esto-
nia (58°23′N, 27°05′E, elevation 25 m above sea level) in 
mid-September in 2016 when petiole galls had reached the 
maximum size. Hybrid poplar leaf yellowing starts at these 
latitudes in the beginning of October, whereas the onset of 
intensive leaf fall is in late October, and gall dissections 
demonstrated that the aphids were still fully active within the 
galls at the time of sampling. The summer (June–September) 
of Tartu in 2016 was characterized by a cool and humid 
weather. The air temperature (mean ± SE) was 16.1 ± 1.2 °C, 
while the monthly precipitation was 88.6 ± 25.2 mm with the 
relative air humidity of 76.1 ± 2.9% (data of the Laboratory 
of Environmental Physics, Institute of Physics, University 
of Tartu, http://meteo .physi c.ut.ee). These humid condi-
tions promoted the reproduction of the gall-forming aphids, 
resulting in enhanced formation of the galls on their hosts. A 
massive outbreak of poplar spiral gall aphid (P. spyrothecae) 
galls was observed on all the P. × petrovskiana trees at the 
study site.

To characterize the quantitative relationships among 
the degree of infestation by the petiole gall aphid and leaf 

physiological traits, five about 80-year-old P. × petrovskiana 
trees (height 25–28 m and diameter of 60–80 cm at breast 
height) were selected, and leaves with petioles with varying 
gall sizes and numbers were collected for the measurements. 
About 20-cm-long twigs with multiple leaves with infected 
petioles were sampled for the physiological measurements 
in the laboratory. Each twig was excised under water, main-
tained with the cut end in water and immediately transported 
to the laboratory where a representative leaf was selected 
for measurements. As reported in the previous studies with 
excised branches, branch excision per se did not influence 
foliage photosynthetic and volatile emission characteristics 
(Copolovici et al. 2014; Jiang et al. 2016, 2017a; Portillo-
Estrada and Niinemets 2018; Portillo-Estrada et al. 2015). 
Altogether 16 leaves with different size and number of galls 
were measured (three leaves with no gall infestation (con-
trols) and 13 leaves with galls). The control leaves with no 
gall infestation were collected from the twigs carrying both 
infected and non-infected leaves as branches completely 
without infestation were not available in the study year.

Identification of the galling aphid species 
as Pemphigus spyrothecae

Morphologically, the twisted P. spyrothecae aphid gall con-
sists of swollen petiole with epidermal tissue on the outside 
and a hollow inside space harboring aphids. The galls are 
commonly solitary, but occasionally multiple (2–3) galls on 
the same petiole were found (Fig. 1). The identification of 
the galling aphid species was based on the Key to Euro-
pean species of Pemphigus (Hałaj and Osiadacz 2013). To 
identify the organismal group of the possible gall inducer, 
selected petiole galls were dissected and viewed under a 
Nikon Eclipse E600 light microscope. The dissected galls 
and infecting organisms were photographed with a Nikon 5 
MP digital microscope camera DS-Fi1 (Nikon Corp., Kyoto, 
Japan). The parasites were identified as aphids and the key of 
Blackman and Eastop (2001) was used to narrow down the 
identification to the species level using the morphological 
and anatomical characteristics of the galls and the aphids 
inside the galls (Fig. 1).

Foliage gas‑exchange measurements

A custom-made gas-exchange system described in detail in 
Copolovici and Niinemets (2010) was used to investigate 
photosynthetic characteristics and emissions of volatiles 
from P. × petrovskiana leaves with varying severity of aphid 
gall infestation (Figure S1). The system has a temperature-
controlled double-walled glass chamber (1.2 L) with a glass 
and stainless steel bottom. Ambient air with mean ± SE  CO2 
concentration of 401 ± 18 µmol  mol− 1 was taken from out-
side and purified by passing through a custom-made ozone 
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scrubber and a charcoal filter and humidified to the desired 
humidity by a custom-made humidifier (Copolovici and 
Niinemets 2010; Copolovici et al. 2014; Jiang et al. 2016). 
The flow rate through the system was 1.6 L  min− 1, and high 
turbulence in the chamber was achieved by a fan inserted at 
the bottom of the chamber (Niinemets et al. 2011). Chamber 
air temperature was monitored with a thermocouple and it 
was within ± 0.2 °C of the water temperature of a thermo-
static water bath circulating water between the glass walls 
of the chamber. Another thermocouple attached to the lower 
leaf surface was used to monitor leaf temperature. An infra-
red two-channel gas-analyzer (CIRAS II, PP-systems, Ames-
bury, MA, USA) operated in differential mode was used to 
gauge the concentrations of  CO2 and  H2O in the chamber 
in- and outlet.

In this study, the reference environmental conditions used 
through the measurements were light intensity at the leaf 
surface of 1000 µmol  m− 2 s− 1, leaf temperature of 25 °C 
and relative air humidity of 60%. After the enclosure of the 
lamina such that the galled petiole was remaining outside the 
chamber, standard measurement conditions were established 
and the leaf was conditioned until stomata opened and gas-
exchange rates reached a steady state (characteristically in 
30 min after enclosure). Thereafter, the steady-state rates 
of net assimilation and transpiration were recorded and a 
gas sample was taken for volatile analysis as described in 

the next section. Calculations of leaf net assimilation and 
transpiration rates and stomatal conductance were conducted 
according to von Caemmerer and Farquhar (1981).

Analysis of volatile emissions by gas 
chromatography–mass spectrometry

Air samples for estimation of volatile emissions were drawn 
from the gas-exchange chamber by an air sampling pump 
(210-1003MTX, SKC, Inc., Houston, TX, USA; Niinemets 
et al. 2011) operated with a flow rate of 0.2 L  min− 1 for 
20 min. Stainless steel cartridges filled with three carbon-
based adsorbents with different specific surface area (Car-
botrap X, B and C) were used to trap all the volatiles in 
the C3–C15 range (Kännaste et al. 2014 for details). In all 
cases, blank chamber samples were taken before and after 
leaf sampling.

The cartridges were analyzed by a Shimadzu 2010 
Plus gas chromatograph with a mass spectrometric sen-
sor (GC–MS) (Shimadzu Corporation, Kyoto, Japan) that 
was connected to a Shimadzu TD20 automated cartridge 
desorber. A Zebron ZB-624 fused silica capillary column 
(0.32  mm i.d. × 60  m, 1.8  µm film thickness, Phenom-
enex, USA) was used and the GC–MS analysis was per-
formed according to the protocol of Kännaste et al. (2014). 
For compound identification, first, authentic standards 

Fig. 1  Representative images of a Populus × petrovskiana control leaf and leaves with different size and number of spiral gall aphid (Pemphigus 
spyrothecae) galls on the petiole (a) and cross sections of a representative gall with P. spyrothecae aphids (b)
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(Sigma-Aldrich, Finland) were injected into GC–MS to 
record retention times and mass spectra. Then, the com-
pounds emitted from the leaves were identified by compar-
ing their retention times and mass spectra with those of the 
authentic standards and with those available in the National 
Institute of Standards and Technology library (NIST 05) 
(Copolovici et al. 2009; Kännaste et al. 2014; Jiang et al. 
2016). The retention indices were derived using a C8–C20 
hydrocarbon standard (Sigma-Aldrich, St. Louis, MO, USA) 
as in Pazouki et al. (2015) and in Jiang et al. (2016).

Estimation of severity of petiole gall aphid infection

When photosynthesis and volatile emission measurements 
had been completed, the leaf was harvested and the fresh 
masses of the gall (aphids inside the gall were removed) 
and the rest of the leaf were determined. The leaf was fur-
ther scanned with a resolution of 300 dpi, and the lamina 
area was estimated with UTHSCSA ImageTool 2.0 (Dental 
Diagnostic Science, The University of Texas Health Science 
Center, San Antonio, TX, USA). The number of the galls 
on each infected leaf, i.e., the number of separated hollow 
chambers inhabited by aphids (Fig. 1), was estimated. Dry 
masses of the galls and the leaf were measured after oven-
drying at 70 °C for at least 48 h. The total gall number per 
leaf was not correlated with dry gall mass (data not shown). 
In addition, unlike the infestation by arthropods forming 
lamina galls, the formation of P. spyrothecae aphid galls 
on petioles did not lead to any visible leaf lamina damage 
(Fig. 1). As leaf lamina damage was missing, and given the 
differences in gall size, we considered the gall dry mass per 
leaf dry mass (Mg/Ml) as a more appropriate specific proxy 
of the severity of infestation than the number of galls per leaf 
or per unit leaf area (Table 1).

Analysis of N and C contents of the galls 
and infected leaves

A subset of non-infected leaves (control, n = 3) and leaves 
with a severe infestation of petiole gall aphids (Mg/Ml of 
about 2, n = 3) were randomly collected and ground into a 
powder in liquid nitrogen for chemical analyses. The galls 
were mechanically separated from the petiole and chemi-
cal analyses were conducted separately for the leaf laminas 
and galls, and the contents of carbon and nitrogen per unit 
dry mass were estimated by a Vario MAX CNS analyzer 
(Elementar Analysensysteme GmbH, Hanau, Germany).

Statistical data analyses

One-way ANOVA was used to compare leaf structural and 
gas-exchange characteristics and volatile emission rates 
among control and infected leaves and among control leaves 
and severely infected leaves (Mg/Ml ≅ 2). The statistical rela-
tionships of leaf structural and gas-exchange characteristics 
and emission rates of volatiles with Mg/Ml were explored 
by linear and non-linear regression analyses. The statistical 
functions yielding the greatest degree of explained variance 
(r2) were reported. In these analyses, all leaves from dif-
ferent trees were pooled. The statistical analyses were con-
ducted with SPSS 18.0 for Windows (SPSS, Chicago, IL, 
USA), and all statistical effects were considered significant 
at P < 0.01.

Table 1  Average (± SE) leaf structural, chemical and gas-exchange traits in non-infected leaves of Populus × petrovskiana and in leaves infected 
with the spiral gall aphid (Pemphigus spyrothecae)

Severely infected leaves had the gall to leaf dry mass ratio (Mg/Ml) of about 2
The effect of infestation on average trait values compared with controls was tested by ANOVA. The statistical significance is denoted as 
*P < 0.05, **P < 0.01
nd not determined

Characteristics Non-infected (n = 3) Infected (n = 13) Severely infected (n = 3)

Gall number 0 1.38 ± 0.18** 1.33 ± 0.33*
Gall dry mass per leaf dry mass (Mg/Ml) 0 1.38 ± 0.12** 1.95 ± 0.12**
Leaf dry mass per fresh mass (g  g− 1) (DF) 0.283 ± 0.022 0.374 ± 0.015** 0.431 ± 0.033**
Leaf dry mass per unit leaf area (g  m− 2) (MA) 65.5 ± 1.3 55.0 ± 0.8** 51.2 ± 1.7**
Carbon content of leaf lamina (%) 43.53 ± 0.15 nd 43.21 ± 0.19
Nitrogen content of leaf lamina (%) 1.652 ± 0.014 nd 1.084 ± 0.052 **
Net assimilation rate (µmol  m− 2  s− 1) 6.6 ± 0.5 1.69 ± 0.19** 1.4 ± 0.8**
Stomatal conductance (mmol  m− 2  s− 1) 112.8 ± 0.8 132.3 ± 2.4* 143.4 ± 2.4*
Intercellular  CO2 concentration (µmol  mol− 1) 164.8 ± 13.2 333.6 ± 7.7** 371.9 ± 16.1**
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Results

Leaf structural characteristics and C and N contents 
in relation to the degree of infestation by petiole 
gall aphids

Leaf dry mass per fresh mass increased with increasing 
severity of aphid gall infestation (Fig. 2a; Table 1), but leaf 
dry mass per unit area decreased with increasing infection 
severity (Fig. 2b; Table 1).

Leaf lamina carbon content of non-infected and infected 
leaves was not significantly different (Table 1, P > 0.1), but 
N content in aphid-infected leaves was 1.5-fold lower than 
that in non-infected leaves (Table 1). Carbon content of the 
galls (mean ± SE = 46.09% ± 0.21%) was 1.1-fold higher 
than that for leaf laminas in both non-infected and severely 
infected leaves (P < 0.01 for both mean comparisons). 

Nitrogen content of the galls (0.69 ± 0.12%) was 2.4-fold 
lower than that of the non-infected and 1.6-fold lower than 
that of severely infected leaves (Table 1, P < 0.01 for both 
mean comparisons).

Photosynthetic characteristics of leaves infected 
with petiole gall aphids

Petiole infestation by aphid galls resulted in an almost four-
fold reduction of the lamina net assimilation rate in leaves 
with the greatest degree of infestation (Table 1). Across all 
leaves with different infestation severity, there was a nega-
tive relationship between the net assimilation rate and peti-
ole infestation severity (Fig. 3a).

Contrary to net assimilation rate, stomatal conductance 
increased linearly with the degree of aphid gall infestation 
(Fig. 3b). Severe infestation by aphid galls on the petiole 
resulted in 1.3-fold increase of stomatal conductance of P. 
× petrovskiana leaves (Table 1). As a result of the reduc-
tion of net assimilation rate and increase of stomatal con-
ductance, the intercellular  CO2 concentration increased 
non-linearly with increasing the severity of leaf damage 
(Fig. 3c). In leaves with the greatest degree of infestation, 
there was a 2.3-fold increase of intercellular  CO2 concentra-
tion (Table 1).

Effects of petiole gall aphid infestation 
on constitutive isoprene emissions

Constitutive isoprene emission rate in non-infected P. 
× petrovskiana leaves was on average 8.7 nmol  m− 2  s− 1 
(Fig. 4; Table 2), and contrary to the net assimilation rate, 
infestation by gall-forming aphids led to a non-linear 
increase of isoprene emission rate with increasing severity 
of infestation (Fig. 4) such that isoprene emission rate in 
severely infected leaves was 1.7-fold greater that in con-
trol leaves (Table 2). Thus, the percentage of newly assimi-
lated carbon going in isoprene synthesis increased with the 
increasing severity of infestation.

Induction of stress volatiles by petiole gall aphid 
infestation

Leaf infestation by gall-forming aphids resulted in pro-
found changes in the volatile emission profiles (Table 2; 
Fig. 5). Severe infestation by aphid galls (Mg/Ml ≅ 2) 
induced emissions of specific signaling compounds such as 
methyl jasmonate and a variety of GLV (heptanal, 2-ethyl 
hexanal). In addition, emissions of the monoterpene euca-
lyptol and sesquiterpene β-eudesmol, and a nitrogen-con-
taining compound (geranyl nitrile) were induced and emis-
sions of constitutively released monoterpenes (α-pinene, 
Δ3-carene, limonene) and benzenoids (benzaldehyde) were 
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Fig. 2  Leaf dry mass per fresh mass (a) and leaf dry mass per unit 
leaf area (b) in relation to the severity of infestation by Pemphigus 
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significantly enhanced by the petiole gall aphid infesta-
tion. Across all leaves, emissions of total GLV (Fig. 5a), 
monoterpenes (Fig. 5b) and benzenoids (Fig. 5c) increased 
with increasing the severity of aphid gall infestation, and 
the constitutive emissions of isoprene were positively cor-
related with the induced monoterpene emissions and GLV 
emission (Fig. 6).

Discussion

Changes in lamina structure and C and N contents 
upon infestation by petiole galling aphid P. 
spyrothecae in Populus × petrovskiana

As highlighted in “Introduction”, petiole gall aphid infesta-
tions result in profound changes in leaf source–sink rela-
tionships. In particular, gall-forming aphid infestations can 
profoundly alter the amount of nutrients transported to the 
leaf via xylem flow and also determine the extent to which 
assimilated carbon is transported to the rest of the plant 
via phloem. Furthermore, growing galls can constitute a 
stronger carbon sink than the growing lamina and thereby 
alter lamina structure and biomass accumulation per lamina 
dry mass. Indeed, very high gall to lamina dry mass ratios 
(Mg/Ml), even exceeding 2.0 were occasionally observed 
(Fig. 2), indicating that growing galls on the petiole and 
feeding aphids inside the galls did constitute a significant 
carbon sink. This was associated with a reduction of lamina 
dry mass per unit area (MA; Fig. 2b; Table 1), suggesting 
that carbon availability could limit the leaf biomass accu-
mulation in growing infected leaves. In contrast, the ratio of 
leaf dry to fresh mass (DF) increased with increasing Mg/Ml 
(Fig. 2a). Given that MA is the product of lamina thickness 
and lamina density, and that lamina density scales positively 
with DF (Niinemets 1999), we suggest that lamina thickness 
of poplar leaves was inhibited by petiole gall infestation.

In addition to changes in lamina structural characteris-
tics, lamina N content per dry mass was also significantly 
reduced in gall-infected leaves (Table 1). Clearly enhanced 
N investment was needed for construction of galls and for 
the multiplying aphids, and this can provide an explanation 
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hyperbolic (a, c) regressions, and the corresponding regression 
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for lower N content of lamina in infected leaves. Yet, galls 
themselves had a low N content, suggesting that it might 
also be the restriction of xylem flow into growing leaves that 
was partly responsible for low lamina N contents in infected 
leaves. Apart from N supply to the growing leaves, lamina 
N content can also be altered by sink–source relationships 
(Jeschke et al. 1997; Jordi et al. 2000; Lavigne et al. 2001) 
and it is plausible that gall infestation can lead to prema-
ture leaf senescence and withdrawal of nutrients from leaf 
lamina.

Reduction of assimilation rate and increasing 
stomatal conductance in poplar leaves in relation 
to the severity of petiole gall aphid infestation

The reduction of leaf lamina photosynthesis rate is a 
universal response to lamina infestation by gall-forming 
arthropods in a wide range of species (Dorchin et al. 2006; 
Jiang et  al. 2017a; Patankar et  al. 2011), but the way 

petiole infestations can affect lamina photosynthesis has 
not been studied to our knowledge. As discussed above, 
both mechanical restrictions due to twisting of the petiole 
and compression of vascular tissues caused by the gall for-
mation as well as alterations in sink–source relationships 
can lead to modifications in foliage photosynthesis rate.

The reduction in net assimilation rate per area (AA) was 
associated with decreases in MA (cf. Figs. 2b, 3a), but AA 
decreased 4.7-fold and MA only 1.3-fold, indicating that 
net assimilation rate per dry mass (AM, AA=AMMA) also 
scaled negatively with the infestation severity Mg/Ml (data 
not shown). The reduction in AM in gall-infected leaves 
was partly explained by reductions in lamina nitrogen 
content per dry mass (1.5-fold reduction, Table 1), col-
lectively indicating that both limited carbon availability 
for leaf growth and limited nitrogen availability either due 
to restricted xylem flow or nitrogen reallocation (see the 
previous section) explained the reduction in leaf photo-
synthesis rates.

Table 2  Average (± SE) 
emission rates of volatile 
organic compounds of Populus 
× petrovskiana non-infected 
leaves and in leaves infected 
with Pemphigus spyrothecae 
gall aphids

The volatile concentrations were estimated in air samples collected on cartridges filled with carbon-based 
adsorbents and analyzed with Shimadzu 2010 Plus GC–MS and thermal desorption system. The limit of 
detection was 0.5–1 pmol  m− 2  s− 1 for all compounds (see “Materials and methods” for details)
Data presentation, definition of severe infestation and statistical analysis as in Table 1. For compounds not 
detected in the control leaves (ND, emission rate below the limit of detection), no statistical comparisons 
were made

Compounds Retention index Emission rate (nmol  m− 2  s− 1)

Non-infected (n = 3) Severely infected (n = 3)

Volatile fatty acid derivatives
 (E)-3-Hexenal 802 0.0213 ± 0.0044 0.053 ± 0.008
 Heptanal 899 0.0105 ± 0.0010 0.0375 ± 0.0008**
 6-Methyl-5-hepten-2-one 985 0.0051 ± 0.0011 0.110 ± 0.046
 2-Ethyl hexanal 989 0.0013 ± 0.0007 0.0091 ± 0.0009*
 Octanal 1001 0.0127 ± 0.0001 0.090 ± 0.038
 2-Ethyl-1-hexanol 1015 0.019 ± 0.005 0.039 ± 0.005
 Nonanal 1098 0.0158 ± 0.0016 0.23 ± 0.15
 Decanal 1204 0.021 ± 0.006 0.28 ± 0.15

Isoprenoids
 Isoprene 507 8.70 ± 0.18 14.6 ± 1.7
 α-Pinene 932 0.0044 ± 0.0014 0.0230 ± 0.0029*
 Camphene 948 0.00072 ± 0.00035 0.0026 ± 0.0015
 Δ3-Carene 1009 0.00151 ± 0.00024 0.01247 ± 0.00044**
 Limonene 1029 0.00162 ± 0.00010 0.00783 ± 0.00071*
 Eucalyptol 1033 ND 0.00781 ± 0.00093*
 Linalool 1098 0.0158 ± 0.0016 0.0051 ± 0.0012
 β-Eudesmol 1652 ND 0.016 ± 0.010

Benzenoids
 Benzaldehyde 967 0.0087 ± 0.0013 0.0444 ± 0.0039*
 Benzothiazole 1218 0.0103 ± 0.0076 0.0254 ± 0.0062
 Methyl jasmonate 1647 ND 0.030 ± 0.021

Nitrogen-containing compounds
 Geranyl nitrile 1196 ND 0.0281 ± 0.0092
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Differently from net assimilation rate, stomatal con-
ductance increased with increasing the infestation sever-
ity (Fig. 3b), indicating a lower intrinsic lamina water use 
efficiency (rate of photosynthesis per stomatal conductance 
to water vapor) and an overall increase of leaf water loss 
caused by aphid infestation of the petiole. This result is 
counterintuitive given the possible restriction of xylem flow 

in infected leaves, but it can indicate limited xylem transport 
of abscisic acid, the hormone that is responsible for stomatal 
closure (Aasamaa et al. 2002; Comstock 2002). Given the 
greater water loss, this evidence suggests that the infected 
leaves operated at lower leaf water potential, which is likely, 
given their greater leaf dry to fresh mass ratio (Table 2; 
Fig. 2a) that is a measure of the fractional investment in cell 
walls (Niinemets 2001; Onoda et al. 2017). As the result 
of greater stomatal conductance and lower photosynthetic 
capacity, infected leaves operated at a higher intercellular 
 CO2 concentration (Fig. 3c), and thus, a loss of stomatal 
control could have partly compensated for the reduced pho-
tosynthetic biomass and N content. However, enhanced 
investment in cell walls is characteristically associated with 
lower mesophyll diffusion conductance that determines the 
 CO2 drawdown from the intercellular air space to chloro-
plasts (Flexas et al. 2012; Tomás et al. 2013; Tosens et al. 
2016). If so,  CO2 concentration in chloroplasts could still 
have been lower in gall-infected leaves. Overall, these data 
further emphasize that the reduction in foliage net assimila-
tion rate in gall-infected leaves was non-stomatal. This is 
consistent with previous studies on lamina gall infestations 
that demonstrated that the gall-triggered reduction of leaf 
photosynthesis was caused by an inhibition of photosyn-
thetic electron transport and reductions in the amount or 
activity of photosynthetic rate-limiting proteins (Jiang et al. 
2017a), and possibly also by reduced mesophyll diffusion 
conductance.

We note that the stomatal conductance of leaves (both 
control and infected poplar leaves) and net assimilation rate 
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of control leaves in our study was about 1.5-fold lower than 
during the peak growth period (Jiang et al. 2016). Given that 
the study was conducted at the end of the growing season 
when the aphid galls had reached their maximum size, about 
a month before the start of intensive leaf fall, we suggest that 
overall reduced foliage physiological characteristics can be 
indicative of the onset of leaf senescence. Albeit the visual 
signs of leaf senescence were missing during the study, leaf 
senescence in deciduous trees is a continuous process that 
starts shortly after leaves have reached the maximum activity 
(Niinemets et al. 2004, 2012; Sun et al. 2012). The reduc-
tion in foliage physiological characteristics initially proceeds 
with a slow rate, and by the time of the study in September, 
Populus leaf photosynthesis rate typically has been reduced 
by 20–50% (Sun et al. 2012). However, the rate of reduction 
in photosynthetic characteristics accelerates as senescence 
progresses (Niinemets et al. 2012; Sun et al. 2012), and as 
suggested above, it is plausible the gall infestation induced 
premature leaf senescence. To gain an insight into the effects 
of galls on leaf longevity, future studies should monitor the 
development of foliage photosynthetic activity since the start 
of gall development through leaf abscission and look into 
the leaf fall dynamics of non-infected and infected leaves.

Scaling of constitutive isoprene emissions 
with the severity of petiole gall aphid infestation

Infestation of P. × petrovskiana leaves by the petiole gall 
aphids resulted in an increase of isoprene release in our study 
in gall infestation severity-dependent manner, altogether by 
1.7-fold across the damage severities (Fig. 4). Given further 
that net assimilation rate decreased with increasing infesta-
tion severity, the fraction of photosynthetic carbon going 
into isoprene emission increased from 0.8% in non-infected 
leaves to 6.3% in infected leaves. The percentage of carbon 
use in non-infected leaves is similar to average values in 
constitutive isoprene emitters, while the maximum values 
observed in infected leaves have been previously observed in 
plants under strong abiotic stresses (Sharkey and Yeh 2001).

The evidence of greater isoprene emissions and a greater 
use of photosynthetic carbon for isoprene emissions is in 
marked contrast with how biotic infection of leaf lamina 
alters constitutive isoprene emission, including a reduction 
of constitutive isoprene emissions upon fungal infection 
(Copolovici et al. 2014; Jiang et al. 2016; Toome et al. 2010), 
lamina gall infestations (Jiang et al. 2017a) and lamina her-
bivory (Copolovici et al. 2017). The reduction of isoprene 
emission with a synchronous reduction of photosynthesis 
rate upon biotic infections has been suggested to reflect a 
strong control of carbon availability for isoprene biosynthe-
sis (Jiang et al. 2017b, 2016). It is unclear why such a control 
was absent in petiole gall-infected leaves. It might be partly 
associated with relatively low level of induction of other 

terpenoids competing for the same substrate (see below). 
In addition, isoprene has been suggested to be involved in 
preserving plant membrane integrity against a variety of abi-
otic stresses (Possell and Loreto 2013; Vickers et al. 2009). 
Given that petiole gall-infected leaves likely operated at a 
lower leaf water potential, enhanced isoprene production 
could be associated with protection from enhanced water 
stress. On the other hand, given that isoprene emissions 
increase with decreasing  CO2 concentration (Loreto and 
Sharkey 1990; Rasulov et al. 2009; Wilkinson et al. 2009), 
low chloroplastic  CO2 concentration due to limited meso-
phyll diffusion conductance (see above for the “Discussion”) 
could have exerted a direct control of isoprene emission.

Induction of stress volatile release from laminas 
of petiole gall aphid‑infected leaves

The release of volatiles including mono- and sesquiterpenes, 
and GLV, and benzenoids is a common response to differ-
ent biotic stresses in a wide range of species (Copolovici 
and Niinemets 2016; Holopainen et al. 2013). In poplar, 
induction of stress volatiles has been studied in leaf lami-
nas infected by pathogenic fungi (Jiang et al. 2016) and by 
herbivores (Arimura et al. 2004; Blande et al. 2007; Irmisch 
et al. 2014; McCormick et al. 2014), but effects of petiole 
gall infestations on lamina volatile emissions have not been 
studied. In our study, petiole gall infestation of P. × petrovs-
kiana leaves resulted in major modifications in the blend of 
emitted volatiles from leaf laminas (Fig. 5; Table 2), includ-
ing elicitation of GLV, mono- and sesquiterpenes and ben-
zenoids (Fig. 5a–c; Table 2).

Among the compounds exhibiting enhanced emission in 
infected leaves, the rapid release of GLV is typically the 
consequence of cellular damage caused by acute abiotic or 
biotic stresses (Ameye et al. 2017; Beauchamp et al. 2005; 
Brilli et al. 2011; Jiang et al. 2016; Müller et al. 2010; 
Niinemets et al. 2013; Portillo-Estrada et al. 2015). In our 
study, emissions of two GLV, heptanal, 2-ethyl hexanal, 
were increased in poplar leaves by infestation of petiole gall 
aphids and showed a sustained elevated pattern (Table 2; 
Fig. 5a). An analogous pattern of sustained GLV emission 
has been found in rust fungus Melampsora larici-populina-
infected leaf laminas of balsam poplar (P. balsamifera var. 
suaveolens) (Jiang et al. 2016) and in Neuroterus and Cynips 
gall wasp-infected pedunculate oak (Q. robur) leaf laminas 
(Jiang et al. 2017b). However, in these two studies, more 
than an order of magnitude greater GLV emissions were 
observed (Jiang et al. 2016, 2017a, b). Given that no visual 
damage was observed in petiole gall-infected poplar leaves 
(Fig. 1), the question is what is the source of these GLV 
emissions from leaf laminas? Because the GLV observed are 
relatively water soluble, transport from petiole galls to leaf 
laminas via the transpiration flux can provide an explanation 
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for the emissions of these volatiles from leaf lamina. On the 
other hand, volatile or non-volatile signals from petiole galls 
could have induced secondary emissions from leaf laminas. 
Such volatile signals could be volatile stress hormones such 
as methyl jasmonate that elicits a blend of volatiles, includ-
ing GLV (Jiang et al. 2017b) as well as terpenoids (Arimura 
et al. 2000, 2001; Fäldt et al. 2003).

Methyl jasmonate was observed in the emission blend 
of petiole gall-infected leaves (Table 2), suggesting that the 
emissions induced from leaf lamina might reflect jasmonate-
dependent signaling. Jasmonic acid (JA) is an important phy-
tohormone in mediating anti-herbivore defenses, and insect 
feeding damage, especially by chewing herbivores character-
istically triggers the jasmonate pathway (Davies 2004; Erb 
et al. 2012; Howe and Jander 2008; Wasternack and Hause 
2013). This leads to the onset of multiple downstream defen-
sive responses, such as the production of defense enzymes, 
synthesis of antifeedant chemicals, and synthesis and release 
of volatile compounds that can attract foraging natural ene-
mies or deter oviposition by herbivores (De Moraes et al. 
1998, 2001; Howe and Jander 2008; Tooker et al. 2008; 
Walling 2000; Wasternack and Hause 2013). The methylated 
derivative of jasmonic acid, methyl jasmonate, could play 
the role as a long-distance airborne signal to initiate defense 
responses in adjacent non-infected plants and non-infected 
leaves of the same plant (Cheong and Choi 2003; Heil and 
Ton 2008; Tamogami et al. 2008). Phloem-feeding herbi-
vores like aphids that cause less severe tissue damage, on the 
other hand, are often perceived by plants similar to patho-
gens, and tend to activate the salicylic acid (SA) pathway 
(Walling 2000). Gall-inducing insects include both chewing 
herbivores and those with piercing/sucking mouthparts, and 
there is evidence that JA-, SA-, and ABA-mediated plant 
defenses are involved in plant responses against these her-
bivores (Tooker and Helms 2014).

We suggest that the release of methyl jasmonate from 
laminas of petiole gall-infected leaves (Table 2) originates 
from methylation of JA transferred to the leaf laminas by the 
xylem stream from the petiole galls. Once transported to the 
leaf lamina, systemic defense responses were elicited in the 
leaf lamina, including release of GLV and upregulation of 
terpenoid and shikimate pathways. This ultimately resulted 
in elicitation of volatile terpenoids and benzenoids from the 
leaves (Table 2; Fig. 5b, c). In fact, there was a very low 
level of constitutive terpene emission in the non-infected 
leaves P. × petrovskiana, dominated by monoterpenes 
α-pinene, Δ3-carene and limonene (Table 2), and emissions 
of these monoterpenes were significantly enhanced in petiole 
gall-infected leaves (Table 2). In addition, emissions of the 
monoterpene eucalyptol and sesquiterpene β-eudesmol were 
induced by aphid gall infestation (Table 2).

Terpene emissions in gall-infected leaves were much 
lower than the emission rates typically observed in 

herbivore-attacked leaves (Blande et al. 2007; Frost et al. 
2008) or in fungus-infected leaves (Jiang et al. 2016). Nev-
ertheless, the emission rates of all induced volatiles from 
gall-infected leaves were positively associated with the 
infestation severity in a dose-dependent manner (Fig. 5a–c). 
We suggest that these correlations reflect the scaling of the 
amount of JA produced in the aphid galls and transported 
to leaf laminas with the severity of petiole gall infestation. 
Thus, the stress dose dependence in the case of petiole gall 
aphid infection is ultimately driven by the JA dose-depend-
ent effects on the expression of a series of downstream genes 
participating in the isoprenoid biosynthesis.

To our knowledge, positive correlations among constitu-
tive isoprene emission, and induced monoterpene and GLV 
observed in our study (Fig. 6) have not been observed across 
different biotic stresses. We argue that these relationships in 
petiole gall-infected leaves reflect independent gall effects on 
constitutive isoprene release as mediated by gall effects on 
leaf water relations and induced volatile emissions as medi-
ated by JA-dependent signaling. Although monoterpenes 
and isoprene compete for the same carbon intermediates in 
chloroplasts and the competition is always shifted towards 
monoterpene production due to lower Km (Michaelis con-
stant) value of geranyl diphosphate synthase than isoprene 
synthase for their common substrate dimethylallyl diphos-
phate (Rasulov et al. 2014), monoterpenes were elicited at a 
low level in our study. Thus, the substrate-level competition 
did not affect negatively isoprene emissions in gall-infected 
leaves.

Conclusions

These data demonstrate the presence of quantitative rela-
tionships between the severity of infestation by petiole 
gall aphids and leaf lamina photosynthetic characteristics, 
and constitutive and induced volatile emissions in leaves 
of Populus × petrovskiana. The interaction between the 
petiole gall infestation and the leaf lamina is bidirectional 
(Fig. 7). On the one hand, the localized feeding of the 
aphids and formation of the galls on the petiole leads to 
limited carbon and nitrogen availability for leaf lamina 
construction and for construction of the photosynthetic 
machinery within the leaf lamina. The loss of carbon and 
nutrients in leaves leads to a decrease of leaf dry mass per 
unit area and net assimilation rate per area in dependence 
on the severity of gall infestation. Aphid feeding further 
reduces the amount of photosynthetic carbon that the leaf 
exports to the plant. On the other hand, the feeding on 
the petiole can trigger a systemic defense in leaf lamina, 
which might be involved in deterring other herbivores that 
could reduce the carbon flow to the aphids inside the gall. 
We propose that the profound influence of petiole galls 
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on volatile emission profiles, including the induction of 
constitutive isoprene emissions and specialized volatile 
emission (GLV, monoterpene and benzenoid), results from 
the systemic defense elicited by JA transported into leaf 
laminas from petiole galls by the transpiration flux.
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Fig. 7  Schematic summary of the effects of Populus × petrovskiana 
leaf infestation by Pemphigus spyrothecae aphid galls on leaf struc-
tural and photosynthetic traits and volatile emissions. The interaction 
between the gall infestation and the leaf of the host plant is bidirec-
tional. The localized feeding of the aphids and formation of the galls 
on the petiole lead to the allocation of carbon and nutrients from the 
leaf to the galls through the petiole. The loss of the leaf carbon pool 
and nutrients available for leaf growth leads to a decrease in leaf dry 
mass per unit area (MA), but greater leaf dry to fresh mass ratio (DF) 
indicative of increased investment in cell walls (Onoda et al. 2017). 
On the other hand, gall infestation triggers premature leaf senescence 
as evident in reduced net assimilation rate per area, albeit stomatal 

conductance is maintained at a high level. In turn, gall formation and 
aphid feeding can trigger the systemic defense response in the lamina, 
thereby enhancing the indirect defenses by volatiles. This includes 
induction of stress volatile (GLV, monoterpene and benzenoid) emis-
sions from the leaf lamina and enhancement of constitutive isoprene 
emissions in dependence on the severity of the gall infestation. 
These systemic defense responses are likely triggered by jasmonate 
(JA) transported from the galls to the leaf lamina in the transpiration 
stream. The role of JA pathway in induced volatile emissions is con-
firmed by observations of the release of methyl jasmonate from leaf 
laminas (Table 2)
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Abstract
Oak trees (Quercus) are hosts of diverse gall‐inducing parasites, but the effects of gall formation

on the physiology and biochemistry on host oak leaves is poorly understood. The influence of

infection by four species from two widespread gall wasp genera, Neuroterus (N. anthracinus and

N. albipes) and Cynips (C. divisa and C. quercusfolii), on foliage morphology, chemistry, photosyn-

thetic characteristics, constitutive isoprene, and induced volatile emissions in Q. robur was inves-

tigated. Leaf dry mass per unit area (MA), net assimilation rate per area (AA), stomatal conductance

(gs), and constitutive isoprene emissions decreased with the severity of infection by all gall wasp

species. The reduction in AA was mainly determined by reduced MA and to a lower extent by

lower content of leaf nitrogen and phosphorus in gall‐infected leaves. The emissions of

lipoxygenase pathway volatiles increased strongly with increasing infection severity for all 4 spe-

cies with the strongest emissions in major vein associated species, N. anthracinus. Monoterpene

and sesquiterpene emissions were strongly elicited in N. albipes and Cynips species, but not in

N. anthracinus. These results provide valuable information for diagnosing oak infections using

ambient air volatile fingerprints and for predicting the impacts of infections on photosynthetic

productivity and whole tree performance.

KEYWORDS

Cynips, indirect defenses, induced volatile emission, Neuroterus, photosynthesis, quantitative

responses

1 | INTRODUCTION

Gall wasps are a tribe of obligate parasites on plant leaves (Stone,

Schönrogge, Atkinson, Bellido, & Pujade‐Villar, 2002). The formation

of specialized tumour‐like sinks on the leaf surface is an extremely

complex mutual interaction between gall wasps and the host plant

(Taper & Case, 1987). By redirection of the growth and physiology of

the infected plant organs for their own benefit, the secretion from

the ovipositioning female creates galls that provide carbon, nutrients,

and protection against predators or adverse weather conditions for

the larva (Nylander, 2004; Nylander, Ronquist, Huelsenbeck, &

Nieves‐Aldrey, 2004; Mani, 1992; Nyman & Julkunen‐Tiitto, 2000;

Raman, 2007; Stone et al., 2002; Stone & Schönrogge, 2003).

The infection by gall‐inducing parasites results in major alterations

in morphology, physiology, and biochemistry of their host plants

(Albert, Padhiar, Gandhi, & Nityanand, 2011; Tooker, Rohr,

Abrahamson, & De Moraes, 2008). The competition for leaf photosyn-

thetic products between gall consumption for larval benefits and leaf

development (Abrahamson & Weis, 1987; Bronner, 1992; McCrea,

Abrahamson, & Weis, 1985) leads to the changing patterns of plant

biomass accumulation and photosynthetic rates (Fay, Hartnett, &

Knapp, 1996; Hess, Abrahamson, & Brown, 1996; Larson, 1998; Prior

& Hellmann, 2010; Tooker & De Moraes, 2008; Washburn, 1984).

The initiation, growth, and maintenance of galls on plant organs

(leaves, stems, fruits, and buds) can alter multiple host traits, including

plant architecture (Larson & Whitham, 1997), shoot growth (Hartnett

& Abrahamson, 1979; Vuorisalo, Walls, & Kuitunen, 1990), and nutri-

ent allocation (Abrahamson & McCrea, 1986; McCrea et al., 1985),

and ultimately impact whole‐plant growth and survival (Hakkarainen,

Roininen, & Virtanen, 2005). Regarding physiology, gall formation has

been found to modify foliar gas‐exchange characteristics, including

photosynthesis, stomatal conductance for water vapour, and water
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use efficiency (Dorchin, Cramer, & Hoffmann, 2006; Fay & Samenus,

1993; Florentine, Raman, & Dhileepan, 2005; Larson, 1998), although

the magnitude of effects vary among gall‐host systems. For example,

large declines in photosynthetic capacity (approximately 60%) and sto-

matal conductance (approximately 50%) in the canopy leaves of

mature sugar maple (Acer saccharum) trees galled by the maple spindle

gall mite Vasates aceriscrumena have been reported (Patankar, Thomas,

& Smith, 2011), whereas the photosynthesis in Machilus thunbergii

leaves was not significantly affected by the number of cecidomyiid

insect galls, which themselves have a certain photosynthetic activity

(Huang, Chou, Chang, & Yang, 2014). Collectively, the studies suggest

that the impacts of gall formation on gas‐exchange processes are var-

iable and likely determined by the type of gall inducer attacking the

host plant (Welter, 1989).

Gall‐forming insects can also alter host‐plant chemistry and the

distribution of plant secondary metabolites for their own benefit,

including the modification of the volatile composition of host‐plant

cues used to attract mates or deter natural enemies (Augustyn, Botha,

Combrinck, & du Plooy, 2010; Hartley, 1998; Nyman & Julkunen‐

Tiitto, 2000; Tooker, Crumrin, & Hanks, 2005; Tooker & Hanks,

2004; Allison & Schultz, 2005; Augustyn, Botha, Combrick, Mareea &

du Plooy, 2010). It has been reported that the infection of the tephritid

fly Eurosta solidaginis and the gelechiid moth Gnorimoschema

gallaesolidaginis galls can influence indirect plant defenses by manipula-

tion of the volatile emission from the host, goldenrod (Solidago

altissima; Tooker et al., 2008). However, volatile organic compounds,

especially terpenoids, were induced from Dittrichia viscosa flowers

infected by the gall‐forming dipteran Myopites stylatus, which in turn

facilitated the parasitism by hymenopteran species (Santos et al.,

2016). Although there are several case studies of gall‐induced modifi-

cations in host plant secondary chemistry, there is a paucity of studies

about the effects of different gall species on the volatile profiles of the

same host plant species. There is also overall lack of information about

quantitative relationships between the infection severity and leaf

physiological response, prompting our study to explore the responses

of volatile emission to the infection of gall inducers.

Pedunculate oak (Quercus robur L.) is one of the most susceptible

tree species to infection by diverse specialized gall wasp species (Stone

et al., 2002). Among more than 1,000 species of oak gall wasps

(Liljeblad et al., 2008; Stone et al., 2002), Neuroterus and Cynips taxa

are listed as the most diverse gall wasp genera globally, and these gen-

era are widely distributed in Europe (Abrahamson & Weis, 1987;

Ronquist & Liljeblad, 2001), and under favourable conditions, mass gall

infections are common (Agrios, 2005). Studies on the structure of the

galls have demonstrated that both the Neuroterus and Cynips galls con-

tain several layers of epidermal and hypodermal and parenchymatous

tissues including a protective outer layer and an inner layer of nutritive

tissue (Stone & Schönrogge, 2003), and they sequester nutrients from

the surrounding leaf tissue to the nutritive tissue of the gall (Bronner,

1992; McCrea, et al., 1985). However, whether the consumption of

photosynthetic products and nutrients of the host leaves for oak gall

formation leads to a reduction of physiological activity of the infected

leaves and major losses of biomass yield is unknown.

Quercus robur is a moderately strong isoprene‐emitting oak spe-

cies (Copolovici, Väärtnõu, Portillo‐Estrada, & Niinemets, 2014;

Schnitzler, Lehning, & Steinbrecher, 1997). Although the release of vol-

atiles including monoterpenes and sesquiterpenes, volatile products of

the lipoxygenase (LOX) pathway (also called green leaf volatiles) and

benzenoids can be elicited by pathogenic fungi and herbivores in Q.

robur leaves (Copolovici, Väärtnõu, et al., 2014; Copolovici et al.,

2017; Ghirardo, Heller, Fladung, Schnitzler, & Schröder, 2012), it is

unknown whether the oak gall wasps are inducers of volatile emissions

as well, and how different gall wasp species alter the volatile emissions.

If they do, it is further necessary to know whether the severity of the

gall infection (generally evaluated by the size or number of galls) is

quantitatively related to the emission rates of constitutive and induced

volatiles, but also to the photosynthetic traits. However, to our knowl-

edge, the quantitative relationships between the severity of gall infec-

tion and the emission rates of induced volatiles have not been studied.

This study tested the hypotheses that oak gall infections lead to a

reduction in foliage photosynthesis and constitutive volatile emissions

and elicit stress volatile emissions in an infection severity‐dependent

manner in Q. robur and that infections by different wasp species lead

to different quantitative relationships and different induced emission

blends. We studied the effects of infection by four species of gall wasp

from the Neuroterus (N. anthracinus and N. albipes) and Cynips (C. divisa

and C. quercusfolii) genera on foliage photosynthetic characteristics

and on constitutive and induced volatile emissions in Q. robur. The

results indicate that both Neuroterus and Cynips gall infections do

induce alterations in photosynthesis and constitutive isoprene and

induced volatile (LOX, monoterpenes) release that scale quantitatively

with the infection severity in oak. Different quantitative relationships

between the severity of gall infection and volatile release among

leaves infected by different gall species were observed, highlighting

the complexity of host‐gall interactions even in the same host species.

2 | MATERIALS AND METHODS

2.1 | Sampling site and plant material

The study was conducted at Tartu Tammik, Ihaste, Tartu, Estonia

(58.36°N, 26.77°E, elevation 40 m above sea level). The site supports

a sparse Q. robur plantation (ca. 100 trees/ha). The plantation was

established in 2007 with 7–8 years old and 3–4 m tall trees, and by

the time of sampling in 2015–2016, the trees were 15–16 years old

and 6–8 m tall. Both study years were characterized by a cool and

humid summer with a monthly mean (±SE) precipitation of

48.5 ± 5.4 mm (2015) and 87 ± 25 mm (2016), air temperature of

15.5 ± 1.0 °C (2015) and 16.1 ± 1.2 °C (2016), and relative air humidity

of 73.2% ± 3.7% (2015) and 76.1% ± 2.9% (2016) from June to

September (data of Laboratory of Environmental Physics, Institute of

Physics, University of Tartu, Tartu, Estonia, http://meteo.physic.ut.ee).

Galls of different species were observed from mid‐July to Septem-

ber, but the severity of infection of Q. robur leaves by different gall

wasp species varied in different years. In particular, the year 2015

was characterized by a mass infection of Neuroterus anthracinus with

most leaves infected, whereas in 2016, N. anthracinus infections were

relatively infrequent. In 2016, the key infecting species was N. albipes

that was seldom observed in 2015. The infections by Cynips species
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(C. divisa and C. quercusfolii) were diffusely spread in both years. Thus,

the collection and measurement of Q. robur leaves infected by

N. anthracinus was conducted in the beginning of September 2015,

whereas the leaves infected by N. albipes and the Cynips species

(C. divisa and C. quercusfolii) were studied in the beginning of

September 2016. As the cross sections of the galls demonstrated,

the hatched larvae were in a similar developmental state in most cases,

except for N. albipes where leaves could carry galls with different

developmental state (Figure 1b,c). As the infections were spread to

all trees at the site, for controls, we used non‐infected leaves in the

infected trees in both years. Although there might be systemic effects

also affecting these non‐infected leaves, we note that the photosyn-

thetic rates, and constitutive and induced volatile emission rates in

these trees were similar to leaves in completely non‐infested trees

(Copolovici, Pag, et al., 2014; Copolovici, Väärtnõu, et al., 2014;

Copolovici et al., 2017; Niinemets, Copolovici, & Hüve, 2010).

For each species, foliage was collected from at least five different

Q. robur trees, and leaves with varying gall number and gall mass were

collected for the measurements. About 20 cm long twigs with multiple

leaves were sampled from the outer exposed surface of tree crown for

physiological measurements in the laboratory. The twigs were excised

under water, and with the cut ends kept submerged, the twigs were

immediately transported to the laboratory where a representative leaf

was selected for measurements. Studies demonstrate that use of cut

twigs is a valid method for photosynthesis (Lange, Führer, & Gebel,

1986), and our previous measurements also demonstrate that compa-

rable photosynthesis and volatile emission measurements can be

obtained with attached (Niinemets et al., 2010) and detached

(Copolovici, Väärtnõu, et al., 2014; Copolovici et al., 2017) shoots in

Q. robur. For N. anthracinus and N. albipes infections, 23 leaves with

different degrees of infection were measured in both cases, and for

infections by Cynips species 10 leaves infected by C. divisa and 16

FIGURE 1 Representative images of Quercus robur upper and lower sides of uninfected leaves (control) and leaves infected by different species of
gall‐forming wasps (a). Close‐ups (b–e) and cross sections (f–i) of galls of Neuroterus albipes (b, c, f, and g), C. quercusfolii (d and h) and Cynips divisa (e
and i) formed on leaves of Quercus robur. The cross sections (1 μm thick) were stained with toluidine blue and show the internal structure of the
distal part of the galls. The galls of N. albipes are typically whitish, but green, pink, and red galls are also common (Darlington, 1968), and close‐ups
and cross sections of both whitish (b and f, larger‐celled) and reddish (c and g, smaller‐celled) galls are shown. The galls of N. albipes are denser and
have smaller cells than the galls of Cynips species. The blue extrusions outside the galls are wax peels formed at the time of the placement of the
sample onto the microscope slide
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leaves infected by C. quercusfolii were measured (Figure 1). In each

case, three non‐infected leaves were measured (controls).

2.2 | Identification of Neuroterus and Cynips gall
species

The galls were cut in half with a razor blade and the gall diameter was

measured. Freehand sections were made from the galls, stained with

toluidine blue and viewed with a Nikon Eclipse E600 microscope and

then photographed with a Nikon 5 MP digital microscope camera

DS‐Fi1 (Nikon Corporation, Kyoto, Japan). From these images, the

gall‐wall thickness was measured. For anatomical analyses, gall mate-

rial was infiltrated in a fixation buffer (3% glutaric aldehyde and 2%

paraformaldehyde in 0.1 M phosphate buffer, pH = 6.9) under vacuum

in a syringe. The samples were post‐fixed for 1 hr in an osmium tetrox-

ide solution (2%). They were further dehydrated in a series of increas-

ingly stronger ethanol solutions and embedded in LR white resin

(Electron Microscopy Sciences, Hatfield, PA, USA) according to stan-

dard procedures (Tosens, Niinemets, Vislap, Eichelmann, & Castro‐

Díez, 2012). Subsequently, the samples were polymerized in an oven

at 60 °C for 26 hr. Semi‐thin cross sections of 1 μm were cut and

stained with toluidine blue for light microscopy. The stained semi‐thin

sections were viewed in brightfield with a Nikon Eclipse E600 micro-

scope with phase contrast at magnifications of 100×, 200× and 400×

and photographed with a Nikon 5 MP digital microscope camera DS‐

Fi1 (Figure 1f–i). The quantitative and qualitative information obtained

from freehand and microtome sections was used to identify the gall

species according to an oak gall identification key (Williams, 2006).

2.3 | Foliage gas‐exchange measurements

A custom‐made gas‐exchange system (Copolovici & Niinemets, 2010;

Copolovici, Väärtnõu, et al., 2014; Jiang, Ye, Veromann, & Niinemets,

2016 for details) was used to measure foliage net assimilation and

transpiration rates and emissions of volatiles from Q. robur leaves with

varying degree of gall infection. The system used has a 1.2 L tempera-

ture‐controlled double‐walled glass chamber with glass and stainless

steel bottom. Ambient air (mean ± SE CO2 concentration of

402 ± 28 μmol mol‐1) was drawn from outside with a pump and passed

through a custom‐made ozone scrubber and a humidifier (Copolovici &

Niinemets, 2010; Copolovici, Kännaste, Pag, Tomescu, et al., 2014).

The flow rate was maintained at 1.76 L min‐1, and turbulent conditions

in the chamber were obtained by a fan installed inside the chamber.

For the first‐order decay kinetics, the half‐time of the chamber air

exchange was estimated to be approximately 30 s (Niinemets et al.,

2011). Leaf temperature was measured with a thermocouple attached

to the lower leaf surface. The standard measurement conditions used

in these measurements were: light intensity at the leaf surface of

700 μmol m−2 s−1, leaf temperature of 25 °C, and relative air humidity

of 60%. Concentrations of CO2 and H2O in the incoming and outgoing

air were gauged with an infrared dual‐channel gas analyser operated in

the differential mode (CIRAS III, PP‐systems, Amesbury, MA, USA).

After the enclosure of the leaf, standard measurement conditions

were established, and the leaf was conditioned until leaf gas‐exchange

rates reached a steady state (typically in 20–30 min after the

enclosure). Thereafter, the steady‐state rates of net assimilation and

transpiration were recorded, and air samples for estimation of volatile

organic compound emissions were taken (see the next section).

2.4 | Analysis of volatile emissions by gas
chromatography–mass spectrometry

Air samples for estimation of volatile emission were drawn from the

gas‐exchange chamber by an air sampling pump (210‐1003MTX,

SKC, Inc., Houston, TX, USA; Niinemets et al., 2011) operated with a

flow rate of 0.2 L min‐1 for 20 min. Stainless steel cartridges filled with

three carbon‐based adsorbents with different specific surface area

were used for sampling to trap all the volatiles in the C3–C15 range

(Kännaste, Copolovici, & Niinemets, 2014). In addition to intact control

and infected leaves, also emissions from infected leaves with galls

removed, and from separated galls were measured. In the latter mea-

surements, the volatiles were sampled in 20 min after gall removal to

avoid interfering emissions of volatiles due to leaf wounding right after

the damage. This fast wounding response stops within 8–10 min after

leaf wounding (Portillo‐Estrada, Kazantsev, Talts, Tosens, & Niinemets,

2015). Due to the lack of stomata on the gall surface and thick waxy

cuticle (Figure 1), the loss of water and changes in physiological activity

of galls during this conditioning period was considered minor. We

determined the fresh mass of the galls just after removal and after

volatile measurements and observed that the change of the mass

was negligible (less than 0.1%). In all cases, blank chamber samples

were taken before and after sampling of plant material.

The cartridges were analysed by a Shimadzu 2010 Plus gas chro-

matograph equipped with a mass spectrometric detector (GC‐MS)

(Shimadzu Corporation, Kyoto, Japan), and with a Shimadzu TD20

automated cartridge desorber. A Zebron ZB‐624 fused silica capillary

column (0.32 mm i.d. × 60 m, 1.8 μm film thickness, Phenomenex,

USA) was used for GC‐MS analysis according to the protocol of

Kännaste et al. (2014). For compound identification, compound reten-

tion indices, and the mass spectra of volatiles of the authentic stan-

dards and the spectra available in the National Institute of Standards

and Technology library (NIST 05) were used and the GC‐MS system

was calibrated with the authentic standards as described before

(Copolovici, Kännaste, & Niinemets, 2009; Kännaste, Pazouki,

Suhhorutšenko, Copolovici, & Niinemets, 2013; Kännaste et al.,

2013; Jiang et al., 2016; Jiang, Ye, Li, & Niinemets, 2017).

2.5 | Analysis of nitrogen, carbon, and phosphorus
contents of the galls and infected leaves

A subset of non‐infected leaves (control, n = 3) and severely gall‐

infected leaves of N. anthracinus, N. albipes, and C. quercusfolii (n = 3

for each species) were collected for chemical analyses. The galls were

mechanically separated from the leaves and chemical analyses were

conducted for the control leaves, infected leaves without galls and

for the separated galls of C. quercusfolii (there was not enough gall

material for the galls formed by the two other gall‐forming wasp spe-

cies). The contents of carbon (C) and nitrogen (N) were estimated by

a Vario MAX CNS analyser (Elementar Analysensysteme GmbH,

Hanau, Germany), and phosphorus (P) content was estimated by
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microwave plasma atomic emission spectroscopy (Agilent MP‐AES

4100) after sample digestion in sulphuric acid.

2.6 | Data analyses

The traits characterizing gall infection, gall size, number of galls and gall

area per leaf area, and gall dry mass per total leaf dry mass (Mg/Ml)

were compared among different galling species by ANOVA. ANOVA

was also used to compare leaf structural and photosynthetic character-

istics and volatile emission rates among control and severely infected

leaves. The ratio Mg/Ml was used as a quantitative measure of the

severity of infection, and the statistical relationships of leaf structural,

photosynthetic characteristics, and emission rates of volatiles with

Mg/Ml were explored by linear and nonlinear regression analyses.

The statistical functions yielding the greatest degree of explained var-

iance (r2) were reported. In these analyses, all leaves from different

trees were pooled. In the case of Cynips species, the differences in

Mg/Ml versus leaf trait relationships were generally small among differ-

ent species (in general, not significantly different according to covaria-

tion analyses), and both species were pooled in the regression

analyses. These statistical analyses were conducted with SAS (Version

8.02. SAS Institute, Cary, NC, USA). Differences in bivariate leaf trait

relationships among infecting gall species (slope and elevation differ-

ences) were separated by standardized major axis tests using Smatr

ver. 2.0 (Falster, Warton, & Wright, 2006). Principal component analy-

sis (PCA) of volatile emissions from the leaves infected by different

gall‐forming wasps was performed by SPPS 18.0 for Windows (SPSS,

Chicago, IL, USA) as in Kännaste et al. (2014). All statistical effects

were considered significant at P < .05.

3 | RESULTS

3.1 | General characteristics of and overall frequency
of infection by Neuroterus and Cynips galls

The morphological characteristics (including the size, colour, and tex-

ture) widely varied among different oak gall species (Figure 1a–e). In

addition, in N. albipes, the colour of galls ranged from creamy white

to reddish, and typically, creamy galls were immature and smaller

(Figure 1b,f), whereas mature galls showed red colour and were bigger

(Figure 1c,g). In Cynips, C. quercusfolii galls were light green (Figure 1d,

h), whereas C. divisa showed yellow colour (Figure 1e,i). Compared to

the galls of Cynips species, the galls of N. albipes were denser and

had smaller cells (Figure 1f–i). The galls of N. anthracinus and Cynips

species were always found on the lower leaf surface, whereasN. albipes

galls were occasionally (in the case of ca. 5–10% of infected leaves)

also found on the upper leaf surface (Figure 1a). The galls of

N. anthracinus were typically associated with the main veins, and less

frequently with second order major veins (Figure 1a). The galls of

Cynips were typically attached to the leaf lamina, although often in

the proximity of major veins, and the galls of N. albipes were typically

associated with intercostal leaf areas (Figure 1a).

Quantitative analyses also confirmed the wide structural variation

of the galls induced by different wasp species (Table 1). In particular,

the overall size of the galls, area, and drymass increased in the sequence

N. anthracinus < N. albipes < C. divisa < C. quercusfolii (Table 1). As the

ultrastructural data suggested (Figure 1f–i), dry to fresh mass ratio

was indeed bigger forNeuroterus than for Cynips galls (Table 1) in agree-

ment with the greater tissue density of Neuroterus galls.

Compared with the galls of Neuroterus spp., in leaves infected by

Cynips spp., the number of galls per leaf was smaller (Table 1). How-

ever, due to their greater size, the overall percentage of leaf area cov-

ered by galls and gall to leaf dry mass ratio (Mg/Ml) were greater for

Cynips‐infected than for Neuroterus‐infected leaves (Table 1).

3.2 | Estimation of the severity of leaf infection by
Neuroterus and Cynips gall wasps

Infection by N. anthracinus resulted in brownish or yellowish necrotic

and senescent leaf areas distal to the infection sites at the major veins

(Figure 1a). Although Cynips‐ and N. albipes‐infected leaves did occa-

sionally have some dried and chlorotic leaf spots at leaf margins (up

to 5–10% of total leaf area) contributing to their overall unhealthy

appearance (Figure 1a), these areas were typically not directly con-

nected through major veins to the gall attachment. In addition, not all

necrotic leaf area in N. anthracinus‐infected leaves was directly associ-

ated with galls (Figure 1a). As direct damage that could be causally

linked to gall infection was difficult to estimate, and the boundary

between dark green and pale areas was not well demarcated, objective

characterization of the damage percentage of the leaf area due to galls

was impossible. Therefore, we decided to use the overall level of infec-

tion as the proxy of infection severity. The total gall number per leaf

showed positive linear or nonlinear correlations with dry gall mass in

all species (Figure S1a–c). However, the size of galls of a given species

for leaves harboring multiple galls and among different leaves varied

widely (Table 1 for the coefficients of variation of the size estimates;

TABLE 1 Gall‐forming wasp infection of Quercus robur leaves: characteristics of galls and overall degree of infection by different wasp species

Trait

Infecting gall species

Neuroterus anthracinus Neuroterus albipes Cynips quercusfolii Cynips divisa

Gall number 6.2 ± 1.0 (69.0)a 4.55 ± 0.44 (43.7)a 1.68 ± 0.19 (60.8)b 1.71 ± 0.29 (44.1)b

Single gall area (cm2) 0.0698 ± 0.0030 (19.3)a 0.2019 ± 0.0032 (7.0)b 1.18 ± 0.14 (54.5)c 0.99 ± 0.14 (38.6)c

Single gall dry mass (mg) 0.99 ± 0.10 (46.6)a 2.56 ± 0.30 (52.0)b 99 ± 11 (61.0)c 91 ± 18 (53.5)c

Gall dry to fresh mass ratio 0.386 ± 0.006 (6.9)a 0.359 ± 0.030 (37.5)a 0.159 ± 0.025 (71.5)b 0.20 ± 0.07 (92.4)b

Gall to leaf dry mass ratio 0.0262 ± 0.0035 (59.9)a 0.040 ± 0.006 (62.7)a 0.61 ± 0.09 (80.6)b 0.41 ± 0.08 (52.9)b

Percentage of leaf area covered by galls (%) 0.89 ± 0.10 (51.3)a 2.16 ± 0.23 (48.1)b 7.6 ± 1.2 (86.2)c 4.0 ± 0.7 (44.2)bc

Note. The data are presented as averages ± SE (CV), where CV is the coefficient of variation (n = 20 for N. anthracinus, n = 20 for N. albipes, n = 13 for
C. quercusfolii, and n = 7 for C. divisa). Different letters represent the statistical significance at P < .05 level according to ANOVA followed by Tukey's tests.

164 JIANG ET AL.



124

Figure 1a–c), and the gall number was weakly correlated with Mg/Ml

(Figure S1d–f). Given the differences in gall size within infecting wasp

species, we considered Mg/Ml a more appropriate species‐specific

proxy of the severity of infection (Table 1 for species differences in

average Mg/Ml values) than the number of galls per leaf or per unit

leaf area.

3.3 | Modifications in foliage structure and chemistry
upon gall wasp infection

Leaf dry mass per unit area (MA) was greater in control than in severely

infected leaves in all cases, but leaf dry to fresh mass ratio was similar

among control and severely infected leaves (Table 2). Across leaves

with different degrees of infection,MA decreased linearly with increas-

ing Mg/Ml in all species (Figure 2). The reduction was greater for infec-

tions by Neuroterus species, ca. 2.0‐fold to 2.6‐fold (Figure 2a,b)

compared with Cynips spp. infection where MA was reduced by 1.8‐

fold for the entire Mg/Ml range (Figure 2c, P < .001 for slope differ-

ences among Cynips and two Neuroterus species, whereas the slopes

did not differ among Neuroterus species, P > .9).

Analyses of differences in elemental content of control non‐

infected leaves and leaves with galls removed indicated that the gall‐-

forming wasp infection did not affect leaf C content per dry mass, but

leaf N content per dry mass was lower for leaves infected by

C. quercusfolii, and leaf P content per dry mass was lower for leaves

infected by N. anthracinus (Table 2). Due to lack of sufficient material,

elemental contents were not analysed for galls of Neuroterus spp., but

for Cynips galls, average (± SE) gall C content (34.4% ± 1.3%) was 1.2‐

fold, N content (0.340% ± 0.010%) 5.4‐fold and P content

(0.050% ± 0.007%) 8.3‐fold lower than corresponding averages for

leaves with galls removed (Table 2 for the leaf data; means for all three

chemical elements are significantly different among galls and leaves at

P < .01).

3.4 | Photosynthetic characteristics and constitutive
isoprene emissions of wasp‐infected leaves of Q. robur

Compared to non‐infected control leaves, the light‐saturated net

assimilation rate per area (An) of gall‐infected leaves was reduced in

all cases (Table 2), and there were negative nonlinear hyperbolic

(Figure 3a,b) or close to linear (Figure 3c) relationships between An

and Mg/Ml. The reduction was the strongest, 2.7‐fold, for Cynips

spp.‐infected leaves, where An decreased linearly with increasing infec-

tion severity (Figure 3c). The net assimilation rate per area also

decreased strongly in N. anthracinus, ca. 2.3‐fold, but once the leaves

were infected, the reduction was further weakly associated with the

infection severity (Figure 3a). In N. albipes, the reduction was 1.8‐fold

at the highest infection severity, and it also levelled off with increasing

the degree of infection (Figure 3b). Part of the reduction in net assim-

ilation rate per area was due to a concomitant reduction inMA, (cf. Fig-

ures 2 and 3a–c). Nevertheless, net assimilation per dry mass was also

lower in gall‐infected leaves (Table 2).

Changes in stomatal conductance to water vapour (gs) due to gall

wasp infection were similar to changes in An (Table 2; Figure 3d–f),

but gs was generally reduced somewhat less than An, and the correla-

tion of gs with Mg/Ml was nonlinear for Cynips spp. (Figure 3f). As the

result of smaller changes in gs, the intercellular CO2 concentration

increased linearly with increasing Mg/Ml in all cases (Figure 3g–i).

Analogously to An, the rate of isoprene emission was lower in

wasp‐infected leaves (Table 3 for the comparison of control and

severely infected leaves), and it decreased curvilinearly with increasing

infection severity in all cases (Figure 4a–c). The reductions in isoprene

TABLE 2 Comparison of structural, photosynthetic, and chemical traits of uninfected leaves of Quercus robur and leaves severely infected by
Neuroterus (N. anthracinus and N. albipes) and Cynips (C. quercusfolii and C. divisa) wasps

Uninfected leaf
Neuroterus
anthracinus

Neuroterus
albipes

Cynips
quercusfolii Cynips divisa

Leaf dry to fresh mass ratio (g g−1) 0.508 ± 0.011 (0.579 ± 0.009)& 0.45 ± 0.06a 0.433 ± 0.028a 0.560 ± 0.042a 0.64 ± 0.07a

Leaf dry mass per unit leaf area (g m−2) 101 ± 14 (96.5 ± 1.7) 49.0 ± 1.7*a 37.6 ± 9.0*a 53.2 ± 2.4*a 89.1 ± 5.3b

Net assimilation rate per area (μmol m−2 s−1) 5.04 ± 0.20 (3.87 ± 0.33) 1.71 ± 0.18**a 2.84 ± 0.11*ab 1.86 ± 0.14**a 3.39 ± 0.25*b

Net assimilation rate per dry mass (nmol g−1 s−1) 572 ± 22 (468 ± 19) 236 ± 16**a 328 ± 19*ab 272 ± 13**a 351 ± 18*b

Stomatal conductance (mmol m−2 s−1) 136 ± 10 (173 ± 13) 83.0 ± 1.9*a 35.9 ± 4.5**b 56 ± 7**ab 56.6 ± 1.7**ab

Intercellular CO2 concentration (μmol mol−1) 168 ± 13 (256.2 ± 3.7) 358 ± 15**a 335.0 ± 5.6**a 341 ± 18**a 250 ± 13*b

Carbon content (%)# 41.6 ± 0.7 42.6 ± 0.8a 42.7 ± 0.5a 41.0 ± 0.9a

Nitrogen content (%) 2.31 ± 0.16 2.057 ± 0.012a 2.200 ± 0.042a 1.83 ± 0.08b

Phosphorus content (%) 0.39 ± 0.06 0.173 ± 0.007*b 0.380 ± 0.012b 0.413 ± 0.030b

&The data were measured either in 2015 (data for uninfected leaves in parentheses and corresponding data for N. anthracinus) or in 2016 (all other data).
#In the case of infected leaves, the galls were removed before estimation of leaf element contents.

Note. In these comparisons, the average (±SE) values of gall to leaf dry mass ratio (Mg/Ml) for infected leaves were 0.052 ± 0.006 for N. anthracinus,
0.082 ± 0.006 for N. albipes, 1.59 ± 0.05 for Cynips quercusfolii, and 0.65 ± 0.07 for Cynips divisa, indicating a severe infection in each case (Figure 1).
The effect of infection on trait means (comparison of traits for infected vs. corresponding non‐infected leaves) was tested by ANOVA (P = 3 for both control
and severely infected leaves) and the statistical significance is denoted as follows:

*P < .05,

**P < .01.

Different lowercase letters indicate statistically significant mean values.

The multiple comparisons among different species were made by Dunnett's tests and different letter represents the statistical significance at P < .05 level.
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emission rate were the strongest for N. anthracinus, 8.2‐fold (Table 3;

Figure 4a) and for C. quercusfolii, 7.2‐fold (Table 3; Figure 4c), whereas

in N. albipes‐infected leaves, isoprene emissions were reduced 4.3‐fold

(Table 3; Figure 4b). As the result of the stronger reduction in isoprene

emission than An, the fraction of carbon going into isoprene synthesis

(proportional to isoprene emission rate/An) decreased with increasing

the degree of infection (N. anthracinus: r2 = 0.34, P < .01 for a nonlinear

relationship; N. albipes: r2 = 0.45, P < .01 for a linear relationship;

Cynips spp.: r2 = 0.71, P < .01 for a nonlinear relationship).

3.5 | Contrasting responses of stress‐induced
volatile emissions upon different gall wasp species
infection

Monoterpene (including α‐pinene, β‐ocimene, and limonene) emissions

of non‐infected leaves were very low in both 2015 and in 2016

(Table 3). The emissions of LOX pathway volatiles (e.g., (E)‐3‐hexenal

and 2‐ethyl‐1‐hexanol) in non‐infected leaves were also low in 2016,

but the LOX emissions were greater in 2015.

Leaf infection by the four gall species resulted in profound

changes in the emission profiles with several species‐specific induction

responses (Table 3). In all cases, the gall infection resulted in greater

total LOX emissions (Table 3), and the emissions increased linearly with

the infection severity (Figure 4d–f). Relative to the control leaves, the

induction was the greatest for N. albipes and Cynips spp. infections

(Figure 4e,f), but the greatest absolute elicitation (difference between

the infected and control leaves) was observed in N. anthracinus‐

infected leaves (Figure 4d). The elicitation of terpene and benzenoid

emissions upon infection was similar for N. albipes and Cynips spp.

infections (Table 3). In particular, the infections lead to a major induc-

tion of monoterpene (camphene, β‐myrcene, β‐pinene, and linalool),

sesquiterpene (α‐bergamotene), and benzenoid (benzaldehyde,

benzothiazole) emissions (Table 3), and the emissions increased linearly

with the increasing infection severity (Figure 4h,i). In contrast, emis-

sions of monoterpenes camphene, β‐myrcene, β‐pinene, and linalool,

and sesquiterpene and benzothiazole emissions were below the detec-

tion limit in leaves infected severely by N. anthracinus. Although benz-

aldehyde emissions were increased upon infection similarly to LOX

products (Table 3), monoterpene emissions even decreased with the

degree of infection of N. anthracinus (Figure 4g).

PCA analysis indicated that top two PCA factors contributed

58.9% to the total variation (PC1, 46.1%, and PC2, 12.8%) among

the emission blends in control leaves and in leaves infected by

different wasp species. The distribution of volatile compounds from

non‐infected and severely infected leaves by different wasp gall

species in the PCA loading plot (Figure 5b) and the distribution of

clusters in the PCA score plot (Figure 5a) showed high quantitative

variations in the volatile emission blends among the leaves infected

by different gall wasp species. The leaves infected by Cynips spp.

and N. albipes were differentiated from non‐infected and

N. anthracinus‐infected leaves by PC1 due to higher monoterpene

emissions, whereas the N. anthracinus were separated from non‐

infected leaves in PC2 due to lower isoprene emissions (Figure 5a).

Regarding the volatile compositions of leaves infected by different

wasp gall species, isoprene and (E)‐3‐hexenal were differently posi-

tioned from the clusters formed by monoterpenes and sesquiter-

penes and benzenoids in the plane formed by PC1 and PC2 axes,

whereas other aliphatic derivatives (6‐methyl‐5‐hepten‐2‐one and

2‐ethyl‐1‐hexanol) were differently positioned relative to terpenoids

and benzenoids along PC2 axis (Figure 5b).

3.6 | Sources of volatile emissions from infected
leaves

Separate analysis of volatile emissions from leaves with galls, leaves

with galls removed, and galls alone demonstrated that in all cases, leaf

tissue is the main source of emitted volatiles (Figure 6). Only traces of

volatiles were detected from the galls in all cases, and the emission

rates of intact infected leaves and leaves with the galls removed were

not significantly different (Figure 6).

FIGURE 2 Leaf dry mass per unit leaf area of Quercus robur in relation
to the severity of leaf infection by gall‐forming wasps (a)
N. anthracinus, (b) N. albipes, and (c) Cynips (C. divisa and C. quercusfolii).
In this study, the severity of infection is characterized by gall to leaf dry
mass ratio (Table 1 for other quantitative measures of the degree of
gall infection). Data were fitted by linear regressions (n = 23 for all
relationships as in Figure 1) and the corresponding regression
equations are (a) y = −638x + 82.6, (b) y = −632x + 94.2, and (c)
y = −24.6x + 86.8
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4 | DISCUSSION

4.1 | Do Neuroterus and Cynips galls directly reduce
leaf photosynthesis?

Our study highlighted a variety of infection types and severities of

infection by gall wasps, whereas clearly different infection types, in

particular, the position of galls relative to leaf veins, were observed

for different gall wasp species (Figure 1). According to previous stud-

ies, the size of a gall and gall number is related to many factors, for

example, wasp potential fecundity, frequency of wasps in a given year,

leaf position in the crown, position of galls relative to the leaf margin

and main veins, etc. (Sitch, Grewcock, & Gilbert, 1988; Kato & Hijii,

1993; Gilbert et al., 1994; Shibata, 2002; Giertych, Jagodzinski, &

Karolewski, 2013).

We observed that the infection with the species of Neuroterus

and Cynips gall wasps of Q. robur leaves resulted in significant reduc-

tions in foliage net assimilation rate per leaf area (Figure 3a–c). We

also observed that the decrease in An (Figure 3a–c) was associated

with inhibited stomatal conductance in all types of gall infection

(Figure 3d–f), and an overall decrease of leaf water loss in infected

plants. However, because photosynthesis decreased more than sto-

matal conductance, the stomatal closure was associated with a lower

leaf water use efficiency (photosynthesis rate per unit transpiration

rate, data not shown). It has been reported that galls formed by many

species contain chlorophyll and thus have the potential to photosyn-

thesize (Dorchin et al., 2006). Although the photosynthesis never

fully compensated for the respiratory costs of galls, it substantially

contributed to the maintenance and growth, especially of young galls,

reducing their impact as carbon sinks on the host (Dorchin et al.,

2006). Thus, for galls appearing green and containing chlorophyll,

the photosynthetic performance of gall and healthy leaf tissue can

be similar and the photosynthesis of the host plant leaves should

not necessarily be affected by the gall infection (Fernandes, Coelho,

& Lüttge, 2010; Haiden, Hoffmann, & Cramer, 2012; Oliveira, Isaias,

Moreira, Magalhães, & Lemos‐Filho, 2011). For example, the photo-

synthesis rate of Machilus thunbergii leaves was not significantly

affected by the number of cecidomyiid insect galls, which have a cer-

tain photosynthetic activity (Huang et al., 2014). In our study, the

colour of Cynips and N. albipes galls was either reddish, yellow, or

brown, indicating that the gall tissue contained little chlorophyll.

However, N. anthracinus galls did appear green and, thus, contained

chlorophyll, but the net assimilation rate of the host Q. robur leaves

was reduced more significantly than for Cynips‐ and N. albipes‐

infected leaves. Thus, the reduction in whole leaf photosynthesis

occurred despite the galls possibly contributed to leaf photosynthe-

sis. Analogously to our study, the net assimilation rate and stomatal

conductance declined in canopy leaves of sugar maple (Acer

saccharum) trees galled by the maple spindle gall mite Vasates

aceriscrumena (Patankar et al., 2011).

FIGURE 3 Relationships of net assimilation rate (a–c), stomatal conductance to water vapour (d–f) and intercellular CO2 concentration (g–i) with
the severity of leaf infection by Neuroterus anthracinus, N. albipes and Cynips (C. divisa and C. quercusfolii) gall‐forming wasps in Quercus robur leaves.
The data for net assimilation rate and stomatal conductance were fitted by nonlinear hyperbolic regressions, and the data for intercellular CO2

concentration by linear regressions, except for the net assimilation rate in Cynips that was fitted by a linear regression (c). The corresponding
regression equations are (a) y = 0.938 + 0.0143/(0.00466 + x); (b) y = 1.85 + 0.0966/(0.0317 + x); (c) y = −1.55x + 4.47; (d) y = 67.2 + 0.296/
(0.00288 + x); (e) y = 26.6 + 1.70/(0.0158 + x); (f) y = 42.7 + 8.99/(0.0926 + x); (g) y = 1864x + 265; (h) y = 1581x + 181; (i) y = 98x + 184. n = 23 for
all regressions
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Furthermore, the overall mass fraction and area of galls were rela-

tively small for Neuroterus spp. (Figures 1 and S1; Table 1), suggesting

that their direct contribution to leaf photosynthetic activity is small.

Although the mass and area of galls of Cynips species was much

greater, occasionally even exceeding the mass of leaf lamina (Figures 1

and S1; Table 1), the contents of key mineral elements limiting photo-

synthesis, N and P, were much lower for the Cynips galls than for the

leaf lamina (Table 2), suggesting that the physiological activity of the

gall tissues was low.

4.2 | Mechanisms of the quantitative scaling of the
reduction of assimilation rate with the severity of
infection

Contrary to “green galls,” the reduction of net assimilation rate in the

host foliage seems to be a general response to infections by “non‐

green” parasite galls (Carneiro, Castro, & Isaias, 2014). Given the over-

all magnitude of reduction of the rate of photosynthesis, occasionally

more than twofold (Figure 3a–c), this evidence suggests that

Neuroterus spp. and Cynips spp. galls inhibited photosynthesis by a

mechanism different from their direct contribution to leaf gas

exchange. In fact, the evidence of major photosynthetic reductions

suggests that the observed reduction is not simply a “passive

response” localized to the sites of infection, but a whole leaf response.

However, the mechanism of reduction of photosynthesis is still not

entirely clear and both immediate physiological responses and lon-

ger‐term developmental and senescence responses might be involved.

Leaf vein pocket galls induced by Colopha compressa on leaves of

Ulmus laevis resulted in photoinhibition of photosynthesis in parallel

with decreased photosynthetic electron transport rate and increased

nonphotochemical quenching (Samsone, Andersone, & Ievinsh, 2012),

suggesting that the reduction occurs due to inhibition of primary pho-

tosynthetic reactions. Furthermore, in addition to the direct effects on

photosynthetic reactions, the larva inside the galls and gall

nonphotosynthetic tissues could significantly increase whole leaf res-

piration rate and thereby reduce the rate of net photosynthesis. In

our study, the respiration rate was not assessed, but as the reduction

in An occurred simultaneously with reductions in stomatal conductance

(Figure 3a–c), one might predict that stomatal closure (Figure 3d–f)

was responsible for decreases in net assimilation rate, especially for

galls associated with major veins. Indeed, in N. anthracinus galls that

were associated with midrib and second order main veins, there was

evidence of necrosis of leaf areas downstream the veins colonized by

the galls (Figure 1a). However, for the remaining leaf areas and for all

other galling species, the intercellular CO2 concentration actually

increased with increasing the severity of infection (Figure 3g–i), indi-

cating that a reduction in photosynthetic capacity rather than in sto-

matal conductance was responsible for the reduction in net

TABLE 3 Emission rates of volatile organic compounds of uninfected leaves of Quercus robur and leaves severely infected by Neuroterus
(N. anthracinus and N. albipes) and Cynips (C. divisa and C. quercusfolii) wasps

Compounds
Retention
index

Emission rate (nmol m−2 s−1)

Uninfected leaf
Neuroterus
anthracinus Neuroterus albipes

Cynips (C. divisa and
C. quercusfolii)

Aliphatic derivatives

(E)‐3‐Hexenal 802 0.0115 ± 0.0012 (0.317 ± 0.006)& 0.63 ± 0.015*a 0.081 ± 0.005**b 0.081 ± 0.023**b

6‐Methyl‐5‐hepten‐2‐one 985 0.0263 ± 0.0046 (0.0187 ± 0.0033) 0.048 ± 0.006*a 0.0382 ± 0.0046a 0.0419 ± 0.0028a

2‐Ethyl‐1‐hexanol 1,015 0.0065 ± 0.0015 (0.1163 ± 0.0042) 0.173 ± 0.032a 0.023 ± 0.006**b 0.0428 ± 0.0037**b

Isoprenoids

Isoprene 507 5.03 ± 0.47 (5.3 ± 0.6) 1.45 ± 0.15**a 1.18 ± 0.34**a 0.69 ± 0.17**b

α‐Pinene 932 0.0036 ± 0.0007 (0.065 ± 0.015) 0.0317 ± 0.0046*a 1.20 ± 0.30** b 1.44 ± 0.35**b

Camphene 948 ND ND 0.12 ± 0.06c 0.042 ± 0.011b

β‐Myrcene 988 ND ND 0.0131 ± 0.0042a 0.093 ± 0.021b

β‐Pinene 980 ND ND 0.0246 ± 0.0009a 0.071 ± 0.020b

β‐Ocimene 1,046 0.00287 ± 0.00047 (0.0152 ± 0.0037) ND 0.30 ± 0.09**a 0.84 ± 0.24**b

Limonene 1,029 0.00162 ± 0.00022 (0.037 ± 0.005) 0.0063 ± 0.0017**a 0.153 ± 0.044**b 0.248 ± 0.048**c

Linalool 1,098 ND ND 0.00099 ± 0.00023a 0.0054 ± 0.0019b

α‐Bergamotene 1,434 ND ND 0.020 ± 0.006a 0.018 ± 0.008a

Benzenoids

Benzaldehyde 967 0.0088 ± 0.0020 (0.034 ± 0.007) 0.074 ± 0.019*a 0.15 ± 0.07**b 0.66 ± 0.10**c

Benzothiazole 1,218 ND ND 0.121 ± 0.031a 1.02 ± 0.26b

&As in Table 2, the data for uninfected leaves in parentheses correspond to control measurements in 2015 when leaves infected with N. anthracinus were
also measured. All other data correspond to year 2016.

Note. The volatile concentrations were estimated from air samples collected on cartridges filled with carbon‐based adsorbents and analysed with a Shimadzu
2010 Plus GC‐MS and thermal desorption system. The limit of detection was 0.5–1 pmol m−2 s−1 for all studied compounds (see Methods for details).

Data presentation, the degree of infection, and statistical analysis as inTable 2. For compounds not detected in the control leaves (ND, emission rate below
the limit of detection), no statistical comparisons were made. A C8‐C20 hydrocarbon standard (Sigma‐Aldrich, St. Louis, MO, USA) was used to obtain the
retention indices as in Pazouki, Memari, Kännaste, Bichele, and Niinemets (2015) and in Jiang et al. (2016). Statistical analyses as in Table 2.

Different lowercase letters indicate statistically significant mean values.
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assimilation rate. Nevertheless, the presence of non‐functional

necrotic leaf area in N. anthracinus downstream the point of gall

attachment does contribute to the reduction of leaf photosynthetic

capacity, and there was also evidence of chlorotic and necrotic areas

at leaf margins in N. albipes‐ and Cynips spp.‐infected leaves

(Figure 1a). Yet the reduction of An was up to 2.3‐fold for

N. anthracinus, and 1.8‐fold for Cynips spp. (Figure 3a–c), whereas the

necrotic and chlorotic areas were at most ca. 20% for N. anthracinus

and 5–10% for N. albipes and Cynips spp., indicating that the spread

of necrosis was not the primary cause of reduced An in gall‐infected

leaves.

In addition, galls relying on the carbon and nutrients provided by

the host species can importantly modify the sink‐source relationships

in host leaves and, thus, alter the morphology and nutrient content

of leaves during leaf development. In fact, evidence of major reduction

in photosynthesis, 25–50% compared with control leaves, induced by

eriophyid mite (Phytoptus cerasicrumena) in wild black cherry (Prunus

serotina) has been suggested to be indicative of sink competition for

carbon and nutrients between developing leaves and growing gall tis-

sue (Larson, 1998). In our study, the infections by gall wasps resulted

in major decreases in Q. robur leaf dry mass per unit area (MA,

Table 2; Figure 2) for all gall wasp species, and reductions in leaf P con-

tent in N. anthracinus‐infected leaves, and a moderate reduction in leaf

N content in C. quercusfolii‐infected leaves (Table 3). This suggests that

the alteration of sink‐source relations during leaf growth and gall

development is likely. Alternatively, when gall infection occurs in

mature leaves, leaves could still undergo a certain structural and

chemical readjustment, although the capacity for such modifications

is much smaller than in the case of young developing leaves (Naidu &

DeLucia, 1997; Niinemets, Kull, & Tenhunen, 2004; Yamashita, Koike,

& Ishida, 2002). As An is the product ofMA and net assimilation rate per

dry mass (Am), the reduction of MA in gall‐infected leaves provides the

major explanation for decreases in An in gall‐infected leaves. In fact, Am

was even positively correlated with the degree of leaf damage (Table 2)

, suggesting a certain overcompensation (Niinemets, 2016). This over-

compensation was associated with increased intercellular CO2 concen-

tration (Figure 3g–i) such that despite the reduction in photosynthetic

capacity, the photosynthetic machinery operated at a higher CO2

concentration.

4.3 | Scaling of constitutive isoprene emissions with
the severity of infection

Infection of Q. robur leaves by Neuroterus and Cynips gall wasps

resulted in a major inhibition of the capacity of isoprene release

(Table 3; Figure 4a–c). To our knowledge, there have been no reports

of the response of isoprene emission to gall infection in plants, but

analogous reductions in isoprene emission capacity have been

demonstrated in fungal‐infected leaves of Q. robur (Copolovici,

Väärtnõu, et al., 2014), Salix burjatica x S. dasyclados (Toome, Heinsoo,

& Luik, 2010) and Populus balsamifera var. suaveolens leaves (Jiang

et al., 2016), and in Lymantria dispar‐infected leaves of Quercus robur

(Copolovici et al., 2017). These previous studies indicated that the reduc-

tion in isoprene emission in fungal‐infected leaves was quantitatively

FIGURE 4 Emission rates of (a–c) isoprene, (d–f) lipoxygenase pathway volatiles (LOX compounds), and (g–i) monoterpenes of Quercus robur
leaves in relation to the severity of infection by gall‐forming wasps Neuroterus anthracinus (a, d, and g), N. albipes (b, e, and h), and Cynips
species (C. divisa and C. quercusfolii; c, f, and i). The data of isoprene emission in all species were fitted by nonlinear regressions (n = 23 for all
species): (a) y = 0.862 + 0.00583/(0.00131 + x); (b) y = 0.622 + 0.0857/(0.0196 + x); (c) y = 0.624+ 0.354/(0.0813 + x). The data of LOX compounds
and monoterpenes were fitted by linear regressions, except for monoterpene emission in N. anthracinus (d) that was fitted by a nonlinear
regression: (d) y = 10.9x + 0.482; (e) y = 0.846x + 0.00473; (f) y = 0.0661x + 0.0317; (g) y = 0.0347+ 0.000413/(0.00418 + x); (h) y = 23.0× + 0.0862;
(i) y = 1.036x + 0.371. n = 23 for all relationships
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associated with the degree of leaf infection (Copolovici, Väärtnõu, et al.,

2014; Jiang et al., 2016; Toome et al., 2010), and an analogous infection

severity‐dependent scaling of isoprene emissions in gall wasp‐infected

leaves was also observed in our study (Figure 4a–c).

The reduction in isoprene emission rate in infected leaves can

result from reduced substrate availability for isoprene synthesis and/

or decreases in the activity of isoprene synthase, the enzyme responsi-

ble for isoprene synthesis. Substrate availability for isoprene synthesis

can become limited either by the overall decreases in the activity of

the plastidic isoprenoid synthesis pathway (2‐C‐methyl‐D‐erythritol

4‐phosphate/1‐deoxy‐D‐xylulose 5‐phosphate pathway, MEP/DOXP

pathway), or due to activation of other plastidic reactions relying on

the same substrate pool. Given that a significant fraction of leaf photo-

synthetic carbon, up to 10% or even more in stressed leaves can be

released as isoprene (Sharkey & Yeh, 2001), synchronous reductions

of isoprene emission and photosynthesis rates have been suggested

to reflect limited carbon availability for isoprene biosynthesis due to

decreased photosynthesis in fungal‐infected leaves (Copolovici,

Väärtnõu, et al., 2014; Jiang et al., 2016). Although the reduction in

both the isoprene emission capacity and changes in net assimilation

rate occurred simultaneously in gall‐infected oak leaves, the reduction

FIGURE 6 Comparison of average (+SE, n = 3) emission rates of
isoprene, lipoxygenase pathway volatiles (LOX compounds),
monoterpenes, and sesquiterpenes between the intact infected leaves
(leaf + gall), leaves with galls removed (leaf, n = 3), and separated galls
(gall, n = 3) of Quercus robur leaves infected by (a) Neuroterus
anthracinus, (b) N. albipes, and (c) Cynips quercusfolii. Averages for
different leaf fractions with the same lowercase letter are not
significantly different (ANOVA, P > .05)

FIGURE 5 (a) Score and (b) loading plot of principal component
analysis (PCA) based on the emission rate (nmol m−2 s−1) of the
volatiles from the uninfected leaves (2015 and 2016) and leaves
infected by Neuroterus anthracinus, Neuroterus albipes, and Cynips spp.
In the score plot, each symbol represents an individual leaf, either
uninfected (2015‐yellow triangles and 2016‐purple triangles) or
infected (black circles: N. anthracinus; red diamonds: N. albipes; blue
squares: C. quercusfolii; green squares: C. divisa). In the loading plot, the
numbers represent different volatiles (the numbers corresponding to
the compound numbers in Table 3). Emission rates of compounds
positioned closer in the loading plot are more strongly correlated
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in isoprene emission in most severely infected leaves with high Mg/Ml

was much larger than the reduction in net assimilation rate (cf. Fig-

ures 3a–c and 4a–c). As a result, the fraction of leaf photosynthetic car-

bon going into isoprene emission actually decreasedwith increasing the

degree of leaf infection.

In general, there seems to be a negative relationship between con-

stitutive isoprene emissions and stress‐induced emissions of larger

isoprenoids such as monoterpenes and sesquiterpenes (Copolovici,

Väärtnõu, et al., 2014; Copolovici et al., 2017; Jiang et al., 2016;

Toome et al., 2010). In particular, both isoprene and monoterpenes

are synthesized in plastids via the MEP/DOXP pathway, and their syn-

thesis relies on the same plastidic substrate pools of primary interme-

diates dimethylallyl diphosphate (DMADP) and isopentenyl

diphosphate, and these pools are in equilibrium (Rajabi Memari,

Pazouki, & Niinemets, 2013; Rosenkranz & Schnitzler, 2013). How-

ever, theMichaelis–Menten constant (Km) for DMADP of isoprene syn-

thase is one order of magnitude greater than that for prenyltransferases

that are responsible for condensation of DMADP and isopentenyl

diphosphate to form geranyl diphosphate, the substrate for monoter-

penes (Rajabi Memari et al., 2013; Rosenkranz & Schnitzler, 2013). This

implies that the competition is one‐sided and monoterpene emission is

favoured provided that there is a certain monoterpene synthase

activity (Rasulov, Bichele, Laisk, & Niinemets, 2014).

Whereas this mechanism can well explain the reduction in isoprene

emission rate in leaves infected byN. albipes andCynips spp. (cf. Figure 4

a–c), monoterpene emissions were at very low level in N. anthracinus‐

infected leaves, and even these low‐level emissions actually decreased

somewhat with increasing severity of infection (Figure 4g). This sug-

gests that the reduction in isoprene emission in N. anthracinus‐infected

leaves likely resulted from decreases in isoprene synthase activity,

reflecting an overall reduction in leaf physiological activity.

4.4 | Gall infection severity and induction of LOX
pathway volatiles

All gall wasp infections resulted in an elicitation of the LOX pathway

volatiles (Table 3; Figure 4d–f), also called the green leaf volatiles, that

are classic stress compounds typically elicited upon severe stress that

leads to membrane‐level damage (Copolovici, Kännaste, Pazouki, &

Niinemets, 2012; Matsui, Sugimoto, Mano, Ozawa, & Takabayashi,

2012; Scala, Allmann, Mirabella, Haring, & Schuurink, 2013). As in the

case of fungal pathogen infection, insect herbivory feeding and methyl

jasmonate exposure (Copolovici, Kännaste, et al., 2014; Copolovici,

Väärtnõu, et al., 2014; Jiang et al., 2017; Niinemets, Kännaste, &

Copolovici, 2013), LOX emissions increased with the severity of gall

infection in all cases (Figure 4d–f).

Although the emissions were elicited similarly in all gall infection

types, the highest emissions were observed in leaves infected by

N. anthracinus galls that were mainly associated with major veins

(Figure 4d). Such a high LOX emission rate is consistent with previous

evidence demonstrating that wounding of major veins results in much

greater LOX emissions than wounding of intercostal leaf areas

(Portillo‐Estrada et al., 2015). Such a greater damage is also consistent

with visual observations of necrotic leaf areas downstream the site of

N. anthracinus gall attachment (Figure 1a).

The question is to what extent the LOX emissions observed in

gall‐infected leaves reflected a direct damage response from the imme-

diate sites of impact and to what extent they reflected metabolism and

derivatization of LOX products diffusing from the sites of infection

(Matsui et al., 2012). Indeed, contrary to fungal infections and insect

herbivory where the emissions are dominated by nonderivatized alde-

hydes and alcohols such as 3‐(Z)‐hexenal, 1‐hexenol and 1‐hexanal

(Copolovici, Väärtnõu, et al., 2014; Jiang et al., 2016), a large fraction

of the LOX blend was due to derivatized products, 6‐methyl‐5‐

hepten‐2‐one and 2‐ethyl‐1‐hexanol, especially in N. albipes‐ and

Cynips spp.‐infected leaves (Table 3). This suggests that a major part

of LOX formed in response to direct localized damage was further

metabolized in nondamaged leaf parts of N. albipes‐ and Cynips spp.‐

infected leaves. In contrast, the LOX emission blend in N. anthracinus

had the greatest share of 3‐(Z)‐hexenal, suggesting that the bulk of

LOX was immediately released after damage. Nevertheless, in all cases,

leaves did continue to emit LOX after gall removal (Figure 6), suggest-

ing a sustained elicitation response, which might indicate continued

spread of leaf necrosis beyond the immediate sites of gall impact.

4.5 | Contrasting stress‐dose dependent terpenoid
and benzenoid emission responses upon different gall
infections

Previous studies have demonstrated that monoterpene emissions in

Q. robur leaves are elicited in response to fungal infections (Copolovici,

Väärtnõu, et al., 2014) and herbivore infestation (Copolovici et al.,

2017; Ghirardo et al., 2012). However, different biotic stresses elicit

different blends of monoterpenes in Q. robur. In the case of fungal

infection, monoterpene emissions were dominated by α‐pinene, limo-

nene, 3‐carene, and camphene (Copolovici, Väärtnõu, et al., 2014),

whereas in the case of herbivore infection, the emission was domi-

nated by (E)‐β‐ocimene for Tortrix viridana infections (Ghirardo et al.,

2012) and by α‐pinene, Δ3‐carene, limonene, and β‐phellandrene for

Lymantria dispar infections, although (E)‐β‐ocimene was a significant

component of the emission blend as well (Copolovici et al., 2017). In

non‐infected leaves and in N. anthracinus‐infected leaves in our study,

the low‐level emissions were dominated by α‐pinene and limonene

(Table 3), but infections by N. albipes and Cynips spp. led to major

increases in β‐pinene, camphene, and myrcene, whereas the blends

also differed among N. albipes and Cynips spp. infections (Table 3;

Figure 5).

Analogously to LOX products, severe stress often leads to emis-

sions of benzenoids such as methyl salicylate (Beauchamp et al.,

2005; Copolovici & Niinemets, 2016) and benzaldehyde (Copolovici,

Väärtnõu, et al., 2014). Similarly to our study, fungal‐infection of leaves

of Q. robur resulted in elicitation of emissions of benzaldehyde, but

also methyl salicylate (Copolovici & Niinemets, 2016) that was not

observed in our study. On the other hand, N. albipes and Cynips infec-

tions resulted in major benzothiazole emissions (Table 3) that have not

been observed before in Q. robur under different biotic stresses. In

other woody plants, benzothiazole has been identified in wounded

maple (Acer negundo) leaves (Ping, Shen, & Jin, 2001) and damaged

poplar (Populus simonii x P. pyramidalis) cuttings (Hu et al. 2008). Thus,

benzenoids further added to the differentiation of the emission blend
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of oak leaves induced by gall‐forming wasps. Altogether, these data

indicated that different gall‐forming wasp species elicited unique

VOC blends (Figure 5), providing diagnostic information that might

help discerning different gall infections by the blend of leaf emissions.

Unlike the response to a herbivore attack, in the case of gall infec-

tion, elicitation of volatile terpenoids and benzenoids is not always a

universal leaf response. It has been reported that galls themselves

can also be volatile emitters. For example, the emission of germacrene

D, bicyclogermacrene, limonene, and β‐pinene were detected in the

galls induced by the insect Baccharopelma dracunculifoliae (Hemiptera:

Psyllidae) on leaves of Baccharis dracunculifolia (Damasceno, Nicolli,

Caramao, Soares, & Zini, 2010). Diverse terpenoid compounds were

detected from the galls of gregarious aphid Slavum wertheimae on wild

pistachio (Pistacia atlantica) trees. These terpenoids emitted from the

gall acted as olfactory signals and feeding deterrents to enable the gall

inducers to escape being eaten by mammals (Rostás, Maag, Ikegami, &

Inbar, 2013). Our analysis of volatile emissions from separated galls

and leaf tissue showed that only traces of volatiles were released from

the galls in all cases (Figure 6), indicating that the oak leaf is the primary

contributor to the induced volatile emission, and the specialized emis-

sions primarily reflected a plant response.

The induction of monoterpene emission by N. albipes and Cynips

galls together with derivatized LOX and benzenoid emissions in our

study can play an important role in indirect defence by gall wasp para-

sitoids and predators (Shorthouse, Wool, & Raman, 2005; Tooker & De

Moraes, 2008). Indeed, it has been documented that a specialist para-

sitoid species attacking a Cynips gall wasp prefers the odour of gall‐

infested plants over control plants, although the specific volatile cues

involved have not been conclusively identified (Tooker & Hanks,

2006). On the other hand, lack of induction or even suppression of

monoterpene emission from Q. robur by N. anthracinus gall infection

might imply a strategy employed by galls to reduce the predation risk

for the gall inducer and the subsequent herbivore. For example,

gelechiid moths were found to suppress the host plant ability to pro-

duce volatiles, which may help these gall insects to avoid predation

or parasitism (Tooker et al., 2008). Heliothis virescens elicited strong

indirect defensive responses in S. altissima, but the gall‐inducing

species and spittlebugs did not (Tooker et al., 2008). More significantly,

an infestation of Eurosta solidaginis appeared to suppress volatile

responses to a subsequent attack by a generalist caterpillar. Eurosta

solidaginis apparently exerts control over host‐plant defence responses

that may reduce the predation risk for the gall inducer and any subse-

quent herbivores and, thus, could influence community‐level dynamics,

including the distribution of herbivorous insect species associated with

S. altissima (Besten et al., 2015). Similarly, a downregulation of host‐

plant defence responses by gall‐inducing sawflies has been described

(Nyman & Julkunen‐Tiitto, 2000). The way such an inhibition of terpe-

noid synthesis is achieved is unclear, but in the case of N. anthracinus, it

might reflect the strict association of galls with major veins and be pri-

marily the localized response, mainly reflected in enhanced LOX emis-

sions that rapidly escaped the damaged sites. In contrast, derivatized

LOX compounds and major benzenoid emissions might have served

as the signals triggering enhanced terpenoid synthesis in N. albipes

and Cynips spp.

5 | CONCLUSIONS

This evidence collectively suggests that the quantitative relationships

between the severity of infection by Neuroterus and Cynips galls and

foliage photosynthetic capacity mainly reflect modifications in leaf

structural characteristics (Figure 7), and to some extent, chemical char-

acteristics due to alterations in sink‐source relationships during leaf

development or in mature leaves. Although leaf water use is also

reduced in gall‐infected leaves, the structural and chemical modifica-

tions dominate the changes in photosynthesis, and the intercellular

CO2 concentration actually increased in gall‐infected leaves as is often

observed upon biotic infections (Figure 7; Copolovici, Väärtnõu, et al.,

2014; Jiang et al., 2016). Gall infection had a profound influence on

volatile emission by suppressing constitutive isoprene emissions and

inducing LOX and benzenoid emissions in the case of all gall wasp spe-

cies. Yet major vein‐associated N. anthracinus galls had a greater LOX

emission response than the leaves galled by other species. Further-

more, terpenoid emission responses also seemed to depend on the

FIGURE 7 Schematic summary of the effects of Quercus robur leaf infection by Neuroterus anthracinus, N. albipes, and Cynips species on leaf
structural and photosynthetic traits and volatile emissions
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infection types, with no induction observed for major‐vein associated

species N. anthracinus and large increases in emission of monoterpenes

and sesquiterpenes in N. albipes and Cynips spp. that are primarily asso-

ciated with intercostal areas. Thus, infections by different gall species

result in different strategies employed by the host plant for the

defence (Figure 7). These responses to the infection by different gall‐

inducing parasites will provide valuable information for diagnosing

infections by different gall species using ambient air volatile finger-

prints and for predicting the impacts of infections on photosynthetic

productivity.

From the perspective of future dispersal of gall infections, it is

important to consider that the formation and spread of galls by the

parasites including Neuroterus and Cynips species are regulated by mul-

tiply external factors including humidity and temperature. Humid con-

ditions such as moderately cool temperatures and wet conditions

supporting high stomatal openness and water and nutrient supply to

galls are advantageous for the gall formation. At the northern latitudes,

such humid conditions are expected to be increasingly more frequent

in the future (Kirtman et al., 2013; Räisänen et al., 2004). Thus, a highly

simplified prediction would be that gall infections are becoming more

frequent in future climates in northern latitudes. However, due to

the complex life cycles of galling wasps, climate change can also affect

winter survival of wasps, lead to a disturbance or loss of potential for

sexual reproduction of the gall‐inducing parasites. Together, these

effects can potentially result in local extinction of the gall‐forming spe-

cies, thereby influencing the overall geographical distribution and

genetic diversity of the gall‐forming species. Such complications are

illustrated by galling wasp abundance in our study conducted in

two years with similar whether conditions. In 2015, there was a mass

infection of N. anthracinus, but only a minor level of infection was

observed in 2016. In contrast, N. albipes was not detected in 2015,

but it was abundant in 2016, and a Cynips spp. was diffusely distrib-

uted in both years. Clearly, quantitative models of galling wasp influ-

ence on tree photosynthesis and volatile emission in future climates

need to consider the effects of climate on wasp life cycles.
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Abstract

Methyl jasmonate (MeJA) is a key airborne elicitor activating jasmonate-dependent signaling pathways, including 
induction of stress-related volatile emissions, but how the magnitude and timing of these emissions scale with MeJA 
dose is not known. Treatments with exogenous MeJA concentrations ranging from mild (0.2 mM) to lethal (50 mM) 
were used to investigate quantitative relationships among MeJA dose and the kinetics and magnitude of volatile 
release in Cucumis sativus by combining high-resolution measurements with a proton-transfer reaction time-of-flight 
mass spectrometer (PTR-TOF-MS) and GC-MS. The results highlighted biphasic kinetics of elicitation of volatiles. The 
early phase, peaking in 0.1–1 h after the MeJA treatment, was characterized by emissions of lipoxygenase (LOX) path-
way volatiles and methanol. In the subsequent phase, starting in 6–12 h and reaching a maximum in 15–25 h after the 
treatment, secondary emissions of LOX compounds as well as emissions of monoterpenes and sesquiterpenes were 
elicited. For both phases, the maximum emission rates and total integrated emissions increased with applied MeJA 
concentration. Furthermore, the rates of induction and decay, and the duration of emission bursts were positively, 
and the timing of emission maxima were negatively associated with MeJA dose for LOX compounds and terpenoids, 
except for the duration of the first LOX burst. These results demonstrate major effects of MeJA dose on the kinetics 
and magnitude of volatile response, underscoring the importance of biotic stress severity in deciphering the down-
stream events of biological impacts.

Key words: Biotic stress, cucumber, dose–response, LOX products, MeJA, proton-transfer reaction time-of-flight mass 
spectrometer (PTR-TOF-MS), terpenes.

Introduction

Endogenous levels of jasmonic acid (JA) and its methylated 
derivative methyl jasmonate (MeJA) are known to increase 
rapidly in response to herbivore attack or invasion by patho-
gens, subsequently activating downstream defense responses. 
Once released into the air, MeJA has been shown to act as 

a long-distance airborne signal to trigger defense responses 
in non-impacted parts of the damaged plant or in neigh-
boring plants (Heil and Ton, 2008; Tamogami et  al., 2008; 
Cheong and Choi, 2003). Thus, exogenous application of 
MeJA has often been used to simulate the impact of a biotic 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

© The Author 2017. Published by Oxford University Press on behalf of the Society for Experimental Biology.
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stress on elicitation of jasmonate-dependent defenses (Zhao 
and Chye, 1999; Heijari et al., 2008; Tamogami et al., 2008; 
Suh et al., 2013; Shi et al., 2015; Jiang et al., 2016a). Among 
these induced defenses, elicitation of the release of volatile 
emissions in MeJA-treated leaves is a characteristic MeJA 
response (Dicke et al., 1999; Kappers et al., 2010; Mäntylä 
et  al., 2014). The chemical classes of plant volatile blends 
induced by MeJA vary considerably in quantity, quality, and 
timing, with green leaf volatiles [lipoxygenase (LOX) com-
pounds] and various terpene compounds (mainly monoter-
penes and sesquiterpenes) being the typical elicited volatiles 
(Rodriguez-Saona et  al., 2001; Martin et  al., 2003; Semiz 
et al., 2012; Kegge et al., 2013). These emissions occur as the 
result of both constitutive activity of key stress pathways (e.g. 
constitutive LOX activities leading to rapid emission of green 
leaf volatiles; Andreou and Feussner, 2009) and activation of 
expression of genes responsible for specialized volatile syn-
thesis (e.g. elicitation of expression of terpene synthases lead-
ing to emissions of mono- and sesquiterpenes; Martin et al., 
2002, 2003; Byun-McKay et al., 2006). Despite the diversity, 
these induced emissions resemble the emissions induced by 
herbivores or by physical wounding, and can serve as info-
chemicals in attracting herbivore enemies or in priming 
defenses in neighboring plants (Dicke et al., 1999; Heil and 
Kost, 2006; Heil and Ton, 2008; Kappers et al., 2010), thus 
underscoring the biological significance of MeJA as a model 
of chemical signaling.

So far, the majority of studies on the relationships of 
stress-driven volatile emissions and biotic stress, including 
herbivore infestation and exogenous MeJA application, have 
been non-quantitative and have not focused on understand-
ing how much is emitted in response to a certain elicitor dose. 
The studies have rather mainly looked at the modifications in 
volatile profiles or at the ecological roles of the volatile induc-
tion, for example in plant indirect defenses. However, there is 
encouraging evidence that the stress-dependent elicitation of 
volatile emissions is linked to the severity of biotic impacts in 
a dose-dependent manner (Niinemets et al., 2013). The sever-
ity of biotic stress has been modified by varying the degree of 
wounding (Mithöfer et al., 2005; Portillo-Estrada et al., 2015, 
2017) or varying the number of feeding larvae (Copolovici 
et al., 2011; Yli-Pirilä et al., 2016; Copolovici et al., 2017). 
However, the definition of the severity of biotic stress, the 
stress ‘dose’, is still difficult in biotic stress studies because of 
localized spread and complexity of timing of biotic impacts, 
especially for multiple biotic impacts occurring at somewhat 
different times, such as simultaneous herbivore feeding and 
spread of pathogen infections. Such complex impacts can 
lead to emission responses that are hard to decipher, compli-
cating construction of mechanistic quantitative stress severity 
versus emission response models for prediction of signaling 
among neighboring plants and other organisms (Grote et al., 
2013). As exogenous MeJA can be applied in precisely defined 
doses, it can provide an invaluable model system to simulate 
dose dependencies of biotic impacts, and start resolving com-
plex biological interactions, at least using volatile responses 
as a quantitative measure of biotic stress severity.

A dose dependence between the exogenous MeJA concen-
tration and plant volatile response can be expected because 
treatments with a higher concentration probably result in a 
greater coverage of potential impact sites in cell wall and cellu-
lar membrane surfaces. Furthermore, MeJA exposure has also 
been related to the downstream components of signaling path-
ways in cell death regulation (Jonak et al., 2002), and studies 
using higher concentrations of exogenous MeJA have reported 
hypersensitive responses including necrosis and/or activation of 
programmed cell death (PCD) (Popova et al., 2003; Jung, 2004; 
Zhang and Xing, 2008; Repka et al., 2013) that are expected to 
result in profound modifications in the total amount and pro-
files of volatile emission (Beauchamp et al., 2005; Niinemets, 
2010). Although the evidence suggests that MeJA activates 
defense pathways in a dose-dependent manner, to our knowl-
edge, the way in which the MeJA dose alters the timing and 
magnitude of induced volatile responses has not been studied.

We used cucumber (Cucumis sativus L.), known to respond 
strongly to MeJA (Bouwmeester et al., 1999; Kappers et al., 
2010), as the model to investigate the effect of different exog-
enous MeJA concentrations through early and late phases of 
MeJA response by combining high-resolution measurements 
with a proton-transfer reaction time-of-flight mass spectrom-
eter (PTR-TOF-MS) and GC-MS measurements, and kinetic 
analyses (Table 1). We asked how MeJA dose alters the total 
amount of volatiles released, how it affects volatile composi-
tion, and how it modifies the kinetics of volatile release. We 
hypothesized that there are MeJA dose-dependent differ-
ences in the overall degree of elicitation and compositions of 
induced volatile emissions. The results of the current study 
highlight biphasic emission kinetics of volatile emission and 
strong quantitative relationships between MeJA concentra-
tion and the timing and magnitude of early and late emission 
responses.

Materials and methods

Plant growth conditions
Cucumber (Cucumis sativus cv. Libelle F1, Seston Seemned OÜ, 
Estonia) seeds were sown in 1 liter plastic pots filled with a mix-
ture (1:1) of sand and commercial potting soil (Biolan Oy, Finland), 
and cultivated in an environment-controlled plant growth room 
(Copolovici et al., 2012). In brief, light intensity of 300–400 μmol 
m−2 s−1 at the level of plants was provided for 12 h by Philips HPI/T 
Plus 400 W metal halide lamps (Philips Eesti, Tallinn, Estonia). 
Air temperature was 24 °C during the day and 20 °C at night, and 
relative humidity was maintained at 60–70% through the day and 
night. Plants were watered daily to field capacity, and fertilized 
every 3 d with a commercial NPK fertilizer (N-P2O5-K2O: 19-5-13). 
Approximately 3- to 4-week-old, 20–30 cm tall plants with four to 
five fully expanded leaves were used in the experiments.

Methyl jasmonate (MeJA) treatments
As studies have used widely different protocols for MeJA application 
(e.g. Thaler et al., 2002; Loivamäki et al., 2004; Heijari et al., 2005; 
Liang et  al., 2006; Phillips et  al., 2007), we tested different meth-
ods in preliminary experiments. These tests included different sol-
vents (water with 0.01% Triton X-100 versus 5% ethanol), mode of 
treatment (spraying versus brushing), treatment location (ventilated 
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hood versus an experimental ventilated flow-through glass chamber; 
see the details in ‘Dynamic headspace collection of volatiles’). The 
key selection criteria for MeJA treatment were the repeatability of 
the treatment in terms of quantitative volatile response and minimi-
zation of non-specific effects as assessed by comparing the volatile 
emissions of non-treated plants and control plants treated with pure 
solvent identically to the MeJA treatment. Ultimately, application of 
MeJA (Sigma-Aldrich, St Louis, MO, USA) in 5% aqueous ethanol 
by spraying in the experimental glass chamber as in several previous 
studies (Martin et al., 2003; Semiz et al., 2012; Jiang et al., 2016b) 
was selected as the most repeatable application procedure that was 
associated with minor non-specific effects in control treatments. In 
fact, volatile emissions in the control treatment (5% ethanol solu-
tion) did not significantly differ from non-treated plants.

To obtain the MeJA dose response, the following concentrations 
were used: 0 (control, 5% ethanol), 0.2, 2, 5, 10, 20, and 50 mM. The 
selected leaf with an area of ~40 cm2 was sealed in the glass gas-
exchange cuvette of one of the two gas-exchange systems described 
below, the baseline measurement of volatile emissions was taken, 
the cuvette was opened, and 10 ml of MeJA solution was sprayed 
over the entire leaf surface to obtain a complete and even coat-
ing. Immediately after the treatment, the treated leaf was sealed in 
the gas exchange cuvette again (within ~1 min) and, depending on 
the system used, volatiles were collected at intervals and analyzed 
offline by GC-MS or monitored continuously using an online PTR-
TOF-MS. Three different plants were used for each MeJA concen-
tration treatment.

Dynamic headspace collection of volatiles
Volatile collection for GC-MS analysis was carried out with a mul-
tichamber open gas-exchange system described in detail by Toome 
et al. (2010) and Copolovici et al. (2011) that was also used for MeJA 
treatments as described above. Each 3 liter glass chamber was oper-
ated individually using purified ambient air for the chamber inlet 
and maintaining an air flow rate of 1 l min−1 through the chamber. 
Turbulent conditions inside the chambers were achieved by a fan 

installed at the bottom of each individual chamber. The light regime 
during measurements followed growth light conditions, with light 
intensity of 200–400 μmol m−2 s−1 provided for 12 h per day with 
a Heliospectra LX60 plant growth LED lamp (Heliospectra AB, 
Sweden). The temperature inside the chambers was between 24 and 
26 °C during the light period and 22 °C during the dark period, air 
humidity was ~60%, and CO2 concentration was 380 μmol mol−1.

Volatiles in the chamber air were collected onto multibed stain-
less steel cartridges (10.5 cm length, 4 mm inner diameter; Supelco, 
Bellefonte, PA, USA) using a constant flow air sample pump (210-
1003MTX; SKC Inc., Houston, TX, USA) operated at a rate of 
200 ml min−1 for 20 min, resulting in quantitative adsorption of vol-
atiles from 4 liters of air. The cartridges were filled with Carbotrap C 
20/40 mesh (0.2 g), Carbopack B 40/60 mesh (0.1 g), and Carbotrap 
X 20/40 (0.1 g) adsorbents (Supelco) for optimal adsorption of vola-
tiles in the C5–C15 range (Kännaste et al., 2014). Before the collec-
tion of volatiles, the traps were cleaned by passage of a stream of 
ultra pure helium at a flow rate of 200 ml min−1 at 400 °C for 2 h 
using a SIM Clean-Cube cartridge thermo-conditioner (Scientific 
Instruments Manufacturer GmbH, Oberhausen, Germany). After 
each treatment, the chamber and tubing were flushed with a stream 
of ozone (~1000  ppm) to eliminate the volatiles adsorbed by the 
chamber and tubes that could contaminate the measurement sys-
tem (mainly MeJA, and to a low degree stress-induced volatiles; 
Niinemets et al. 2011).

The volatile samples were collected before leaf treatment with 
MeJA and 20  min, 2, 10, and 24  h after treatment with MeJA. 
Blank empty chamber measurements were taken before and after 
the experiment. During and after the experiment, additional blank 
samples were taken from the adjacent empty chamber operated 
under identical conditions, and the baseline during the experiment 
was adjusted when needed using the blanks from the experimental 
chamber and empty chamber at the end of the experiment (the dif-
ference between the two blanks was small, indicating that the system 
memory effect was minor). After 36–48 h, the experiment was fin-
ished, and the treated leaf was removed, scanned, and its area was 
estimated with the UTHSCSA ImageTool 2.0 (Dental Diagnostic 

Table 1. Definition of the traits characterizing the kinetics of volatile compounds released upon methyl jasmonate treatment (see Fig. 2 
for representative emission kinetics)

Symbol (unit) Definition

DM (h) Duration between the first and the second emission maxima
DP1 (h) Duration of the first induced emission peak
DP2 (h) Duration of the second induced emission peak
IT1 (nmol m–2) Integral of the first emission peak (Equation 1)
IT2 (nmol m–2) Integral of the second emission peak
ITot (nmol m–2) Integral of the total induced emissions, IT1+IT2

kI1 (h–1) Rate constant for the initial increase of emissions during the first emission burst (Equation 2)
kD1 (h–1) Rate constant for the decrease of emissions during the first emission burst (Equation 3)
kI2 (h−1) Rate constant for the increase of emissions during the second emission burst
kD2 (h−1) Rate constant for the decrease of emissions during the second emission burst
tM1 (h) Time to the first emission maximum since the start of the treatment
tM2 (h) Time to the second emission maximum since the start of the treatment
tP1S (h) Start of the first emission burst since the start of the treatment
tP1E (h) End of the first emission burst since the start of the treatment
tP2S (h) Start of the second emission burst since the start of the treatment
tP2E (h) End of the second emission burst since the start of the treatment

τI1 (h) Doubling time for the increase of emissions during the first emission burst

τD1 (h) Half-time for the decrease of emissions during the first emission burst

τI2 (h) Doubling time for the increase of emissions during the second emission burst

τD2 (h) Half-time for the decrease of emissions during the second emission burst

Φ(t) (nmol m−2 s−1) Emission rate at time t

ΦM1 (nmol m−2 s−1) Maximum emission rate at the first emission peak

ΦM2 (nmol m−2 s−1) Maximum emission rate at the second emission peak
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Science, The University of Texas Health Science Center, San 
Antonio, TX, USA). These leaf images were further used to assess 
the quantitative degree of damage (Fig. 1A).

Gas-chromatographic analysis of volatiles
Adsorbent cartridges were analyzed according to the method of 
Kännaste et  al. (2014) using a combined Shimadzu TD20 auto-
mated cartridge desorber and a Shimadzu 2010 Plus gas chroma-
tograph with mass spectrometric detector (GC-MS; Shimadzu 
Corporation, Kyoto, Japan). A  C8–C20 hydrocarbon stand-
ard (Sigma-Aldrich) was used to obtain the retention indices 
as in Pazouki et  al. (2015) and in Jiang et  al. (2016b) (Table  2). 
Compounds were identified using the NIST spectral library, 
the spectral and retention indices library of  Adams (1995), and 
a custom-made library of  retention times and mass spectra of 
commercially available mono- and sesquiterpene standards (GC 
purity, Sigma-Aldrich). The authentic standards were also used for 
GC-MS calibration as described in detail in Kännaste et al. (2014). 
The background (blank) concentrations of  individual volatiles in 
the empty chamber were subtracted from the plant samples, and 
the emission rates were calculated according to the equations of 
Niinemets et al. (2011).

Online monitoring of the kinetics of volatile release
A high-resolution PTR-TOF-MS (TOF8000, Ionicon Analytik, 
Innsbruck, Austria) was used to track the volatile release in real time. 
The PTR-TOF-MS system was connected to a custom-designed 
two-channel gas-exchange system described in detail by Copolovici 

and Niinemets (2010). The measurement cuvette (1.2 l) consisted of 
a stainless steel bottom and a double-walled glass upper part spe-
cially designed for volatile compound measurements. A thermostat 
was used to control the temperature of water circulating between 
the glass chamber walls, and the chamber air temperature was 
within ±0.2 ºC of the chamber wall temperature. Four wide-beam 
halogen lamps (Osram GmbH, Germany) were used for chamber 
illumination. Ambient air that was purified through the passage of 
a charcoal filter and an ozone trap, and humidified to the desired 
water vapor pressure was used (Copolovici and Niinemets, 2010). 
The flow rate through the system was 1.6 l min−1, and the sample 
air was drawn into the PTR-TOF-MS drift tube at a flow rate of 
100 ml min−1. Background volatile concentrations in the ambient air 
pumped into the chamber were assessed in the reference mode, and 
volatile concentrations in the outgoing air stream were measured in 
the sample mode. In addition, measurements with the empty cham-
ber were also conducted before and after plant measurements. In 
these experiments, chamber temperature was maintained at 25 °C, 
light intensity at the leaf surface at 500 μmol m−2 s−1, chamber air 
humidity between 50% and 60% (vapor pressure deficit of 1.2–1.6 
kPa), and CO2 concentration between 370 μmol mol−1 and 400 μmol 
mol−1. After enclosure of the MeJA-treated leaf, all measurements 
were immediately started.

The operation of  the PTR-TOF-MS, system calibration, and 
compound detection followed the protocol of  Portillo-Estrada et al. 
(2015). In brief, the drift tube conditions were 2.3 mbar, 600 V, and 
60 °C, the measurements were carried out continuously through the 
mass to charge ratio (m/z) range of  0–316, and data for 31 250 spectra 
s–1 were averaged. The raw PTR-TOF-MS data were post-processed 
with the PTR-MS Viewer 3.0.0.99 (Tofwerk AG, Switzerland), and 
relevant m/z peaks were integrated as explained in Portillo-Estrada 
et al. (2015). The time resolution used in this study is 10 s (the aver-
aged data were recorded every 10 s). Methanol was detected as the 
protonated parent ion with an m/z of  33, while the total emission 
of  volatiles produced within the octadecanoid pathway (LOX prod-
ucts) was taken as the sum of individual ion masses (m/z) of  57 
[m57, (E)-2-hexenal (frag)], 81 [m81, (Z)-3-hexenal+(E)-3-hexenal 
(frag) after correction for the share of  the fraction originating 
from monoterpenes; see below], 83 [m83, hexenol+hexanal (frag)], 
85 [m85, hexanol (frag)], 103 [m103, hexanol (main)], 99 [m99, (Z)-3-
hexenal+(E)-3-hexenal (main)], and 101 [m101, (Z)-3-hexenol+(E)-
3-hexenol+(E)-2-hexenol+hexanal (main)]) (Copolovici and 
Niinemets, 2010; Portillo-Estrada et al., 2015). Total monoterpene 
emission was characterized by the parent ion with an m/z of  137 
(m137), and total sesquiterpene emission by the parent ion with 
m/z 205 (m205). As even under the soft ionization conditions of  the 
operation of  PTR-TOF-MS used here, monoterpenes can partly 
fragment, with the fragment spectrum dominated by the mass frag-
ments with m/z 67, 81, and 95 (Copolovici et al., 2005; Tani et al., 
2003), use of  parent ions somewhat underestimates the emissions 
of  monoterpenes. Based on simultaneous GC-MS measurements, 
for total monoterpenes, we divided the concentration of  the parent 
ion by m/z 137 by 0.46 to obtain total monoterpene emission. To 
consider the interference of  the mass fragment with m/z 81 coming 
from monoterpene fragmentation with the detection of  the LOX 
compound 3-hexenal, fragmentation of  which also produces the 
identical mass fragment, we separately analyzed the PTR-TOF-MS 
fragmentation spectra of  (Z)-3-hexenal and all emitted terpenoids, 
and developed appropriate equations to assess the share of  m/z 81 
from monoterpenes and 3-hexenal based on the concentration of 
corresponding parent ions.

The emission rates per unit leaf area were calculated accord-
ing to Niinemets et  al. (2011) considering both the incoming air 
measurements taken frequently during the experiments and empty 
chamber measurements before plant enclosure (typically only differ-
ing slightly from the incoming air concentrations). PTR-TOF-MS 
measurements were continued until the elicited emissions reached 
the background level, usually between 36 h and 48 h after the treat-
ment (Fig. 2).

Fig. 1. Characteristic images of MeJA-treated cucumber (Cucumis 
sativus) leaves taken 36–48 h after treatment with MeJA concentrations 
of 0 (control), 0.2, 2, 5, 10, 20, and 50 mM (A), and corresponding 
relationship between the percentage of damage and applied MeJA 
concentration (B). The data in (B) were fitted by a linear regression 
(y=1.94x–0.71; r2=0.99, P<0.001).
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Quantitative characterization of elicitation of volatile emissions 
by MeJA treatment
Time-courses of emissions induced by MeJA treatment were either 
biphasic with two maxima (LOX products; Fig. 2A, B) or monopha-
sic (monoterpenes, sesquiterpenes, and methanol; Fig. 2C, D). The 
emission time-courses were used to derive the key quantitative emis-
sion characteristics (Fig. 2; Table 1), including the emission rates at 
the two emission maxima (ΦM1 and ΦM2), the corresponding times 
for the emission maxima (tM1 and tM2), the durations of the two emis-
sion peaks (DP1 and DP2), the duration between the emission maxima 
(DM), and the total volatile emissions corresponding to both emission 
bursts (IT1 and IT2). For the first emission burst, the total integrated 
emission was calculated as:

 I t t
t

t

T d
P1S

P1E

1 = ∫ Φ( ) ,  (1)

where Φ(t) is the emission rate at time t, tP1S is the start, and tP1E is 
the end of the first induced emission release. In practice, numerical 
integration according to the trapezoidal rule was used and the infini-
tesimal time period dt was replaced by the measurement period Δt 
of  10 s. The integrated emission corresponding to the second emis-
sion burst was calculated analogously.

The emission kinetics of  different volatiles followed a similar 
pattern characterized by an initial exponential increase, then by 
slowing down of  the rate of  increase until the emissions reached 
the maximum value, followed by a non-linear decay to the baseline 
emission (Fig.  2). We fitted the initial parts of  the increase and 
decay of  the emissions corresponding to the first and the second 
emission burst with simple first-order exponential models. For the 
first peak,

 Φ Φ( ) ,t t k t=  ( )eP1S
I1  (2)

for the increasing part, and

 Φ Φ( ) ,t t k t= − ( )eM1
D1  (3)

for the decreasing part. Here, kI1 is the rate constant for the increase 
and kD1 is the rate constant for the decrease of emission of the 
given compound. If  present, the rate constants for the increase and 
decrease for the second peak (kI1 and kD2) were calculated analo-
gously. From the rate constants, corresponding doubling times 
[e.g. for the first emission burst, τI1=ln(2)/kI1] and decay half-times 
[τD1=ln(2)/kD1] for both emissions bursts were also calculated.

Data analyses
All experiments were replicated three times with different plants, and 
all data shown are averages ±SE. Effects of MeJA dose were studied 
by linear or non-linear regressions depending on the shape of the 
response. Emission rates of volatiles elicited by different MeJA con-
centrations at fixed time points estimated by GC-MS were compared 
by ANOVA followed by post-hoc Tukey’s test. The analyses were 
conducted with SAS (Version 8.02; SAS Institute, Cary, NC, USA) 
and all statistical effects are considered significant at P<0.05.

Results

Methyl jasmonate treatments in leaves of Cucumis 
sativus: general patterns and short- and long-term 
emission responses

Control plants were weak emitters of monoterpenes α-pinene, 
camphene, β-pinene, and Δ3-carene, several longer aliphatic 

aldehydes C7–C10, some characteristic C6 lipoxygenase 
pathway volatiles (LOX), and benzaldehyde (Table 2). MeJA 
treatment resulted in rapid elevation of C6 and derivative 
LOX products, (Z)-3-hexen-1-ol, 3-hexenyl acetate, (Z)-3-
hexen-1-ol, and n-hexanal, detectable with GC-MS already at 
20  min after treatment. Moreover, 6-methyl-5-hepten-2-one 
and heptanal could also be induced significantly by higher 
concentrations of MeJA (10  mM and 20  mM). Emissions 
of C6-LOX compounds in the treated plants were strongly 
reduced at the second sampling event at 2 h, and the emis-
sions increased again at 10 h, especially C6-LOX compounds 
and derivatives (Table 2). However, 3-hexenyl acetate was not 
detectable in any of the MeJA dose treatments after the ini-
tial elevation at 20 min. In 24 h after the treatment, (Z)-3-
hexen-1-ol could not be identified in any of the MeJA dose 
treatments, and the emission rate of n-hexanal decreased dra-
matically compared with the emission rate at 10 h. However, 
nonanal and decanal emissions remained at a moderately 
high level throughout the treatments (Table 2).

In contrast to aliphatic aldehydes and LOX, no enhance-
ment of monoterpene emissions and no sesquiterpene emis-
sions in MeJA-treated leaves were observed at the first two 
measurement events (Table 2). However, monoterpene emis-
sions, especially limonene and Δ3-carene emissions, were 
enhanced in MeJA-treated leaves at 10  h and, at this sam-
pling event, emissions of the monoterpene linalool, and 
sesquiterpenes β-farnesene, α-cedrene, and β-caryophyllene 
were identified (Table 2). At 24 h after the treatment, terpe-
noid emissions had mostly reached the pre-treatment level 
(Table 2).

In 36–48 h after the exposure to MeJA, all treated leaves 
except those from the 0.2 mM treatment exhibited a certain 
degree of damage ranging from chlorotic spots in the 2 mM 
treatment to major chlorotic areas in 5–20 mM treatments, 
and at the lethal concentration of 50 mM, the damage was 
spread over the entire leaf area (Fig. 1A). The damaged leaf 
area was linearly correlated with the concentration of MeJA 
applied (Fig. 1B).

High time resolution measurements of kinetics of elicita-
tion of volatile emissions in MeJA-treated leaves by PTR-
TOF-MS broadly confirmed the timing of release of different 
compounds highlighted by GC-MS analyses (Fig. 2). PTR-
TOF-MS measurements also confirmed the occurrence of 
two emission bursts for LOX, a fast burst elicited immediately 
after MeJA treatment and reaching a maximum in ~0.2–1 h, 
and a slower burst elicited in 6–10 h after MeJA treatment 
and reaching a maximum in ~16–20 h (Fig. 2A, B). In the case 
of mono- (m/z 137) and sesquiterpenes (m/z 205), only one 
slower burst was observed (Fig. 2C). This slower burst started 
in 2–6 h after MeJA treatment and reached a maximum in 
~15–25 h (Fig. 2C). Apart from the compounds detected 
by GC-MS, PTR-TOF-MS measurements demonstrated a 
major burst of methanol emission (Fig. 2D). Methanol (m/z 
33) emissions started almost immediately after MeJA treat-
ment, and reached a maximum ~0.5–1.5 h after the treatment 
(Fig. 2D).

The MeJA threshold concentration for elicitation of both 
the rapid and the slow LOX emission bursts and the methanol 
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emission burst was 2 mM, while for monoterpenes the thresh-
old concentration was 0.2 mM and for sesquiterpenes 2 mM. 
The slower emission burst for LOX and the emission bursts 
for monoterpenes and sesquiterpenes were absent for leaves 
treated with the highest (lethal, Fig. 1A) MeJA concentration 
of 50 mM.

MeJA elicits volatile emissions in a 
dose-dependent manner

The maximum emission rate of  MeJA-elicited emissions 
increased with increasing MeJA concentration for both the 
faster (Fig.  3A, B) and the slower (Fig.  3A, C, D) MeJA 
response. The dependencies of  the maximum emission 
rates of  volatiles on MeJA concentration were somewhat 
non-linear, implying that the increases of  the maximum 
emission rates were greater at greater MeJA treatment 

concentration, especially between the concentrations of 
10 mM and 20 mM and 20 mM and 50 mM (Fig. 4). The 
emission maxima scaled positively with the degree or leaf 
damage (insets in Fig. 3). MeJA dose dependencies of  emis-
sion rates of  LOX in the early response phase and of  LOX 
and mono- and sesquiterpenes in the late phase were also 
evident in GC-MS data. However, due to the lower time 
resolution, the variability in these responses was greater 
(Table 2).

The total integral emissions (Equation 1; Fig. 2 for defi-
nition) also scaled positively with the MeJA treatment con-
centration for both the faster (Fig. 4A, B) and the slower 
(Fig. 4A, C, D) emission responses. However, although the 
emission maxima at a given MeJA concentration were simi-
lar for the first and the second emission bursts of  LOX com-
pounds (Fig. 3A), the total LOX emission corresponding to 
the second emission burst was much larger than that for 

Table 2. Average (± SE) emission rates (pmol m-2 s-1) of individual volatile compounds after treatment of MeJA with different doses  
over the time-course of 24 h identified by GC-MS

Volatile 
Compounds

Retention 
index

20 min 2 h 10 h 24 h

Control 2 mM 5 mM 10 mM 20 mM Control 2 mM 5 mM 10 mM 20 mM Control 2 mM 5 mM 10 mM 20 mM Control 2 mM 5 mM 10 mM 20 mM

Lipoxygenase pathway products and saturated aldehydes

 (E)-3-Hexenal 802 120 ± 24a 167 ± 37a 608 ± 87ab 663 ± 87ab 860 ± 140b 80 ± 17 71 ± 11 110 ± 24 180 ± 24 130 ± 20 76 ± 20a 46.5 ± 6.8a 298 ± 62ab 820 ± 130b 720 ± 150b 63 ± 14 81 ± 12 123 ± 14 161 ± 22 169 ± 19

 (Z)-3-Hexen-1-ol 863 NDa ND 130 ± 17a 342 ± 68ab 1000 ± 140b ND ND 4.7 ± 1.9 5.7 ± 0.7 10.1 ± 2.4 ND 18.9 ± 2.1a 64 ± 12ab 304 ± 43b 252 ± 23b ND ND ND ND ND

 Heptanal 899 ND ND 101 ± 18 182 ± 39 152 ± 22 ND ND ND 115 ± 12 76 ± 17 ND ND 102 ± 11 223 ± 37 233 ± 29 ND ND 20.2 ± 3.3 27.9 ± 3.0 21.3 ± 1.9

 Octanal 1074 105 ± 19 183 ± 32 110 ± 17 201 ± 30 161 ± 21 177 ± 24 223 ± 22 94 ± 22 219 ± 16 167 ± 24 101 ± 17 131 ± 18 167 ± 24 42.8 ± 9.9 98 ± 16 66 ± 14 137 ± 17 144 ± 15 109 ± 18 140 ± 19

  (Z)-3-Hexen-
1-yl  
acetate 

1008 ND ND 2160 ± 290 1930 ± 210 3270 ± 810 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND

 2-Ethyl-1-hexanol 1046 130 ± 31 229 ± 63 137 ± 18 249 ± 37 201 ± 28 222 ± 27 278 ± 32 118 ± 22 273 ± 29 208 ± 27 127 ± 19 163 ± 23 208 ± 26 53.9 ± 9.3 122 ± 23 83 ± 16 172 ± 11 180 ± 17 136 ± 23 176 ± 24

 Nonanal 1098 502 ± 74 868 ± 99 521 ± 99 950 ± 170 763 ± 124 843 ± 112 1050 ± 140 446 ± 81 1042 ± 81 790 ± 140 484 ± 87 620 ± 110 794 ± 93 204 ± 29 465 ± 99 316 ± 63 650 ± 120 682 ± 99 515 ± 87 660 ± 120

 Decanal  1204 561 ± 99 977 ± 81 590 ± 120 1060 ± 150 857 ± 112 945 ± 87 1180 ± 170 505 ± 93 1166 ± 93 890 ± 120 542 ± 74 699 ± 81 888 ± 81 229 ± 31 523 ± 94 353 ± 62 731 ± 93 769 ± 87 580 ± 93 750 ± 81

Monoterpenes

 α-Pinene 932 76 ± 11 50 ± 11 81 ± 12 62.6 ± 9.9 86.2 ± 9.9 78 ± 11 57.0 ± 7.4 41.5 ± 9.3 58.9 ± 8.1 65.7 ± 8.7 64.5 ± 9.3 100 ± 11 99.2 ± 9.3 182 ± 38 246 ± 34 107 ± 14 52.7 ± 7.4 39.1 ± 4.3 36.0 ± 5.6 35.3 ± 4.3

 Camphene  949 1.4 ± 0.4 1.4 ± 0.6 1.0 ± 0.4 2.0 ± 0.3 2.4 ± 0.6 1.9 ± 0.3 1.9 ± 0.5 1.4 ± 0.3 3.6 ± 0.6 2.9 ± 0.4 2.2 ± 0.4 3.0 ± 0.3 5.1 ± 0.9 9.9 ± 2.1 15.5 ± 4.3 0.62 ± 0.09a 2.0 ± 0.4ab 3.41 ± 0.682b 6.51 ± 0.87bc 8.7 ± 1.1c

 β-Pinene 980 3.3 ± 1.0 4.3 ± 1.2 3.6 ± 0.7 2.9 ± 0.6 3.3 ± 1.0 2.2 ± 0.6 3.5 ± 0.9 4.7 ± 1.1 6.4 ± 0.9 6.1 ± 0.9 2.6 ± 0.4 2.9 ± 0.6 5.8 ± 1.1 5.8 ± 1.8 8.1 ± 1.6 0.66 ± 0.06 2.2 ± 0.4 1.8 ± 0.3 3.2 ± 0.6 2.9 ± 0.4

 Δ3-Carene 1011 36.6 ± 8.9 31.6 ± 8.7 55.8 ± 9.9 65.7 ± 8.7 71 ± 19 39.1 ± 5.6 64.5 ± 7.4 31.4 ± 5.6 26.0 ± 6.2 55.2 ± 6.8 43.4 ± 5.0a 55.8 ± 8.7a 133 ± 19b 311 ± 50bc 477.4 ± 68c 53.3 ± 8.1 40.3 ± 6.2 29.1 ± 3.1 67.6 ± 8.1 57.0 ± 9.3

 Limonene 1029 ND ND ND ND ND ND ND ND ND ND ND ND 254 ± 37 428 ± 50 378 ± 50 ND ND 42.0 ± 8.6 43.2 ± 8.4 99 ± 25

 Linalool  1098 ND ND ND ND ND ND ND ND ND ND ND ND 7.0 ± 1.0 22.2 ± 2.5 18.0 ± 3.7 ND ND ND ND ND

 Sesquiterpenes

 α-Cedrene 1409 ND ND ND ND ND ND ND ND ND ND ND ND ND 18.3 ± 3.0 30.4 ± 4.3 ND ND ND 9.3 ± 3.1 ND

 β-Caryophyllene 1428 ND ND ND ND ND ND ND ND ND ND ND ND ND 4.6 ± 1.1 9.4 ± 2.2 ND ND ND ND ND

 β-Farnesene 1455 ND ND ND ND ND ND ND ND ND ND ND 7.1 ± 1.9 4.8 ± 0.7 8.7 ± 2.2 13.4 ± 3.0 ND ND ND 0.7 ± 0.3 ND

 Geranylgeranyl diphosphate (GGDP) pathway derived volatilesb 

  6-Methyl-5-
hepten-2-one

985 158 ± 29a 366 ± 56ab 185.4 ± 29a 513 ± 58ab 1810 ± 320b 99 ± 17a 252 ± 32ab 231 ± 56ab 455 ± 56ab 1100 ± 170b 152 ± 19 179 ± 25 145 ± 19 199 ± 32 114 ± 12 15.2 ± 2.8 17.9 ± 2.8 214.5 ± 2.5 19.9 ± 2.2 70.1 ± 6.8

Geranylacetone  1453 34.2 ± 1.4 59 ± 13 36.0 ± 5.6 65 ± 11 52.1 ± 5.0 57.7 ± 6.2 73 ± 12 31.4 ± 9.3 71.3 ± 8.1 53.9 ± 8.7 32.9 ± 7.4 42.2 ± 9.3 53.9 ± 7.4 14.0 ± 2.5 31.6 ± 5.0 21.5 ± 2.5 44.6 ± 8.7 46.5 ± 8.7 35.3 ± 3.1 45.9 ± 5.0

 Benzenoids

 Benzaldehyde 967 180 ± 37a 126 ± 19a 236 ± 62a  550 ± 87ab 890 ± 110b 148 ± 18 158 ± 22 167 ± 37 107.9 ± 7.4 137 ± 19 32.9 ± 7.4a 118 ± 12a 210 ± 25ab 515 ± 74ab 869 ± 99b 484 ± 87 205 ± 22 156 ± 19 113 ± 16 68.8 ± 4.3

Three replicate treatments at each MeJA application concentration were carried out. Means among treatments and sampling times were  
compared by ANOVA followed by post-hoc Tukey’s tests, and statistically significant differences are denoted by different lowercase letters.  
For compounds without labels, the emission rates did not differ significantly among treatments at different sampling events.
The pathways leading to saturated aliphatic aldehydes are not yet fully resolved, although these emissions are also up-regulated  
upon abiotic and biotic stresses similarly to lipoxygenase volatiles (Wildt et al., 2003; Hu et al., 2009)
The data of the 50 mM treatment are not shown in the table because this lethal dose caused a rapid necrosis in 1 h and no volatile emission  
was detected then from the leaves, implying the loss of the biological activity.
a ND, below the detection limit of ~0.1 pmol m−2 s−1

b Carotenoid breakdown products including geranyl acetone (Gao et al., 2008; Arimura et al., 2009; Kask et al., 2016).
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Table 2. Average (± SE) emission rates (pmol m-2 s-1) of individual volatile compounds after treatment of MeJA with different doses  
over the time-course of 24 h identified by GC-MS

Volatile 
Compounds

Retention 
index

20 min 2 h 10 h 24 h

Control 2 mM 5 mM 10 mM 20 mM Control 2 mM 5 mM 10 mM 20 mM Control 2 mM 5 mM 10 mM 20 mM Control 2 mM 5 mM 10 mM 20 mM

Lipoxygenase pathway products and saturated aldehydes

 (E)-3-Hexenal 802 120 ± 24a 167 ± 37a 608 ± 87ab 663 ± 87ab 860 ± 140b 80 ± 17 71 ± 11 110 ± 24 180 ± 24 130 ± 20 76 ± 20a 46.5 ± 6.8a 298 ± 62ab 820 ± 130b 720 ± 150b 63 ± 14 81 ± 12 123 ± 14 161 ± 22 169 ± 19

 (Z)-3-Hexen-1-ol 863 NDa ND 130 ± 17a 342 ± 68ab 1000 ± 140b ND ND 4.7 ± 1.9 5.7 ± 0.7 10.1 ± 2.4 ND 18.9 ± 2.1a 64 ± 12ab 304 ± 43b 252 ± 23b ND ND ND ND ND

 Heptanal 899 ND ND 101 ± 18 182 ± 39 152 ± 22 ND ND ND 115 ± 12 76 ± 17 ND ND 102 ± 11 223 ± 37 233 ± 29 ND ND 20.2 ± 3.3 27.9 ± 3.0 21.3 ± 1.9

 Octanal 1074 105 ± 19 183 ± 32 110 ± 17 201 ± 30 161 ± 21 177 ± 24 223 ± 22 94 ± 22 219 ± 16 167 ± 24 101 ± 17 131 ± 18 167 ± 24 42.8 ± 9.9 98 ± 16 66 ± 14 137 ± 17 144 ± 15 109 ± 18 140 ± 19

  (Z)-3-Hexen-
1-yl  
acetate 

1008 ND ND 2160 ± 290 1930 ± 210 3270 ± 810 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND

 2-Ethyl-1-hexanol 1046 130 ± 31 229 ± 63 137 ± 18 249 ± 37 201 ± 28 222 ± 27 278 ± 32 118 ± 22 273 ± 29 208 ± 27 127 ± 19 163 ± 23 208 ± 26 53.9 ± 9.3 122 ± 23 83 ± 16 172 ± 11 180 ± 17 136 ± 23 176 ± 24

 Nonanal 1098 502 ± 74 868 ± 99 521 ± 99 950 ± 170 763 ± 124 843 ± 112 1050 ± 140 446 ± 81 1042 ± 81 790 ± 140 484 ± 87 620 ± 110 794 ± 93 204 ± 29 465 ± 99 316 ± 63 650 ± 120 682 ± 99 515 ± 87 660 ± 120

 Decanal  1204 561 ± 99 977 ± 81 590 ± 120 1060 ± 150 857 ± 112 945 ± 87 1180 ± 170 505 ± 93 1166 ± 93 890 ± 120 542 ± 74 699 ± 81 888 ± 81 229 ± 31 523 ± 94 353 ± 62 731 ± 93 769 ± 87 580 ± 93 750 ± 81

Monoterpenes

 α-Pinene 932 76 ± 11 50 ± 11 81 ± 12 62.6 ± 9.9 86.2 ± 9.9 78 ± 11 57.0 ± 7.4 41.5 ± 9.3 58.9 ± 8.1 65.7 ± 8.7 64.5 ± 9.3 100 ± 11 99.2 ± 9.3 182 ± 38 246 ± 34 107 ± 14 52.7 ± 7.4 39.1 ± 4.3 36.0 ± 5.6 35.3 ± 4.3

 Camphene  949 1.4 ± 0.4 1.4 ± 0.6 1.0 ± 0.4 2.0 ± 0.3 2.4 ± 0.6 1.9 ± 0.3 1.9 ± 0.5 1.4 ± 0.3 3.6 ± 0.6 2.9 ± 0.4 2.2 ± 0.4 3.0 ± 0.3 5.1 ± 0.9 9.9 ± 2.1 15.5 ± 4.3 0.62 ± 0.09a 2.0 ± 0.4ab 3.41 ± 0.682b 6.51 ± 0.87bc 8.7 ± 1.1c

 β-Pinene 980 3.3 ± 1.0 4.3 ± 1.2 3.6 ± 0.7 2.9 ± 0.6 3.3 ± 1.0 2.2 ± 0.6 3.5 ± 0.9 4.7 ± 1.1 6.4 ± 0.9 6.1 ± 0.9 2.6 ± 0.4 2.9 ± 0.6 5.8 ± 1.1 5.8 ± 1.8 8.1 ± 1.6 0.66 ± 0.06 2.2 ± 0.4 1.8 ± 0.3 3.2 ± 0.6 2.9 ± 0.4

 Δ3-Carene 1011 36.6 ± 8.9 31.6 ± 8.7 55.8 ± 9.9 65.7 ± 8.7 71 ± 19 39.1 ± 5.6 64.5 ± 7.4 31.4 ± 5.6 26.0 ± 6.2 55.2 ± 6.8 43.4 ± 5.0a 55.8 ± 8.7a 133 ± 19b 311 ± 50bc 477.4 ± 68c 53.3 ± 8.1 40.3 ± 6.2 29.1 ± 3.1 67.6 ± 8.1 57.0 ± 9.3

 Limonene 1029 ND ND ND ND ND ND ND ND ND ND ND ND 254 ± 37 428 ± 50 378 ± 50 ND ND 42.0 ± 8.6 43.2 ± 8.4 99 ± 25

 Linalool  1098 ND ND ND ND ND ND ND ND ND ND ND ND 7.0 ± 1.0 22.2 ± 2.5 18.0 ± 3.7 ND ND ND ND ND

 Sesquiterpenes

 α-Cedrene 1409 ND ND ND ND ND ND ND ND ND ND ND ND ND 18.3 ± 3.0 30.4 ± 4.3 ND ND ND 9.3 ± 3.1 ND

 β-Caryophyllene 1428 ND ND ND ND ND ND ND ND ND ND ND ND ND 4.6 ± 1.1 9.4 ± 2.2 ND ND ND ND ND

 β-Farnesene 1455 ND ND ND ND ND ND ND ND ND ND ND 7.1 ± 1.9 4.8 ± 0.7 8.7 ± 2.2 13.4 ± 3.0 ND ND ND 0.7 ± 0.3 ND

 Geranylgeranyl diphosphate (GGDP) pathway derived volatilesb 

  6-Methyl-5-
hepten-2-one

985 158 ± 29a 366 ± 56ab 185.4 ± 29a 513 ± 58ab 1810 ± 320b 99 ± 17a 252 ± 32ab 231 ± 56ab 455 ± 56ab 1100 ± 170b 152 ± 19 179 ± 25 145 ± 19 199 ± 32 114 ± 12 15.2 ± 2.8 17.9 ± 2.8 214.5 ± 2.5 19.9 ± 2.2 70.1 ± 6.8

Geranylacetone  1453 34.2 ± 1.4 59 ± 13 36.0 ± 5.6 65 ± 11 52.1 ± 5.0 57.7 ± 6.2 73 ± 12 31.4 ± 9.3 71.3 ± 8.1 53.9 ± 8.7 32.9 ± 7.4 42.2 ± 9.3 53.9 ± 7.4 14.0 ± 2.5 31.6 ± 5.0 21.5 ± 2.5 44.6 ± 8.7 46.5 ± 8.7 35.3 ± 3.1 45.9 ± 5.0

 Benzenoids

 Benzaldehyde 967 180 ± 37a 126 ± 19a 236 ± 62a  550 ± 87ab 890 ± 110b 148 ± 18 158 ± 22 167 ± 37 107.9 ± 7.4 137 ± 19 32.9 ± 7.4a 118 ± 12a 210 ± 25ab 515 ± 74ab 869 ± 99b 484 ± 87 205 ± 22 156 ± 19 113 ± 16 68.8 ± 4.3

Three replicate treatments at each MeJA application concentration were carried out. Means among treatments and sampling times were  
compared by ANOVA followed by post-hoc Tukey’s tests, and statistically significant differences are denoted by different lowercase letters.  
For compounds without labels, the emission rates did not differ significantly among treatments at different sampling events.
The pathways leading to saturated aliphatic aldehydes are not yet fully resolved, although these emissions are also up-regulated  
upon abiotic and biotic stresses similarly to lipoxygenase volatiles (Wildt et al., 2003; Hu et al., 2009)
The data of the 50 mM treatment are not shown in the table because this lethal dose caused a rapid necrosis in 1 h and no volatile emission  
was detected then from the leaves, implying the loss of the biological activity.
a ND, below the detection limit of ~0.1 pmol m−2 s−1

b Carotenoid breakdown products including geranyl acetone (Gao et al., 2008; Arimura et al., 2009; Kask et al., 2016).

the first emission burst (Fig. 4A), and thus the total release 
of  LOX compounds during the whole experiment mainly 
scaled with the slower LOX response (Fig.  4A). Stronger 
elicitation of  the slower emission response was particu-
larly evident for lower concentrations of  MeJA such that 
the ratio of  the second (IT,LOX2) to the first (ITLOX,1) inte-
grated emission scaled negatively with MeJA concentration 
(Fig. 5A).

For total integrated emission versus MeJA concentration 
relationships, the non-linearity was much less than for maxi-
mum emission versus MeJA relationships (cf. Figs 3 and 4). 
In fact, the total LOX emissions corresponding to both the 
first and the second emission bursts were best fitted by linear 
regressions (Fig. 4A). Analogously with the maximum emis-
sions, total LOX emissions were strongly correlated with the 
degree of leaf damage through the MeJA treatments (insets 
in Fig. 4).

Timing and rate of elicitation of volatile emissions 
depend on MeJA concentration

MeJA concentration significantly affected the timing of vola-
tile emission responses. The maxima for both the faster and 
the slower LOX emission bursts occurred earlier at higher 
MeJA concentration, whereas the change in the timing was 
greater for the faster LOX burst (Fig. 5B). In contrast, the 
maximum emission for the methanol burst occurred later at a 
greater MeJA concentration (Fig. 5C). Similarly to LOX, the 
maxima of monoterpene and sesquiterpene emissions also 
occurred earlier at higher MeJA concentrations, and this con-
centration response was stronger for monoterpenes (Fig. 5D).

To characterize further the MeJA effects on the emis-
sion kinetics, the induction (kI, Equation 2) and decay (kD, 
Equations 2 and 3) rate constants (see also Table 1) were deter-
mined. This analysis indicated that both the initial increase 
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and decrease of emissions was faster at higher MeJA con-
centrations for LOX compounds (Fig. 6A, B) and terpenoids 
(Fig. 7A, B). However, for methanol, the rate constants kI and 
kD initially decreased over the MeJA concentration range of 
0.2–5 mM, and they were weakly affected by MeJA concen-
trations >5 mM (Fig. 6C). Both the rise and decline kinet-
ics were much faster for the first than for the second LOX 
emission burst (Fig. 6A, B). In addition, MeJA concentration 
dependencies of kI and kD were weaker for the second LOX 
emission burst, with a moderate change in the induction and 
decay rates over the MeJA concentration range of 5–20 mM 
(Fig. 6A, B). The induction and decay rates were similar for 
mono- and sesquiterpenes, except for the lowest MeJA treat-
ment concentration of 0.2 mM that barely induced sesquiter-
pene release (Fig. 6C, D).

Despite a faster rate of  decline at greater MeJA concen-
trations, induction to a higher maximum level at greater 
MeJA concentration (Fig.  3) implied that the total length 
of  the emission burst increased with increasing MeJA con-
centration for all compound classes (Figs 6D, 7C), except 
for the first LOX burst (Fig. 6D). In the case of  the early 
LOX release, the duration of  the pulse length decreased 
between 2mM and 5 mM MeJA, and was thereafter invari-
able (Fig. 6D).

Discussion

Exposure to MeJA leads to rapid bursts of 
characteristic stress volatiles in Cucumis sativus

A variety of biotic stresses elicits emissions of volatile products 
of the lipoxygenase pathway (LOX compounds, also called 
green leaf volatiles) (Matsui et  al., 2012; Scala et  al., 2013). 
LOX compounds are synthesized by multiple lipoxygenases and 
fatty acid hydroperoxide lyases, several of which are constitu-
tively active in leaves (Feussner and Wasternack, 2002), imply-
ing that as soon as the substrates, polyunsaturated fatty acids, 
are released from membranes, LOX products are rapidly emit-
ted. Typically, the early LOX response occurs within 2–30 min 
after biotic stress treatment (Zhang and Xing, 2008; Bruinsma 
et al., 2009; Brilli et al., 2011; War et al., 2012; Portillo-Estrada 
et al., 2015), and this rapid LOX burst has been shown to be 
involved in priming and triggering subsequent local and sys-
temic stress responses (Farag and Paré, 2002; Mithöfer et al., 
2005; Niinemets et al., 2013; Scala et al., 2013).

In our study, LOX emissions were detected immedi-
ately after enclosure of treated leaves in the measurement 
system, and the emissions reached the first maximum in 
0.1–1  h depending on MeJA concentration (Figs 2A, 5B). 
The increase was faster than the decrease (cf. Fig.  6A, B) 

Fig. 2. Representative time-courses of methyl jasmonate (MeJA)-induced emissions from a C. sativus leaf, and definition of key variables characterizing 
the induction response (see Table 1 for further specifics). Volatile emissions were induced by application of 20 mM MeJA that elicited an early 
lipoxygenase pathway volatile (LOX) burst (A), and a second late LOX emission burst (B) with concomitant monoterpene emission burst (C) and an early 
slowly decaying methanol emission burst (D). Shaded areas in all panels indicate integrated emissions corresponding to individual emission bursts (IT1 
for the first and IT2 for the second burst, Equation 1), ΦT1 and ΦT2 correspond to the emission maxima for the two bursts, and tM1 and tM2 denote the 
corresponding times from the start of the treatment. Different τ-s stand for the initial doubling and decay times for the two bursts (Table 1). In (D), the red 
vertical arrows show the positions of τI1, tM1, and τD1 as in the other panels. After the leaf treatment with MeJA, the release of emissions was continuously 
monitored with a proton-transfer reaction time-of-flight mass spectrometer (PTR-TOF-MS). The time kinetics of sesquiterpene emission is analogous to 
monoterpene emissions and is therefore not presented.
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such that the emissions corresponding to this initial burst 
were maintained at a moderately high level for several hours 
after the MeJA treatment (Fig. 2A). Thus, this early MeJA 
response clearly reflects activation of constitutive lipoxyge-
nases (LOX), hydroperoxide lyase (HPL), allene oxide syn-
thase (AOS), and alcohol dehydrogenase (ADH), resembling 
the rapid response to wounding herbivores (Brilli et al., 2011; 
Portillo-Estrada et al., 2015).

Concomitant with the start of LOX emissions, major meth-
anol emissions were elicited (Fig. 2D). Release of methanol 
is a characteristic stress response that reflects activation of 
demethylation of cell wall pectins by constitutively expressed 
pectin methylesterases (Micheli, 2001; Pelloux et  al., 2007). 
Previous studies have demonstrated activation of methanol 
release upon leaf mechanical wounding (Brilli et  al., 2011; 
Portillo-Estrada et al., 2015), insect feeding (Peñuelas et al., 
2005; von Dahl et al., 2006), fungal infestation (Copolovici 
et  al., 2014b; Jiang et  al., 2016b), and ozone exposure 
(Beauchamp et  al., 2005). Such cell wall modifications can 
importantly enhance the penetration of downstream signal-
ing compounds (Gális et al., 2009), including MeJA diffusion. 
Furthermore, there is evidence that in addition to LOX vola-
tiles, methanol is not only the by-product of stress-dependent 

cell wall modifications, but also can serve as an important sig-
nal eliciting or modifying systemic stress responses (von Dahl 
et al., 2006; Seco et al., 2011; Hann et al., 2014; Komarova 
et al., 2014).

Biphasic MeJA elicitation of volatile emissions in 
C. sativus

The fast emission burst of  LOX and methanol was fol-
lowed by slower emission bursts of  LOX (Fig.  2B), 
monoterpenes (Fig. 2C), and sesquiterpenes that reached 
a maximum in 16–25 h after MeJA treatment (Fig. 5B, C). 
Constitutive monoterpene emissions are very low in non-
stressed cucumber (Table  2), and the emissions were not 
significantly elicited by MeJA over the short term, sug-
gesting that the longer term elicitation of  terpenoid emis-
sions reflects a gene expression level response as has been 
observed in several studies looking at MeJA-dependent 
stress responses (Martin et  al., 2002, 2003; Byun-McKay 
et al., 2006). Furthermore, the induced monoterpene blend 
significantly differed from the blend of  constitutive emis-
sions (Table 2), further supporting the argument that the 
induced monoterpene emissions reflected expression of 

Fig. 3. Maximum emission rates of LOX (ΦM,LOX, A), methanol (ΦM,methanol, B), monoterpenes (ΦM,monoterpene, C), and sesquiterpenes (ΦM,sesquiterpene, D) 
as dependent on the applied MeJA dose and corresponding correlations with the degree of damage at the end of the experiment (insets) in leaves 
of C. sativus (see Fig. 2 for sample-induced emission kinetics). MeJA treatments as in Fig. 1. Treatment with 50 mM MeJA was lethal (Fig. 1) and, 
thus, the second LOX emission burst and monoterpene and sesquiterpene emission bursts were absent at this concentration. Data were fitted by 
second-order polynomial regressions, except that sigmoidal regressions were used for (D). For the first LOX burst in (A), y=0.062x2+1.19x+0.46 (main 
panel) and y=0.013x2+0.89x–0.3 (inset). For the second LOX burst in (A), y=0.0335x2+0.94x+0.46 (main panel) and y=0.013x2+0.37x+1.05 (inset). 
For methanol in (B), y=0.11x2+1.65x+12.0 (main) and y=0.026x2+1.28x+10.9 (inset), for monoterpenes in (C), y=0.0037x2+0.23x+0.30 (main) and 
y=0.0023x2+0.098x+0.36 (inset), and for sesquiterpenes in (D), y=3.26/[1+e(9.80−x)/4.02] (main) and y=3.72/[1+e (21.5−x)/8.72]. For the relationships in (A–C), 
r2=0.99, P<0.001, except for the second LOX burst versus damage percentage in (A) where r2=0.98, P<0.01. In (D), r2=0.97, P<0.01 for the main panel 
and r2=0.96, P<0.01 for the inset. Three replicate treatments at each MeJA application concentration were carried out.
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inducible terpenoid synthases not expressed under non-
stressed conditions. The terpenoids elicited by MeJA in our 
study (Table  2), especially monoterpenes (limonene and 
linalool) and sesquiterpenes (β-farnesene, α-cedrene, and 
β-caryophyllene), are also induced in herbivore-infested 
cucumber (Bouwmeester et al., 1999; Kappers et al., 2010), 
and play key roles as airborne signals attracting herbi-
vore enemies or in priming defenses in neighboring plants 
(Degenhardt and Lincoln, 2006; Brilli et al., 2009; Mäntylä 
et al., 2014).

As previous studies have demonstrated, biosynthesis of ter-
penes is delayed after the initiation of biotic stress (Arimura 
et al., 2008, 2009), reflecting the lags in signal transduction as 
well as the fact that the transcription and translation of ter-
pene synthases are time-consuming. However, the existence 
of a second sustained burst of LOX compounds synchro-
nously with the elicitation of induced terpene emissions after 
~10 h is surprising. Because it occurred simultaneously with 
terpenoid emissions, this second burst of LOX compounds 
is unlikely to be the chemical elicitor inducing terpenoid 
release. In fact, there is evidence that the late MeJA response 
reflects the rise of endogenously synthesized jasmonate levels 
(Tamogami et al., 2008), and, thus, the second release of LOX 
might indicate the onset of jasmonate-dependent gene expres-
sion as reported in several previous studies for lipoxygenase 

pathway genes (Bell and Mullet, 1991; Wasternack and 
Parthier, 2007).

From a biological perspective, LOX compounds are not 
only released upon immediate wounding in herbivore-dam-
aged leaves, but also concomitantly with the synthesis of ter-
penoids elicited at the later stages of induction. Moreover, 
these LOX-containing compound blends play important roles 
in attraction of herbivore enemies and in priming of neigh-
boring plants (Dicke et al., 1999; Bruinsma et al., 2007; Frost 
et al., 2008; Allmann and Baldwin, 2010; Copolovici et al., 
2011, 2014a). Although the exposure to MeJA does not fully 
mimic the herbivory stress (Dicke et  al., 1999; Degenhardt 
and Lincoln, 2006; Kappers et al., 2010), it still elicits a blend 
of volatiles that attracts enemies of herbivores similarly to 
genuine herbivore feeding (Dicke et al., 1999; Kappers et al., 
2010). Thus, this second LOX burst concomitant with the 
induced terpenoid emissions might be part of the character-
istic herbivory smell bouquet that is driving the plant–insect 
and plant–plant interactions.

Although longer term kinetic studies are rare, especially 
those considering the entire bouquet of volatiles, biphasic 
emission kinetics have been demonstrated in response to vari-
ous stresses for several volatiles, including biphasic methanol 
emissions upon ozone stress (Beauchamp et al., 2005), bipha-
sic ethylene emissions in response to treatments with the 

Fig. 4. Integrated emissions (IT, Equation 1) of lipoxygenase pathway volatiles (IT,LOX, A), methanol (IT,methanol, B), monoterpenes (IT,monoterpene, C), and 
sesquiterpenes (IT,sesquiterpene, D) in relation to the applied MeJA concentration and corresponding relationships with the degree of damage (insets) in leaves 
of C. sativus (see Fig. 2 for the sample kinetics of the emissions). In (A), the data for the first and the second emission burst of LOX and the sum of the 
two are separately shown and fitted by linear regressions (for the main panel, y=0.0112x–0.0124 for the first and y=0.0716x+0.0322 for the second LOX 
burst; for the inset, y=0.00576x–0.0080 for the first and y=0.0409x+0.023 for the second LOX burst). For IT,methanol in (B) and for IT,monoterpene in (C), the 
data were fitted by second-order polynomial regressions [for the main panels, y=0.0093x2+0.99x+1.62 for (B) and y=0.22x2+9.43x+15.2 for (C); and for 
the insets, y=0.0026x2+0.25x+2.66 for (B) and y=0.12x2+3.85x+17.8 for (C)]. For IT,sesquiterpene in (D), the data were fitted by sigmoidal regressions {y=127/
[1+e(11.3−x)/4.20] for the main panel and y=161/[1+e(25.8−x)/9.16] for the inset}. MeJA treatment is as in Fig. 1. For all relationships in (A) and (B) and for the 
main panel of (C), r2=0.99, P<0.001. For the inset of (C), r2=0.98, P<0.01 and for the main panel and the inset of (D), r2=0.96, P<0.01. Three replicate 
treatments at each MeJA application concentration were carried out.
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Fig. 5. The ratio of the second to the first integrated LOX emission burst (ITLOX2/ITLOX2, A), and the times to the maxima of the first (tM,LOX1) and second 
(tM,LOX2) LOX emission bursts (B), emission burst of methanol (C) and the times to the maxima of monoterpene (tM,monoterpene) and sesquiterpene 
(tM,sesquiterpene) emission bursts (D) in relation to MeJA dose in leaves of C. sativus (see Fig. 2 for the sample responses and definition of the characteristics). 
MeJA treatments are as in Fig. 1 and data coverage is as in Fig. 3. In all cases, the data were fitted by hyperbolic regressions. For ITLOX2/ITLOX2 in (A), 
y=162/(3.27+x)–2.83, r2=0.95, P<0.01; for tM,LOX1 in (B), y=14.1/(11.7+x)–0.12, r2=0.99, P<0.001; for tM,LOX2 in (B), y=9.69/(0.0027+x)+15.7, r2=0.93, 
P<0.01; for tM,methanol in (C), y=0.41x/(2.90+x)+0.21; for tM,monoterpene in (D), y=281/(15.7+x)+7.03, r2=0.96, P<0.01; for tM,sesquiterpene in (D), y=14.6/
(0.50+x)+14.9, r2=0.96, P<0.01. Three replicate treatments at each MeJA application concentration were carried out.

Fig. 6. First-order rate constants (kI) for the initial increases (Equation 2, kI; A, C) and decreases (Equation 3, kD; B, C) of the MeJA-induced emissions 
for the first (kI,LOX1 and kD,LOX1) and the second (kI,LOX2 and kD,LOX2) emission burst of LOX volatiles (A, B) and methanol (C), and the duration (DP) of the first 
and second LOX compound emission burst and methanol emission burst (D) as dependent on the MeJA concentration in C. sativus leaves (see Fig. 2 
for sample responses). Experimental treatments are as in Fig. 1 and data coverage is as in Fig. 3. The regressions describing the statistical effects of 
MeJA on the rate constants were the following: y=0.0050x2+0.12x+1.27 for kI,LOX1 and y=0.214x/(1.87+x) for kI,LOX2 in (A), y=2.51(1–e−0.028x) for kD,LOX1 and 
y=0.0357x/(1.42+x) for kD,LOX2 in (B), y=3.75 + 0.194/(0.123+x) for kI,methanol and y=0.826 + 0.0920/(0.094+x) for kD,methanol in (C), y=4.24–3.11/x+20.1/x2 
for DP,LOX1, y=30.8 + 0.604x for DP,LOX2, and y=20.6x/(1.65+x) for DP,methanol in (D). Three replicate treatments at each MeJA application concentration were 
carried out.
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fungal elicitor cryptogein and infections by Phytophtora para-
sitica (Wi et al., 2012) and Pseudomonas syringae (Mur et al., 
2008), and biphasic LOX product and terpenoid emissions in 
response to infections by Melampsora epitea (Toome et al., 
2010). However, with the exception of the ozone stress study 
of Beauchamp et al. (2005) that was carried out with a pro-
ton-transfer reaction quadrupole mass spectrometer (PTR-
QMS), other kinetic studies had much lower time resolution 
than that (10 s) used in our study. While the elicitation of the 
volatile response to mechanical wounding and herbivory is 
characteristically very fast (Brilli et al., 2011; Copolovici et 

al., 2011, 2014a; Portillo-Estrada et al., 2015), resembling the 
MeJA treatment response in our study, both the first and the 
second emission bursts in the pathogen-infected leaves (Mur 
et al., 2008; Toome et al., 2010; Wi et al., 2012) occurred later 
than in our study in MeJA-treated leaves (Fig. 2A, D). Clearly, 
different stresses can propagate differently, reflecting the 
diversity of biological characteristics of impacting organisms 
as well as differences in stress perception and signal trans-
duction. Further research using high-resolution techniques as 
used here is needed to resolve the general and specific features 
of shorter and longer term elicitation responses induced by 
different stresses, including studies linking the emissions to 
pertinent gene expression patterns.

Emission rates and total emission of induced volatiles 
scale with MeJA dose

The level of biological stress varies greatly depending on the 
degree of infestation by herbivores and infection by pathogens 
(Niinemets et al., 2013), but biological stress severity versus 
stress response relationships have not been routinely studied. 
Here we observed that MeJA treatment concentration and the 
degree of leaf area damaged were quantitatively correlated 
(Fig. 1), in agreement with past observations indicating that 
exogenous application of MeJA can result in local phyto-
toxicity (Heijari et al., 2005). We also observed that both the 
total and maximum emissions of LOX compounds for both 
the early and the second emission burst (Figs 3A, 4A), for the 
early methanol emission burst (Figs 3B, 4B), and for the late 
monoterpene (Figs 3C, 4C) and sesquiterpene (Figs 3D, 4D) 
emission bursts were quantitatively associated with MeJA 
concentration and the proportion of leaf area damaged (dam-
age severity). Thus, these results indicate that both the initial 
stress response due to activation of constitutive defenses and 
the later response due to activation of induced defenses are 
dose dependent.

MeJA that mainly enters through the stomata, and to a 
lower degree through the cuticle, is expected to become pro-
gressively diluted as it penetrates deeper into the leaf interior 
and dissolves in leaf water. Thus, the dose dependence of the 
early constitutive response as evident in the first LOX com-
pound burst (Fig. 2A) and in the methanol burst (Fig. 2D) 
can result from quantitative scaling of the proportion of 
impacted cell wall and membrane sites with MeJA concentra-
tion. Such a positive scaling of early LOX and methanol emis-
sion responses with the degree of impact has been observed 
in wounding experiments (Brilli et al., 2011; Portillo-Estrada 
et al., 2015), and suggests that the control of the rapid elicita-
tion response at the level of immediate impact is possible.

In the case of the late-induced response, the situation is less 
clear because in addition to MeJA per se, the primary MeJA-
induced LOX volatile emissions can propagate the signal to 
cellular locations not necessarily directly impacted by MeJA 
(Cardoza et  al., 2002; Engelberth et  al., 2007; Kishimoto 
et al., 2008; Piesik et al., 2013; Castelyn et al.. 2015).

The MeJA dose dependence of induced emissions resem-
bles herbivory experiments where the rate of emissions of 
mono- and sesquiterpenes increases with the proportion of 

Fig. 7. First-order rate constants (kI) for the initial increases (Equation 2, 
kI; A) and decreases (Equation 3, kD; B) of the MeJA-induced emissions 
for mono- (kI,monoterpene and kD,monoterpene) and sesquiterpenes (kI,sesquiterpene 
and kD,sesquiterpene) and the durations (C) of monoterpene (DP,monoterpene) 
and sesquiterpene (DP,sesquiterpene) emission bursts in relation to MeJA 
concentration in C. sativus leaves (see Fig. 2 for sample responses). 
Experimental treatments are as in Fig. 1 and data availability is as in Fig. 3. 
The regressions fitted to the data as: y=0.0029x+0.22 for kI,monoterpene and 
y=0.297x/(0.736+x) for kI,sesquiterpene in (A), y=0.0016x+0.041 for kD,monoterpene 
and y=0.061x/(0.295+x) for kD,sesquiterpene in (B), y=50.3/[1+e(0.107−x)/5.26] for 
DP,monoterpene and y=45.3/[1+e(0.0784−x)/3.84)] forDP,sesquiterpene in (C). Altogether 
three replicate treatments at each MeJA application concentration were 
carried out.
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leaf area consumed (Copolovici et al., 2011, 2014a), indicat-
ing that the rate of terpene synthesis becomes progressively 
greater in the remaining tissues. Analogously, in fungal-
infected leaves, terpenoid emissions increase with increasing 
spread of the necrotic area (Jiang et al., 2016b). We argue 
that the quantitative relationships between the dose of the 
model compound MeJA, severity of damage, and the vola-
tile emission responses in cucumber have major biological 
consequences. Studies have demonstrated that different levels 
of induction of volatiles by MeJA treatment alter both plant 
attractiveness to herbivores (Heil, 2014) and the repellency to 
herbivores (Zas et al., 2011). This suggests that the capacity 
to respond to a biotic stress in a dose-dependent manner as 
demonstrated here provides significant fitness advantages.

A conceptual model describing MeJA elicitation of 
defenses from stress response to acclimation

The induction of volatiles released upon MeJA treatment 
from cucumber leaves followed similar elicitation patterns 
for both the fast and slow phases, with an initial exponen-
tial or sigmoidal increase to a maximum level, followed by a 
decrease to the baseline emission (Fig. 2). We fitted the tem-
poral shapes of the increase and decrease of volatiles by first-
order exponential relationships to characterize the rise and 
decay kinetics (Equations 2 and 3) and further characterized 

the timing of emission elicitation (Fig. 2; Table 1). Both the 
rate of increase and the decrease of LOX compounds and 
terpenoids were strongly enhanced by increasing MeJA con-
centrations (Figs 6A, B, 7A, B). Furthermore, both the first 
and the second LOX burst (Fig. 5B) and monoterpene and 
sesquiterpene emission bursts (Fig. 5D) occurred earlier, and 
were sustained for longer time periods (Figs 6D, 7C) at higher 
MeJA dose. This evidence emphasizes the highly dynamic 
nature of the MeJA concentration dependence of volatile 
emissions over both the short and long term.

For chronic biotic stresses such as herbivory infestation 
and pathogen attacks, quantitative relationships between the 
severity of biotic stress and release of induced volatiles have 
been suggested to result from the scaling of emissions with 
propagation of damage and the number of simultaneous 
stress impact sites (Niinemets et al., 2013). As this study with 
MeJA elicitor demonstrates, the scaling relationships of vola-
tile responses with MeJA dose, the ‘stress severity’, consist 
of both local and systemic responses. As for the local early 
response, it indeed can reflect scaling of emissions with the 
spread of the immediate stress impact sites (Fig. 8). However, 
the quantitative scaling of the subsequent slower gene-level 
responses with MeJA dose is obviously more complex and 
probably reflects a systemic response. The timing and mag-
nitude of this systemic response is determined by the ini-
tial MeJA dose, but the way in which the early stress signal 

Fig. 8. A conceptual model of elicitation of short- and long-term volatile responses upon MeJA treatment of cucumber leaves. Gaseous MeJA is 
taken up into the leaf internal air space through stomata, permeates further through cell walls and plasmalemma, reaching ultimately the symplastic 
leaf compartments. This activates an oxidative burst due to rapid formation of reactive oxygen species (ROS; Garrido et al., 2003; Zhang and Xing, 
2008; Küpper et al., 2009; Hazra et al., 2017) and release of free polyunsaturated fatty acids from plant membranes (Dicke et al., 1999; Feussner and 
Wasternack, 2002; Andreou and Feussner, 2009) in several minutes after the treatment at the immediate location of MeJA impact. Due to the constitutive 
activity of lipoxygenases, free fatty acids are rapidly converted to volatile lipoxygenase pathway products (LOX products; Feussner and Wasternack, 
2002; Andreou and Feussner, 2009), resulting in the first burst of LOX emissions (Fig. 2A). Simultaneously with the release of free fatty acids or maybe 
even somewhat earlier, constitutive pectin methylesterases (Micheli, 2001; Pelloux et al., 2007) are activated, resulting in major emissions of methanol 
(Fig. 2D). In a longer-term sequence of events probably involving endogenous jasmonate formation and interplay with jasmonate repressor proteins (JAZ) 
(Chini et al., 2007; Wasternack and Song, 2017; Zhang et al., 2017), plant defense responses depend on the initial stress severity. Mild and moderate 
stress caused by MeJA treatment (5, 10, and 20 mM) is expected to lead to elicitation of gene expression level defenses including enhanced expression 
of terpenoid synthase (TPS; Martin et al., 2002, 2003; Byun-McKay et al., 2006) and lipoxygenase pathway genes (Bell and Mullet, 1991; Wasternack 
and Parthier, 2007), resulting in volatile terpene and LOX emissions that are sustained for long time periods of ~20–30 h (Fig. 2B, C). In the case of 
moderate stress, propagation of necrotic lesions remains localized (Fig. 1A). In contrast, acute MeJA stress (50 mM) leads to enhanced progression of 
programmed cell death (PCD), and subsequent rapid propagation of necrosis over the entire leaf surface (Fig. 1A).
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determines the gene expression response is still unclear at a 
mechanistic level, and will require further studies looking 
at both the activation of expression of regulator and target 
genes. It is likely that the balance between the free transcrip-
tion regulator MYC2 that activates downstream jasmonate 
transcriptional responses and jasmonate signaling repressor 
proteins (JAZ proteins) that negatively affect MYC2 levels 
(Gális et al., 2009), together with the elicitation of endoge-
nous jasmonate synthesis (Tamogami et al., 2008), determines 
the onset of elicitation of gene expression and subsequent 
repression.

Furthermore, the set of events downstream of the initial 
MeJA impact consists of acclimation responses and localized 
acute necrotic or PCD-like responses with the share among 
them determined by the initial MeJA concentration (Figs 
1, 8). Thus, with increasing MeJA concentration, a greater 
proportion of leaf area undergoes death, while the volatile 
emission capacity of the remaining cells is increasingly up-
regulated. Stronger amplification of the emission capacity 
in those cells still alive resembles the emission response to 
herbivory where foliar terpenoid emissions in remaining leaf 
parts increase dependent on the proportion of leaf area con-
sumed by herbivores (Copolovici et al., 2011, 2014a, 2017).

What could be the biological significance of the dose 
dependence of the second elicited emission burst? Due to high 
reactivity in the ambient atmosphere, the volatile signal itself  
fades with the distance from the emission source (Holopainen 
and Blande, 2013; Holopainen et  al., 2013; Blande et  al., 
2014). Thus, a stronger signal will reach more distant leaves, 
and also provides a farther reaching signal for other organ-
isms such as herbivore predators. Furthermore, we suggest 
that the strength of the volatile signal might carry information 
about the severity of the biological impact and, as such, con-
tribute to stronger priming responses in surrounding leaves 
of the same plant and neighboring plants. We argue that for 
quantitative prediction of biotic stress severity versus emis-
sion response relationships, further studies are needed to gain 
insight into the turnover of JAZ and MYC2 proteins and into 
the timing and magnitude of formation of endogenous jas-
monate as driven by the severity of biotic stress impact.

Conclusions

High time resolution measurements conducted here have 
highlighted the biphasic kinetics of volatile emissions 
induced by MeJA treatment. Our study demonstrates rapid 
constitutive lipoxygenase pathway volatile (LOX) and metha-
nol emissions and subsequent elicitation of terpenoid emis-
sion. Strong quantitative relationships between the timing 
and magnitude of early and late emissions and applied MeJA 
concentration collectively indicate high plant plastic capacity 
to respond to biotic stress, and emphasize the highly dynamic 
nature of the MeJA concentration dependence of volatile 
emissions over both the short and long term. Albeit that this 
study presented exciting evidence of quantitative scaling of 
local and systemic emission responses to MeJA treatment, we 
suggest that to gain insight into the mechanisms of regulation 
of the magnitude and kinetics of the downstream responses 

and validate the differences in the sensitivity of gene expres-
sion in cucumber, further studies should look at expression 
of terpenoid synthase genes under treatments with different 
MeJA concentrations. In addition, higher resolution reactive 
oxygen species measurement techniques should be developed 
to obtain complementary information on leaf oxidative sta-
tus through the emissions bursts recorded by PTR-TOF-MS.

Acknowledgements
We acknowledge the financial support from the European Commission 
through the European Research Council (advanced grant 322603, SIP-
VOL+), the European Regional Development Fund (Centre of Excellence 
EcolChange), and the Estonian Ministry of Science and Education (institu-
tional grant IUT-8-3).

References
Adams RP. 1995. Identification of essential oil components by gas 
chromatography and mass spectrometry, 3rd edn. USA: Allured Publishing 
Corporation, 

Allmann S, Baldwin IT. 2010. Insects betray themselves in nature to 
predators by rapid isomerization of green leaf volatiles. Science 329, 
1075–1078.

Andreou A, Feussner I. 2009. Lipoxygenases—structure and reaction 
mechanism. Phytochemistry 70, 1504–1510.

Arimura G, Matsui K, Takabayashi J. 2009. Chemical and molecular 
ecology of herbivore-induced plant volatiles: proximate factors and their 
ultimate functions. Plant and Cell Physiology 50, 911–923.

Arimura G, Garms S, Maffei M, Bossi S, Schulze B, Leitner M, 
Mithöfer A, Boland W. 2008. Herbivore-induced terpenoid emission in 
Medicago truncatula: concerted action of jasmonate, ethylene and calcium 
signaling. Planta 227, 453–464.

Beauchamp J, Wisthaler A, Hansel A, Kleist E, Miebach M, 
Niinemets Ü, Schurr U, Wildt J. 2005. Ozone induced emissions 
of biogenic VOC from tobacco: relations between ozone uptake and 
emission of LOX products. Plant, Cell and Environment 28, 1334–1343.

Bell E, Mullet JE. 1991. Lipoxygenase gene expression is modulated in 
plants by water deficit, wounding, and methyl jasmonate. Molecular and 
General Genetics 230, 456–462.

Blande JD, Holopainen JK, Niinemets Ü. 2014. Plant volatiles in 
polluted atmospheres: stress responses and signal degradation. Plant, Cell 
and Environment 37, 1892–1904.

Bouwmeester HJ, Verstappen FW, Posthumus MA, Dicke M. 1999. 
Spider mite-induced (3S)-(E)-nerolidol synthase activity in cucumber 
and lima bean. The first dedicated step in acyclic C11-homoterpene 
biosynthesis. Plant Physiology 121, 173–180.

Brilli F, Ciccioli P, Frattoni M, Prestininzi M, Spanedda AF, Loreto 
F. 2009. Constitutive and herbivore-induced monoterpenes emitted by 
Populus × euroamericana leaves are key volatiles that orient Chrysomela 
populi beetles. Plant, Cell and Environment 32, 542–552.

Brilli F, Ruuskanen TM, Schnitzhofer R, Müller M, Breitenlechner 
M, Bittner V, Wohlfahrt G, Loreto F, Hansel A. 2011. Detection of plant 
volatiles after leaf wounding and darkening by proton transfer reaction 
‘time-of-flight’ mass spectrometry (PTR-TOF). PLoS One 6, e20419.

Bruinsma M, Posthumus MA, Mumm R, Mueller MJ, van Loon JJ, 
Dicke M. 2009. Jasmonic acid-induced volatiles of Brassica oleracea 
attract parasitoids: effects of time and dose, and comparison with 
induction by herbivores. Journal of Experimental Botany 60, 2575–2587.

Bruinsma M, Van Dam NM, Van Loon JJ, Dicke M. 2007. Jasmonic 
acid-induced changes in Brassica oleracea affect oviposition preference of 
two specialist herbivores. Journal of Chemical Ecology 33, 655–668.

Byun-McKay A, Godard KA, Toudefallah M, Martin DM, Alfaro R, 
King J, Bohlmann J, Plant AL. 2006. Wound-induced terpene synthase 
gene expression in Sitka spruce that exhibit resistance or susceptibility to 
attack by the white pine weevil. Plant Physiology 140, 1009–1021.

Cardoza YJ, Alborn HT, Tumlinson JH. 2002. In vivo volatile emissions 
from peanut plants induced by simultaneous fungal infection and insect 
damage. Journal of Chemical Ecology 28, 161–174.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/68/16/4679/4096580 by N

anjing Agricultural U
niversity user on 07 M

ay 2019



151

MeJA dose-dependent volatile response | 4693

Castelyn HD, Appelgryn JJ, Mafa MS, Pretorius ZA, Visser B. 2015. 
Volatiles emitted by leaf rust infected wheat induce a defence response in 
exposed uninfected wheat seedlings. Australas Plant Pathology 44, 245–254.

Cheong JJ, Choi YD. 2003. Methyl jasmonate as a vital substance in 
plants. Trends in Genetics: TIG 19, 409–413.

Chini A, Fonseca S, Fernández G, et al. 2007. The JAZ family of 
repressors is the missing link in jasmonate signalling. Nature 448, 666–671.

Copolovici LO, Filella I, Llusià J, Niinemets Ü, Peñuelas J. 2005. 
The capacity for thermal protection of photosynthetic electron transport 
varies for different monoterpenes in Quercus ilex. Plant Physiology 139, 
485–496.

Copolovici L, Kännaste A, Pazouki L, Niinemets Ü. 2012. Emissions 
of green leaf volatiles and terpenoids from Solanum lycopersicum are 
quantitatively related to the severity of cold and heat shock treatments. 
Journal of Plant Physiology 169, 664–672.

Copolovici L, Kännaste A, Remmel T, Niinemets Ü. 2014a. Volatile 
organic compound emissions from Alnus glutinosa under interacting 
drought and herbivory stresses. Environmental and Experimental Botany 
100, 55–63.

Copolovici L, Kännaste A, Remmel T, Vislap V, Niinemets Ü. 
2011. Volatile emissions from Alnus glutionosa induced by herbivory are 
quantitatively related to the extent of damage. Journal of Chemical Ecology 
37, 18–28.

Copolovici L, Niinemets Ü. 2010. Flooding induced emissions of volatile 
signalling compounds in three tree species with differing waterlogging 
tolerance. Plant, Cell and Environment 33, 1582–1594.

Copolovici L, Pag A, Kännaste A, Bodescu A, Tomescu D, Copolovici 
D, Soran ML, Niinemets Ü. 2017. Disproportionate photosynthetic decline 
and inverse relationship between constitutive and induced volatile emissions 
upon feeding of Quercus robur leaves by large larvae of gypsy moth 
(Lymantria dispar). Environmental and Experimental Botany 138, 184–192.

Copolovici L, Väärtnõu F, Portillo Estrada M, Niinemets Ü. 2014b. 
Oak powdery mildew (Erysiphe alphitoides)-induced volatile emissions 
scale with the degree of infection in Quercus robur. Tree Physiology 34, 
1399–1410.

Degenhardt DC, Lincoln DE. 2006. Volatile emissions from an odorous 
plant in response to herbivory and methyl jasmonate exposure. Journal of 
Chemical Ecology 32, 725–743.

Dicke M, Gols R, Ludeking D, Posthumus MA. 1999. Jasmonic acid 
and herbivory differentially induce carnivore-attracting plant volatiles in lima 
bean plants. Journal of Chemical Ecology 25, 1907–1922.

Engelberth J, Seidl-Adams I, Schultz JC, Tumlinson JH. 2007. Insect 
elicitors and exposure to green leafy volatiles differentially upregulate major 
octadecanoids and transcripts of 12-oxo phytodienoic acid reductases in 
Zea mays. Molecular Plant-Microbe Interactions 20, 707–716.

Farag MA, Paré PW. 2002. C6-Green leaf volatiles trigger local and 
systemic VOC emissions in tomato. Phytochemistry 61, 545–554.

Feussner I, Wasternack C. 2002. The lipoxygenase pathway. Annual 
Review of Plant Biology 53, 275–297.

Frost CJ, Mescher MC, Dervinis C, Davis JM, Carlson JE, De Moraes 
CM. 2008. Priming defense genes and metabolites in hybrid poplar by the 
green leaf volatile cis-3-hexenyl acetate. New Phytologist 180, 722–734.

Gális I, Gaquerel E, Pandey SP, Baldwin IT. 2009. Molecular 
mechanisms underlying plant memory in JA-mediated defence responses. 
Plant, Cell and Environment 32, 617–627.

Gao H, Zhu H, Shao Y, Chen A, Lu C, Zhu B, Luo Y. 2008. Lycopene 
accumulation affects the biosynthesis of some carotenoid-related volatiles 
independent of ethylene in tomato. Journal of Integrative Plant Biology 50, 
991–996.

Garrido I, Espinosa F, Córdoba-Pedregosa MC, González-Reyes JA, 
Alvarez-Tinaut MC. 2003. Redox-related peroxidative responses evoked 
by methyl-jasmonate in axenically cultured aeroponic sunflower (Helianthus 
annuus L.) seedling roots. Protoplasma 221, 79–91.

Grote R, Monson RK, Niinemets Ü. 2013. Leaf-level models of 
constitutive and stress-driven volatile organic compound emissions. In: 
Niinemets Ü, Monson RK, eds. Biology, controls and models of tree volatile 
organic compound emissions. Tree Physiology 5. Berlin: Springer, 315–355.

Hann CT, Bequette CJ, Dombrowski JE, Stratmann JW. 2014. 
Methanol and ethanol modulate responses to danger- and microbe-
associated molecular patterns. Frontiers in Plant Science 5, 550.

Hazra S, Bhattacharyya D, Chattopadhyay S. 2017. Methyl jasmonate 
regulates podophyllotoxin accumulation in Podophyllum hexandrum by 
altering the ROS-responsive podophyllotoxin pathway gene expression 
additionally through the down regulation of few interfering miRNAs. 
Frontiers in Plant Science 8, 164.

Heijari J, Nerg AM, Kainulainen P, Viiri H, Vuorinen M, Holopainen 
JK. 2005. Application of methyl jasmonate reduces growth but increases 
chemical defence and resistance against Hylobius abietis in Scots pine 
seedlings. Entomologia Experimentalis et Applicata 115, 117–124.

Heijari J, Nerg AM, Kainulainen P, Vuorinen M, Holopainen JK. 
2008. Long-term effects of exogenous methyl jasmonate application on 
Scots pine (Pinus sylvestris) needle chemical defence and diprionid sawfly 
performance. Entomologia Experimentalis et Applicata 128, 162–171.

Heil M. 2014. Herbivore-induced plant volatiles: targets, perception and 
unanswered questions. New Phytologist 204, 297–306.

Heil M, Kost C. 2006. Priming of indirect defences. Ecology Letters 9, 
813–817.

Heil M, Ton J. 2008. Long-distance signalling in plant defence. Trends in 
Plant Science 13, 264–272.

Holopainen JK, Blande JD. 2013. Where do herbivore-induced plant 
volatiles go? Frontiers in Plant Science 4, 185.

Holopainen JK, Nerg AM, Blande JD. 2013. Multitrophic signalling 
in polluted atmospheres. In: Niinemets Ü, Monson RK, eds. Biology, 
controls and models of tree volatile organic compound emissions. Tree 
Physiology 5. Berlin: Springer, 285–314.

Hu ZH, Shen YB, Su XH. 2009. Saturated aldehydes C6–C10 emitted 
from ashleaf maple (Acer negundo L.) leaves at different levels of light 
intensity, O2, and CO2. Journal of Plant Biology 52, 289–298.

Jiang Y, Ye J, Li S, Niinemets Ü. 2016a. Regulation of floral terpenoid 
emission and biosynthesis in sweet basil (Ocimum basilicum). Journal of 
Plant Growth Regulation 35, 921–935.

Jiang Y, Ye J, Veromann LL, Niinemets Ü. 2016b. Scaling of 
photosynthesis and constitutive and induced volatile emissions with 
severity of leaf infection by rust fungus (Melampsora larici-populina) in 
Populus balsamifera var. suaveolens. Tree Physiology 36, 856–872.

Jonak C, Okrész L, Bögre L, Hirt H. 2002. Complexity, cross talk and 
integration of plant MAP kinase signalling. Current Opinion in Plant Biology 
5, 415–424.

Jung S. 2004. Effect of chlorophyll reduction in Arabidopsis thaliana by 
methyl jasmonate or norflurazon on antioxidant systems. Plant Physiology 
and Biochemistry 42, 225–231.

Kännaste A, Copolovici L, Niinemets Ü. 2014. Gas chromatography 
mass-spectrometry method for determination of biogenic volatile organic 
compounds emitted by plants. Methods in Molecular Biology 1153, 
161–169.

Kappers IF, Verstappen FW, Luckerhoff LL, Bouwmeester HJ, Dicke 
M. 2010. Genetic variation in jasmonic acid- and spider mite-induced plant 
volatile emission of cucumber accessions and attraction of the predator 
Phytoseiulus persimilis. Journal of Chemical Ecology 36, 500–512.

Kask K, Kännaste A, Talts E, Copolovici L, Niinemets Ü. 2016. How 
specialized volatiles respond to chronic and short-term physiological 
and shock heat stress in Brassica nigra. Plant, Cell and Environment 39, 
2027–2042.

Kegge W, Weldegergis BT, Soler R, Vergeer-Van Eijk M, Dicke M, 
Voesenek LA, Pierik R. 2013. Canopy light cues affect emission of 
constitutive and methyl jasmonate-induced volatile organic compounds in 
Arabidopsis thaliana. New Phytologist 200, 861–874.

Kishimoto K, Matsui K, Ozawa R, Takabayashi J. 2008. Direct 
fungicidal activities of C6-aldehydes are important constituents for defense 
responses in Arabidopsis against Botrytis cinerea. Phytochemistry 69, 
2127–2132.

Komarova TV, Sheshukova EV, Dorokhov YL. 2014. Cell wall methanol 
as a signal in plant immunity. Frontiers in Plant Science 5, 101.

Küpper FC, Gaquerel E, Cosse A, Adas F, Peters AF, Müller DG, 
Kloareg B, Salaün JP, Potin P. 2009. Free fatty acids and methyl 
jasmonate trigger defense reactions in Laminaria digitata. Plant and Cell 
Physiology 50, 789–800.

Liang YS, Kim HK, Lefeber AW, Erkelens C, Choi YH, Verpoorte 
R. 2006. Identification of phenylpropanoids in methyl jasmonate treated 
Brassica rapa leaves using two-dimensional nuclear magnetic resonance 
spectroscopy. Journal of Chromatography A 1112, 148–155.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/68/16/4679/4096580 by N

anjing Agricultural U
niversity user on 07 M

ay 2019



152

4694 | Jiang et al.

Loivamäki M, Holopainen JK, Nerg AM. 2004. Chemical changes 
induced by methyl jasmonate in oilseed rape grown in the laboratory 
and in the field. Journal of Agricultural and Food Chemistry 52, 
7607–7613.

Mäntylä E, Blande JD, Klemola T. 2014. Does application of methyl 
jasmonate to birch mimic herbivory and attract insectivorous birds in 
nature? Arthropod-Plant Interactions 8, 143–153.

Martin DM, Gershenzon J, Bohlmann J. 2003. Induction of volatile 
terpene biosynthesis and diurnal emission by methyl jasmonate in foliage 
of Norway spruce. Plant Physiology 132, 1586–1599.

Martin D, Tholl D, Gershenzon J, Bohlmann J. 2002. Methyl 
jasmonate induces traumatic resin ducts, terpenoid resin biosynthesis, 
and terpenoid accumulation in developing xylem of Norway spruce stems. 
Plant Physiology 129, 1003–1018.

Matsui K, Sugimoto K, Mano J, Ozawa R, Takabayashi J. 2012. 
Differential metabolisms of green leaf volatiles in injured and intact parts of 
a wounded leaf meet distinct ecophysiological requirements. PLoS One 7, 
e36433.

Micheli F. 2001. Pectin methylesterases: cell wall enzymes with important 
roles in plant physiology. Trends in Plant Science 6, 414–419.

Mithöfer A, Wanner G, Boland W. 2005. Effects of feeding Spodoptera 
littoralis on lima bean leaves. II. Continuous mechanical wounding 
resembling insect feeding is sufficient to elicit herbivory-related volatile 
emission. Plant Physiology 137, 1160–1168.

Mur LA, Laarhoven LJ, Harren FJ, Hall MA, Smith AR. 2008. 
Nitric oxide interacts with salicylate to regulate biphasic ethylene 
production during the hypersensitive response. Plant Physiology 148, 
1537–1546.

Niinemets Ü. 2010. Mild versus severe stress and BVOCs: thresholds, 
priming and consequences. Trends in Plant Science 15, 145–153.

Niinemets Ü, Kännaste A, Copolovici L. 2013. Quantitative patterns 
between plant volatile emissions induced by biotic stresses and the degree 
of damage. Frontiers in Plant Science 4, 262.

Niinemets Ü, Kuhn U, Harley PC, et al. 2011. Estimations of 
isoprenoid emission capacity from enclosure studies: measurements, 
data processing, quality and standardized measurement protocols. 
Biogeosciences 8, 2209–2246.

Pazouki L, Memari HR, Kännaste A, Bichele R, Niinemets Ü. 2015. 
Germacrene A synthase in yarrow (Achillea millefolium) is an enzyme with 
mixed substrate specificity: gene cloning, functional characterization and 
expression analysis. Frontiers in Plant Science 6, 111.

Pelloux J, Rustérucci C, Mellerowicz EJ. 2007. New insights into 
pectin methylesterase structure and function. Trends in Plant Science 12, 
267–277.

Peñuelas J, Filella I, Stefanescu C, Llusià J. 2005. Caterpillars of 
Euphydryas aurinia (Lepidoptera: Nymphalidae) feeding on Succisa 
pratensis leaves induce large foliar emissions of methanol. New Phytologist 
167, 851–857.

Phillips MA, Walter MH, Ralph SG, et al. 2007. Functional identification 
and differential expression of 1-deoxy-d-xylulose 5-phosphate synthase in 
induced terpenoid resin formation of Norway spruce (Picea abies). Plant 
Molecular Biology 65, 243–257.

Piesik D, Panka D, Jeske M, Wenda-Piesik A, Delaney KJ, Weaver 
DK. 2013. Volatile induction of infected and neighbouring uninfected 
plants potentially influence attraction/repellence of a cereal herbivore. 
Journal of Applied Entomology 137, 296–309.

Popova LP, Ananieva E, Hristova V, Christov K, Georgieva K, 
Alexieva V, Stoinova ZH. 2003. Salicylic acid- and methyl jasmonate-
induced protection on photosynthesis to paraquat oxidative stress. 
Bulgarian Journal of Plant Physiology Special issue, 133–152.

Portillo-Estrada M, Kazantsev T, Niinemets Ü. 2017. Fading of 
wound-induced volatile release during Populus tremula leaf expansion. 
Journal of Plant Research 130, 157–165.

Portillo-Estrada M, Kazantsev T, Talts E, Tosens T, Niinemets Ü. 
2015. Emission timetable and quantitative patterns of wound-induced 
volatiles across different leaf damage treatments in aspen (Populus 
tremula). Journal of Chemical Ecology 41, 1105–1117.

Repka V, Carna M, Pavlovkin J. 2013. Methyl jasmonate-induced cell 
death in grapevine requires both lipoxygenase activity and functional 
octadecanoid biosynthetic pathway. Biologia 68, 896–903.

Rodriguez-Saona C, Crafts-Brandner SJ, Paré PW, Henneberry TJ. 
2001. Exogenous methyl jasmonate induces volatile emissions in cotton 
plants. Journal of Chemical Ecology 27, 679–695.

Scala A, Allmann S, Mirabella R, Haring MA, Schuurink RC. 2013. 
Green leaf volatiles: a plant’s multifunctional weapon against herbivores and 
pathogens. International Journal of Molecular Sciences 14, 17781–17811.

Seco R, Filella I, Llusià J, Peñuelas J. 2011. Methanol as a signal 
triggering isoprenoid emissions and photosynthetic performance in 
Quercus ilex. Acta Physiologiae Plantarum 33, 2413–2422.

Semiz G, Blande JD, Heijari J, Işik K, Niinemets Ü, Holopainen 
JK. 2012. Manipulation of VOC emissions with methyl jasmonate and 
carrageenan in the evergreen conifer Pinus sylvestris and evergreen 
broadleaf Quercus ilex. Plant Biology 14 Suppl 1, 57–65.

Shi J, Ma C, Qi D, Lv H, Yang T, Peng Q, Chen Z, Lin Z. 2015. 
Transcriptional responses and flavor volatiles biosynthesis in methyl 
jasmonate-treated tea leaves. BMC Plant Biology 15, 233.

Suh HW, Hyun SH, Kim SH, Lee SY, Choi HK. 2013. Metabolic profiling 
and enhanced production of phytosterols by elicitation with methyl 
jasmonate and silver nitrate in whole plant cultures of Lemna paucicostata. 
Process Biochemistry 48, 1581–1586.

Tani A, Hayward S, Hewitt CN. 2003. Measurement of monoterpenes 
and related compounds by proton transfer reaction-mass spectrometry 
(PTR-MS). International Journal of Mass Spectrometry 223-224, 561–578.

Tamogami S, Rakwal R, Agrawal GK. 2008. Interplant communication: 
airborne methyl jasmonate is essentially converted into JA and JA-Ile 
activating jasmonate signaling pathway and VOCs emission. Biochemical 
and Biophysical Research Communications 376, 723–727.

Thaler JS, Fidantsef AL, Bostock RM. 2002. Antagonism between 
jasmonate- and salicylate-mediated induced plant resistance: effects 
of concentration and timing of elicitation on defense-related proteins, 
herbivore, and pathogen performance in tomato. Journal of Chemical 
Ecology 28, 1131–1159.

Toome M, Randjärv P, Copolovici L, Niinemets Ü, Heinsoo K, Luik 
A, Noe SM. 2010. Leaf rust induced volatile organic compounds signalling 
in willow during the infection. Planta 232, 235–243.

von Dahl CC, Hävecker M, Schlögl R, Baldwin IT. 2006. Caterpillar-
elicited methanol emission: a new signal in plant–herbivore interactions? 
The Plant Journal 46, 948–960.

War AR, Paulraj MG, Ahmad T, Buhroo AA, Hussain B, Ignacimuthu 
S, Sharma HC. 2012. Mechanisms of plant defense against insect 
herbivores. Plant Signaling and Behavior 7, 1306–1320.

Wasternack C, Parthier B. 2007. Jasmonate-signalled plant gene 
expression. Trends in Plant Science 2, 302–307.

Wasternack C, Song S. 2017. Jasmonates: biosynthesis, metabolism, 
and signaling by proteins activating and repressing transcription. Journal of 
Experimental Botany 68, 1303–1321.

Wi SJ, Ji NR, Park KY. 2012. Synergistic biosynthesis of biphasic 
ethylene and reactive oxygen species in response to hemibiotrophic 
Phytophthora parasitica in tobacco plants. Plant Physiology 159, 251–265.

Wildt J, Kobel K, Schuh-Thomas G, Heiden AC. 2003. Emissions of 
oxygenated volatile organic compounds from plants. Part II: Emissions of 
saturated aldehydes. Journal of Atmospheric Chemistry 45, 173–196.

Yli-Pirilä P, Copolovici L, Kännaste A, et al. 2016. Herbivory by an 
outbreaking moth increases emissions of biogenic volatiles and leads to 
enhanced secondary organic aerosol formation capacity. Environmental 
Science and Technology 50, 11501–11510.

Zas R, Moreira X, Sampedro L. 2011. Tolerance and induced resistance 
in a native and an exotic pine species: relevant traits for invasion ecology. 
Journal of Ecology 99, 1316–1326.

Zhang L, Xing D. 2008. Methyl jasmonate induces production of reactive 
oxygen species and alterations in mitochondrial dynamics that precede 
photosynthetic dysfunction and subsequent cell death. Plant and Cell 
Physiology 49, 1092–1111.

Zhang L, Zhang F, Melotto M, Yao J, He SY. 2017. Jasmonate 
signaling and manipulation by pathogens and insects. Journal of 
Experimental Botany 68, 1371–1385.

Zhao KJ, Chye ML. 1999. Methyl jasmonate induces expression of a 
novel Brassica juncea chitinase with two chitin-binding domains. Plant 
Molecular Biology 40, 1009–1018.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/68/16/4679/4096580 by N

anjing Agricultural U
niversity user on 07 M

ay 2019



153

CURRICULUM VITAE

Name   Jiayan Ye
Date of  birth:  30.08.1986
E-mail:  jiayan.ye@student.emu.ee
 
Academic degree: Master’s degree (MSc), 2012, (sup) J.-J. Liu, Anti-
   Tumor Effect of  Protein Vaccine against Human
   Chorionic Gonadotrophin Beta.
Education:
2014–2019  PhD studies, Estonian University of  Life 
   Sciences, Institute of  Agricultural and 
   Environmental Sciences

2008–2011  MSc in biochemistry and molecular biology,
   China Pharmaceutical University,
   Institute of  Life Sciences, Nanjing-China

2004–2008  BSc in bioengineering, Nanjing Forestry 
   University, College of  Chemical Engineering, 
   Nanjing-China
 
Professional employment: 
10/2014 – 10/2015 Specialist, Estonian University of  Life Sciences,
   Institute of  Agricultural and Environmental 
   Sciences 

7/2011 – 7/2014  Researcher, Company of  FangYuan 
   pharmaceutical, Changzhou-China

Grants and projects: 
   Centre of  Excellence in Environmental 
   Adaptation (F11100PKTF)

   Stress-Induced Plant Volatiles in Biosphere-
   Atmosphere System (8-2/T13006PKTF)

   Plant stress in changing climates: from stress
   responses to acclimation and adaptation (IUT8-3)

   Ecology of  Global Change: natural and
   managed ecosystems (8F160018PKTF)



154

ELULOOKIRJELDUS

Nimi:   Jiayan Ye
Sünniaeg:  30.08.1986
E-mail:  jiayan.ye@student.emu.ee  
 
Teaduskraad:  Magistrikraad (MSc), 2012. Anti-Tumor 
   Effect of  Protein Vaccine against 
   Human Chorionic Gonadotrophin Beta.
    Juhendaja: J.-J. Liu.
 
Haridus: 
2014– 2019  PhD õpe, Eesti Maaülikool, Põllumajandus-
   ja keskkonnainstituut, Tartu, Eesti. 

2008– 2011  MSc biokeemias ja molekulaarbioloogias, 
   China Pharma ceutical University, Institute 
   of  Life Sciences, Nanjing-China

2004– 2008  BSc biotehnoloogia, Nanjing Forestry 
   University, College of  Chemical Engineering, 
   Nanjing-China

Teenistuskäik: 
10/2014 –  10/2015 Spetsialist, Eesti Maaülikool, Põllumajandus-ja 
   keskkonnainstituut

7/2011 – 7/2014 Teadur, FangYuan farmaatsia, Changzhou-China

Osalemine projektides: 
   Keskkonnamuutustele Kohanemise tippkeskus
   (F11100PKTF)

   Stressindutseeritud taimsed lenduvad ühendid 
   biosfääri-atmosfääri süsteemis 
   (8-2/t13006PKTF)

   Taimede stress muutuvas kliimas: stressivastustest 
   kohanemiseni (IUT8-3)

   Globaalmuutuste ökoloogia looduslikes 
   ja põllumajanduskooslustes (8F160018PKTF)



155

LIST OF PUBLICATIONS

Publications:

1. Ye J, Jiang Y, Veromann-Jürgenson LL, Niinemets Ü (2018) Petiole 
gall aphid (Pemphigus spyrothecae) infestation of  Populus × 
petrovskiana leaves alters foliage photosynthetic characteristics and 
leads to enhanced emissions of  both constitutive and stress-induced 
volatiles. Trees 33(1), 37-51.

2. Jiang Y, Veromann-Jürgenson LL, Ye J, Niinemets Ü (2018) Oak 
gall wasp infections of  Quercus robur leaves lead to profound 
modifications in foliage photosynthetic and volatile emission 
characteristics. Plant Cell & Environment 41(1), 160–175.

3. Jiang Y, Ye J, Li S, Niinemets Ü (2017) Methyl jasmonate induced 
emission of  biogenic volatiles is biphasic in cucumber: a high-
resolution analysis of  dose dependence. Journal of Experimental 
Botany 68(16), 4679-4694.

4. Jiang Y, Ye J, Veromann-Jürgenson LL, Niinemets Ü (2016) Scaling 
of  photosynthesis and constitutive and induced volatile emissions 
with severity of  leaf  infection by rust fungus (Melampsora larici-
populina) in Populus balsamifera var. suaveolens. Tree Physiology 
36(7), 856-872.

5. Jiang Y, Ye J, Li S, Niinemets Ü (2016) Regulation of  floral terpenoids 
emission and biosynthesis in sweet basil (Ocimum basilicum). 
Journal of Plant Growth Regulation 35(4), 921-935.

6. Jiang Y, Ye J, Jiang B(2014) Characterization of  Volatile Constituents 
from the Flowers and Leaves of  Ailanthus altissima by Dynamic 
Head-space Collection/GC-MS. Asian Journal of Chemistry 26(18).

7. Ye J, Cao R-Y (2010) Anti-Tumor Effect of  Protein Vaccine 
against Human Chorionic Gonadotrophin Beta. Chinese journal of 
pharmaceutical biotechnology 17(5), 386-392 Chinese Version with 
English Abstract.



156

Conference abstracts:

1. Ye J, Jiang Y, Niinemets Ü (2017) Regulation of  floral terpenoids 
emission and biosynthesis in sweet basil (Ocimum basilicum). 3rd 
Global Summit on Plant Science, Rome, Italy.

2. Ye J, Jiang Y, Veromann-Jürgenson LL, Niinemets Ü (2018) Petiole 
gall aphid (Pemphigus spyrothecae) infestation of  Populus × 
petrovskiana leaves alters foliage photosynthetic characteristics and 
leads to enhanced emissions of  both constitutive and stress-induced 
volatiles. 2nd Asia-Pacific Plant Phenotyping Conference, Nanjing, 
China.



QUANTITATIVE SCALING OF FOLIAGE 
PHOTOSYNTHETIC CHARACTERISTICS AND 
RELEASE OF CONSTITUTIVE AND INDUCED 

VOLATILES WITH SEVERITY OF BIOTIC STRESS

BIOOTILISE STRESSI KVANTITATIIVNE 
MÕJU LEHTEDE FOTOSÜNTEESILE NING 
KONSTITUTIIVSETE JA INDUTSEERITUD 
LENDUVATE ÜHENDITE EMISSIOONILE

JIAYAN YE

A Thesis 
for applying for the degree of Doctor of Philosophy 

in Applied Biology

Väitekiri 
filosoofiadoktori kraadi taotlemiseks rakendusbioloogia erialal

Tartu 2019

Q
U

A
N

T
ITAT

IV
E SC

A
LIN

G
 O

F FO
LIAG

E PH
O

T
O

SYN
T

H
ET

IC
 C

H
A

R
AC

T
ER

IST
IC

S A
N

D
 R

ELEA
SE O

F C
O

N
ST

IT
U

T
IV

E A
N

D
 IN

D
U

C
ED

 V
O

LAT
ILES 

W
IT

H
 SEV

ER
IT

Y O
F B

IO
T

IC
 ST

R
ESS

JIAYA
N

 YE

VIIS VIIMAST KAITSMIST

GABRIELLA KOVÁCS 
EFFECT OF HOST PLANT AND LAND USE ON CABBAGE SEED WEEVIL 

INFESTATION AND ASSOCIATED PARASITOIDS
PEREMEESTAIME JA MAAKASUTUSE MÕJU KÕDRA-PEITKÄRSAKA KAHJUSTUSE 

JA PARASITEERITUSE TASEMELE
Dotsent Eve Veromann, prof. emeritus Anne Luik

12. detsember 2018

SERGEY KASK
VIRTUAL REALITY IN SUPPORT OF SUSTAINABLE TOURISM: EXPERIENCES 

FROM EASTERN EUROPE
VIRTUAALNE REAALSUS TOETAMAS SÄÄSTLIKKU TURISMI: IDA-EUROOPA 

KOGEMUSED
Professor Tiiu Kull, teadur Kati Orru (Tartu Ülikool)

30. jaanuar 2019

MAREK MAASIKMETS
DETERMINATION OF EMISSION FACTORS FROM ANTHROPOGENIC PARTICLE 

SOURCES FOR AIR EMISSION AND HEALTH IMPACT ASSESSMENT
INIMTEKKELISTE PEENOSAKESTE ERIHEIDETE MÄÄRAMINE 

ÕHUEMISSIOONIDE JA TERVISEMÕJUDE HINDAMISEKS
Professor Valdo Kuusemets, Erik Teinemaa (PhD, Eesti Keskkonnauuringute Keskus OÜ), 

dotsent Hans Orru (Tartu Ülikool)
11. märts 2019

MARJU TAMM
PIGMENT-BASED CHEMOTAXONOMY – EFFICIENT TOOL TO QUANTIFY 

PHYTOPLANKTON GROUPS IN LAKES AND COASTAL SEA AREAS
PIGMENTIDEL PÕHINEV KEMOTAKSONOOMIA – TÕHUS VAHEND 

FÜTOPLANKTONI KOOSSEISU SELGITAMISEKS JÄRVEDES JA RANNIKUMERES
Professor Tiina Nõges, teadur René Freiberg

21. mai 2019

MARGOT SEPP 
ORGANIC MATTER IN TEMPERATE LAKES – MONITORING AND 

CONNECTIONS WITH CATCHMENT
ORGAANILINE AINE PARASVÖÖTME JÄRVEDES – SEIRE NING SEOSED 

VALGALAGA
Professor Tiina Nõges 

21. mai 2019

ISSN 2382-7076
ISBN 978-9949-629-83-1 (trükis)
ISBN 978-9949-629-84-8 (pdf) 


