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Oak powdery mildew (Erysiphe alphitoides) is a major foliar pathogen of Quercus robur often infecting entire tree stands. In this 
study, foliage photosynthetic characteristics and constitutive and induced volatile emissions were studied in Q. robur leaves, in 
order to determine whether the changes in foliage physiological traits are quantitatively associated with the degree of leaf infec-
tion, and whether infection changes the light responses of physiological traits. Infection by E. alphitoides reduced net assimilation 
rate by 3.5-fold and isoprene emission rate by 2.4-fold, and increased stomatal conductance by 1.6-fold in leaves with the largest 
degree of infection of ∼60%. These alterations in physiological activity were quantitatively associated with the fraction of leaf 
area infected. In addition, light saturation of net assimilation and isoprene emission was reached at lower light intensity in infected 
leaves, and infection also reduced the initial quantum yield of isoprene emission. Infection-induced emissions of lipoxygenase 
pathway volatiles and monoterpenes were light-dependent and scaled positively with the degree of infection. Overall, this study 
indicates that the reduction of foliage photosynthetic activity and constitutive emissions and the onset of stress volatile emissions 
scale with the degree of infection, but also that the infection modifies the light responses of foliage physiological activities.

Keywords: green leaf volatiles, induced emissions, isoprene emission, light dependency, monoterpene emission, 
photosynthesis, quantitative responses, volatile organic compounds.

Introduction

Plants in the field are exposed to a plethora of biotic stresses 
that strongly curb their photosynthesis, growth and survival. 
Among key biotic stresses, fungal infections constitute a major 
stress factor, especially under humid conditions that support 
the spread of fungal pathogens. There is a large difference in 
virulence of different fungal pathogens, and many of them are 
highly host-specific (Poland et al. 2009, Schulze-Lefert and 
Panstruga 2011). Thus, infection by a compatible pathogen 
can result in major disease outbreaks in their host species 
(Gururani et al. 2012), thereby selectively reducing the com-
petitive potential of the host (Alexander and Holt 1998).

Pedunculate oak (Quercus robur) is the most susceptible spe-
cies to infections of powdery mildew caused by Erysiphe alphitoi-
des (formerly Microsphaera alphitoides). In fact, powdery mildew 
caused by E. alphitoides is one of the major foliar diseases 
of Q. robur in Europe (Desprez-Loustau et al. 2011) that can 
 significantly reduce tree growth and trigger tree decline (Mougou-
Hamdane et al. 2010). Usually, young plants are more susceptible 
to infections, but severe disease outbreaks can also occur in older 
plants in years with optimum weather conditions for E.  alphitoides 
(Mougou-Hamdane et al. 2010). Although powdery mildew 
infection constitutes an important stress in Q. robur, physiologi-
cal responses to powdery mildew infection have been studied 
only in a few cases. It has been demonstrated that E. alphitoides 
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infection decreases net assimilation rates and stomatal conduc-
tance (Hajji et al. 2009), and reduces the rate of isoprene emis-
sion (Brüggemann and Schnitzler 2001). However, quantitative 
relationships between these physiological modifications and 
the degree of infection have not been studied. As the shape of 
stress severity vs plant response can differ for various stresses 
(Beauchamp et al. 2005, Niinemets 2010a, 2010b), predicting 
stress responses requires understanding of quantitative relation-
ships between stress severity and plant physiological response.

Apart from stress effects on photosynthesis and constitu-
tive isoprenoid emissions, biotic and abiotic stresses result in a 
multitude of additional stress responses operating at molecu-
lar, cellular, leaf and whole plant levels. Among the early stress 
responses activated upon contact with pathogenic elicitors are 
Ca2+ signals, phosphorylation/dephosphorylation of proteins 
and production of signaling molecules such as salicylic acid, 
jasmonic acid, ethylene and reactive oxygen species (ROS) 
ultimately leading to gene expression and defense responses 
(Berger et al. 2007, Pieterse and Dicke 2007, Koornneef and 
Pieterse 2008). Activation of lipoxygenases and resulting 
emission of volatile products of lipoxygenase pathway (LOX 
products) consisting of various C6 aldehydes and alcohols, 
also called green leaf volatiles, also belong to the early stress 
responses that can be involved in subsequent alterations in 
gene expression patterns (Farag and Paré 2002, Matsui 2006, 
Jansen et al. 2009). Stress-elicited LOX product emission is 
a ubiquitous stress response and a sensitive indicator of the 
presence of abiotic and/or biotic stress (Niinemets 2010a, 
Harrison et al. 2013, Possell and Loreto 2013). Stress-induced 
emissions of LOX products are typically followed by emissions 
of volatile isoprenoids such as mono- and sesquiterpenes and 
benzenoids such as methyl salicylate, whereas the induced 
emission blend is stress dependent, reflecting selective activa-
tion of different sets of genes (Vuorinen et al. 2007, Hartikainen 
et al. 2009, Jansen et al. 2009, Loreto and Schnitzler 2010, 
Staudt et al. 2010, Semiz et al. 2012, Copolovici et al. 2014).

There is evidence that stress-induced emissions of LOX prod-
ucts and volatile isoprenoids scale with the severity of different 
abiotic stresses such as heat, ozone (Beauchamp et al. 2005) 
and mechanical damage (Brilli et al. 2011), but also with biotic 
stresses such as the degree of herbivory infestation (Copolovici 
et al. 2014). The presence of such quantitative relationships 
provides an important means to scale up the emissions of bio-
genic volatiles from leaves to vegetation and assesses the role 
of stress-elicited volatiles in air quality and aerosol formation 
processes in biosphere–atmosphere system (Grote et al. 2013).

In powdery mildew-infected Beta vulgaris leaves, the quan-
tum yield of photosynthesis was moderately reduced (Gordon 
and Duniway 1982). However, no effects on chlorophyll 
 content and PSII quantum yield were observed in powdery 
mildew-infected Vitis vinifera (Moriondo et al. 2005) leaves. As 
isoprene emissions are strongly associated with photosynthetic 

metabolism (Rasulov et al. 2009, Monson et al. 2012), any 
possible modification in the quantum efficiency of photosyn-
thesis is also expected to result in alterations in the quantum 
efficiency of isoprene emission. Furthermore, induced mono-
terpene emissions are typically light-dependent (Niinemets 
2010b) and can compete for the same chloroplastic precursor 
pool, potentially modifying the light dependence of isoprene 
emissions. Such potential modifications in the shape of consti-
tutive isoprenoid emission due to pathogen infection are not 
considered in contemporary isoprene emission models.

We investigated the influences of E. alphitoides infection on 
foliage photosynthetic characteristics, constitutive emissions 
of isoprene, induced emissions of LOX volatiles and monoter-
penes in Q. robur, hypothesizing that (i) there are quantitative 
relationships between the degree of infection and reductions 
in foliage photosynthetic activity and isoprene emission, and 
increases in stress volatile emission, and that (ii) infection 
results in modifications of the shapes of the light responses of 
photosynthesis and isoprene emission.

Materials and methods

Study site and plant material

The study was conducted in the vicinity of Tartu, Estonia 
(58°23′N, 27°05′E, elevation ∼40 m above sea level) in the mid-
dle of September 2011 and 2013. Both years were exception-
ally warm and humid with average air temperatures of 18.3 °C 
(year 2011) and 18.2 °C (2013) for the summer months June–
August and of 12.7 °C (2011) and 11.5 °C (2013) for September 
(data of Laboratory of Environmental Physics, Institute of Physics, 
University of Tartu, http://meteo.physic.ut.ee). These averages are 
2.5–2.6 °C higher for June–August and 2.4 °C (2011) higher for 
September than the corresponding long-term averages for 1971–
2000 (the Estonian Environment Agency, http://www.emhi.ee). 
Analogously, in 2011, the average values of relative air humid-
ity of 81.8% for June–August and 93% for September were 
higher than the corresponding long-term averages of 75% for 
June–August and 83% for September (the Estonian Environment 
Agency). Due to the favorable weather conditions for fungal 
development, almost all oak trees were infected with E. alphitoi-
des and exhibited visible signs of damage.

South-exposed leaves showing varying degrees of visual 
infection symptoms were collected from three trees for the 
measurements. The twigs (∼25 cm long) with multiple leaves 
were excised under water, maintained with the cut ends 
immersed in water and immediately transported to the labora-
tory for the measurements. The cut ends were maintained in 
water and a representative leaf was clamped in the cuvette.

Foliage gas-exchange measurements

To measure gas-exchange and volatile organic compound 
(VOC) emission rates from Q. robur leaves with varying 
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degrees of powdery mildew infection, we used a custom-
made gas-exchange system described in detail in Copolovici 
and Niinemets (2010). Briefly, the system used has a 1.2-l 
temperature-controlled double-walled glass chamber with 
glass and stainless steel bottom. The flow rate through the 
system was 1.4 l min−1, and synthetic air was used by mixing 
purified N2 (80%), O2 (20%) and CO2 (385 μmol mol−1) by 
mass flow controllers (Bronkhorst, Ruurlo, The Netherlands). 
The chamber air was vigorously mixed with a fan installed in 
the system, resulting in fully turbulent conditions such that the 
half-time of the chamber air was ∼30 s assuming first-order 
decay kinetics (Niinemets et al. 2011). The air was humidified 
with a custom-made humidifier to a relative humidity of 60%. 
Light intensity was set at 1000 μmol m−2 s−1, and leaf temper-
ature was set at 25 °C. CO2 and H2O concentrations at the 
chamber in- and outlets were measured with an infra-red dual-
channel gas analyzer operated in differential mode (CIRAS II, 
PP-systems, Amesbury, MA, USA). After enclosure of the leaf 
in the chamber, the leaf was stabilized under the measure-
ment conditions until steady-state gas-exchange rates were 
observed (in ∼30 min after enclosure), and the steady-state 
values of foliage gas-exchange and volatile emission rates (see 
the next section) were recorded. Altogether 25 leaves with 
different degrees of infection were measured (13 in 2011 and 
12 in 2013).

The light-response curves of leaf gas-exchange and VOC 
emission were measured with a portable gas-exchange/fluo-
rescence system (GFS-3000, Heinz Walz GmbH, Effeltrich, 
Germany). This system has a clip-on type leaf cuvette with 
8 cm2 window area. The LED illumination (10% blue, 90% red) 
is provided by the leaf chamber fluorimeter, and the chamber 
temperature is regulated by Peltier elements. The measure-
ments of the light-response curve were carried out in the fol-
lowing sequence (light intensities in μmol m−2 s−1):

 
1 12 15 1 8

5 4 2

000 00 00 000 00

00 00 00 0

→ → → →
→ → → →  

Light-response curve measurements were carried out in tripli-
cate for both control and seriously infected leaves (∼60% leaf 
area infected).

Equations of von Caemmerer and Farquhar (1981) were 
used to calculate the rates of net assimilation (A), transpira-
tion (E) and stomatal conductance to water vapor (gs) per unit 
projected leaf area enclosed in the chamber.

Measurement of the emission rates of volatiles

Emission of VOCs was measured in parallel with physiological 
parameters by diverting a part of the outgoing air to a proton-
transfer reaction mass spectrometer (high sensitivity version of 
PTR-QMS, Ionicon, Innsbruck, Austria). Isoprene was detected 
as a protonated parent ion at m/z of 69, while monoterpenes 

were calculated from measurements of masses 81 (the major 
monoterpene fragment) and 137 (for details see Copolovici 
et al. 2005 and Filella et al. 2007). The sum of volatile octa-
decanoid pathway products (LOX products also called green 
leaf volatiles), consisting of a variety of C6 aldehydes, alcohols 
and derivatives produced by C13 hydroperoxide lyases, was 
found as the sum of the individual mass signals at m/z 83, m/z 
85, m/z 99 and m/z 101 (for more details, see Copolovici and 
Niinemets 2010).

To assess the composition of emitted terpenes, volatiles 
were also sampled for gas chromatography–mass spectrom-
etry (GC–MS) analyses onto stainless steel tubes with three-
bed filling consisting of different Carbotrap fractions optimized 
to quantitatively adsorb all volatiles in the C5–C15 range. Four 
liters of air was sampled at a constant-flow rate of 0.2 l min−1 
using an air sample pump (1003-SKC, SKC, Inc., Houston, TX, 
USA) (Niinemets et al. 2011). Adsorbent cartridges were ana-
lyzed for lipoxygenase (LOX) pathway products, mono-, homo- 
and sesquiterpene emissions, with a combined Shimadzu 
TD20 automated cartridge desorber and Shimadzu 2010 plus 
GC-MS instrument (Shimadzu Corporation, Kyoto, Japan) using 
a method as detailed in Toome et al. (2010) and Kännaste 
et al. (2014). The emission rates of isoprene, monoterpenes 
and volatile LOX products per unit projected leaf area were cal-
culated according to the equations of Niinemets et al. (2011).

Quantification of the degree of infection

As E. alphitoides primarily grows on the leaf surface (Mougou 
et al. 2008), the coverage of foliage by white fungal hyphae 
can be used to assess the level of infection. To estimate the 
fraction of leaf area infected (percentage of leaf area covered 
by the hyphae of E. alphitoides), both sides of the leaf were 
photographed (for example of a control leaf and a heavily 
infected leaf, see Figure 1) at the end of each experiment and 
the infected areas were determined by UTHSCSA ImageTool 
2.0 (Dental Diagnostic Science, The University of Texas Health 
Science Center, San Antonio, TX, USA). The degree of infec-
tion was separately estimated for the lower and upper leaf sur-
faces, and also an average degree of infection was calculated 
for the entire leaf.

Data analyses

The light (Q) response curves of emission rates (I) were fitted 
by a hyperbolic equation in the form of:

 

I
Q

Q I Q

=
+

α
α1 2 2 2( )

,
max,/

 
(1)

where α is the quantum yield and Imax,Q is the emission capac-
ity (Sun et al. 2012). We note that in VOC emission studies, 
light responses are often fitted to normalized data (so-called 
Guenther et al. model) (Guenther et al. 1993, Grote et al. 
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2013). However, in the original Guenther et al. model, the yield 
parameter is implicitly dependent on the emission capacity 
(Monson et al. 2012, Grote et al. 2013), and we therefore favor 
Eq. (1), which includes the true quantum yield.

The statistical dependencies between the degree of infection 
and the emission of volatiles were explored by linear regres-
sions. Separate regressions with the percentage of infection 
visible in the upper and lower leaf surfaces and the average 
for upper and lower surface damage were calculated to com-
pare the descriptive power of different damage indicators. The 
parameters of Eq. (1) were compared among different com-
pounds and for infected and non-infected plants using ANOVA. 
ANOVA was also used to analyze the differences in the content 
of various volatiles among control and heavily infected (∼60% 
infection) plants. A paired sample t-test was used to assess the 
statistical differences in the degree of infection of the upper 
and lower surfaces. All statistical tests were considered signifi-
cant at P < 0.05.

Results

Variation in the degree of oak powdery mildew 
(E. alphitoides) infection

The infection by E. alphitoides was more prevalent on the upper 
leaf surface (average ± SE = 49.5 ± 4.1% across all leaves) 
than on the lower leaf surface (28.8 ± 4.1%, means are signifi-
cantly different at P < 0.001). The degrees of infection of the 
lower and upper surface were positively, but relatively weakly, 
correlated (r2 = 0.32, P < 0.03). The correlations of the degree 
of infection with foliage physiological characteristics and emis-
sion rates were stronger with the degree of upper leaf surface 
infection than with the degree of lower leaf surface infection 
or the average degree of infection of both surfaces (data not 
shown). Thus, in the following section, we only report the cor-
relations with the degree of infection of the upper leaf surface.

Photosynthesis characteristics of leaves infected 
with E. alphitoides

Infection by E. alphitoides reduced leaf net CO2 assimilation rates, 
and even a moderate infection of 10–20% leaf area resulted in 
significantly reduced net assimilation rates of ∼4 μmol m−2 s−1 
(Figure 2a). With further increases in infection, the net assimi-
lation rate decreased, reaching values of 1–2 μmol m−2 s−1 in 
leaves with ∼60% infection.

Differently from the net assimilation rate, stomatal conduc-
tance to water vapor increased with increasing percentage 
of leaf infection by >60%, from 91 ± 11 mmol m−2 s−1 (aver-
age ± SE) in control plants to ∼150 mmol m−2 s−1 in leaves with 
>50% infection (Figure 2b). As a result of the decreases in net 
assimilation rate and increases in stomatal conductance, the 
intercellular CO2 concentration increased with increasing the 
degree of leaf infection (Figure 2c).

Modification of light response of photosynthesis 
by mildew infection

Dark respiration rate was similar, 1.6 μmol m−2 s−1 for both con-
trol and mildew-infected leaves, but mildew infection resulted 
in moderate reductions in the light-limited photosynthesis 
between light intensities 200 and 600 μmol m−2 s−1, and major 
changes in net assimilation rates at high light, ∼2.3-fold from 
∼9 μmol m−2 s−1 in control to 3.9 ± 0.8 μmol m−2 s−1 (aver-
age ± SE) in infected leaves (Figure 3a). Furthermore, net 
assimilation rates in infected leaves saturated at a lower quan-
tum flux density of ∼800 μmol m−2 s−1, while the saturation 
light intensity was reached at ∼1500 μmol m−2 s−1 in control 
plants (Figure 3a).

Stomatal conductance increased with increasing light inten-
sity similar to net assimilation rates (Figure 3b). As with net 
assimilation rates, stomatal conductance reached a light-
saturated value at a lower light intensity in infected leaves 
(cf. Figure 3a and b). Thus, while the values of stomatal 
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Figure 1. Representative photographs of control (a, b) and oak pow-
dery mildew (E. alphitoides)-infected (c, d) leaves of Q. robur. The 
images for both the upper (a, c) and lower sides (b, d) of the leaves 
are demonstrated.
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conductance in infected leaves exceeded those in control 
leaves over most of the light range, similar stomatal conduc-
tance of 140 ± 8 mmol m−2 s−1 (average ± SE) was reached at 
the highest light intensity of 1500 μmol m−2 s−1 (Figure 3b).

Effects of E. alphitoides infection on isoprene and 
stress-elicited volatile emissions

Infection by E. alphitoides led to a reduction of isoprene emis-
sion from 10.6 ± 0.6 nmol m−2 s−1 (average ± SE) in healthy 
leaves of Q. robur to 4–5 nmol m−2 s−1 in heavily infected leaves 

(50–60% leaf area infected), and a strong negative correlation 
between the isoprene emission rate and the percentage of leaf 
damage was observed (Figure 4a).

Emission of a variety of compounds was induced by infec-
tion, including volatiles of the lipoxygenase pathway ((Z)-3-
hexenol, (E)-2-hexenal, (Z)-3-hexenyl acetate and 1-hexanol), 
ubiquitous monoterpenes (α-pinene, camphene, 3-carene, 
limonene and β-phellandrene), typical stress monoterpenes 
such as (E)-β-ocimene, linalool and monoterpene derivative 
geranyl acetone and benzenoid methyl salicylate (Table 1). 
The emissions of total monoterpenes (Figure 4b) and the sum 
of lipoxygenase pathway products (LOX products, Figure 4c) 
increased from close to zero in control leaves to values as high 
as ∼0.4 nmol m−2 s−1 in strongly infected leaves (Figure 4b 
and c). Isoprene emission was negatively correlated with both 
monoterpene and LOX product emission rates for all leaves 
with different degrees of infection pooled (Figure 5).

Light responses of volatile emissions in control 
and infected plants

Infection by E. alphitoides resulted in both reduced light-
saturated isoprene emission rate and initial quantum yield 
(Figure 6a, Table 2). In addition, isoprene emission in infected 
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Figure 2. Leaf net CO2 assimilation rate (a), stomatal conductance to 
water vapor (b) and intercellular CO2 concentration (c) in relation to 
the percentage of leaf area (upper surface) infected with E. alphitoides 
in Q. robur. The data correspond to different leaves and the relation-
ships were fitted by linear regressions. Values for visually completely 
healthy non-infected leaves are shown by open symbols. Data are 
shown separately for 2011 and 2013 measurement campaigns.

Figure 3. Comparison of representative light responses of net CO2 
assimilation rate (a) and stomatal conductance to water vapor (b) 
among Q. robur control (non-infected) and E. alphitoides-infected 
leaves (percentage of leaf area infected ∼60%, see Table 2). Data are 
averages ± SE (n = 3 for both control and infected leaves).  at T
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leaves also saturated at a lower quantum flux density of ∼600–
800 μmol m−2 s−1 than in the non-infected control leaves where 
the emission rate was still increasing at the highest light level 
of 1500 μmol m−2 s−1 used (Figure 6a). Both monoterpene 
(Figure 6b, Table 2) and LOX product (Figure 6c, Table 2) 
emission rates also increased with increasing light intensity. 
The rate of emission of LOX products increased particularly 
strongly with light without apparent light saturation (Figure 6c). 
The increase of LOX emission rate through the light response 

was close to linearly correlated with light-dependent changes 
in stomatal conductance (inset in Figure 6c). The initial quan-
tum yields for monoterpene and LOX product emissions in 
infected leaves were lower than those for isoprene emission in 
control and infected leaves (Table 2).

1404 Copolovici et al.

Table 1. Volatile emission rates (nmol m−2 s−1) of Q. robur control 
leaves and oak powdery mildew (E. alphitoides)-infected leaves. 
Control leaves had essentially no visible symptoms of infection (infec-
tion level < 5%), while in the case of infected leaves, leaves with the 
infection level >60% (59.8–65.9%, on average ± SE of 61.6 ± 0.9%) 
were included in the analysis (see Figure 4). The means were com-
pared by ANOVA and the significance is denoted as P < 0.001 (***), 
P < 0.01 (**) or P < 0.05 (*). nd, not determined.

Compound Control Mildew-infected

Green leaf volatiles (lipoxygenase pathway volatiles, LOX)
(Z)-3-Hexenol 0.0139 ± 0.0022 0.0926 ± 0.0043***
(E)-2-Hexenal 0.021 ± 0.006 0.149 ± 0.007***
(Z)-3-Hexenyl 
acetate

0.0121 ± 0.0011 0.098 ± 0.007***

1-Hexanol 0.0119 ± 0.0018 0.082 ± 0.006***

Isoprenoids and derivatives
Isoprene 10.6 ± 0.6 5.36 ± 0.16**
α-Pinene 0.0184 ± 0.0038 0.150 ± 0.007***
Camphene 0.0070 ± 0.0018 0.056 ± 0.005***
β-Pinene 0.0034 ± 0.0005 0.0177 ± 0.0018***
3-Carene 0.00363 ± 0.00041 0.0520 ± 0.0020***
Limonene 0.0080 ± 0.0009 0.0678 ± 0.0036***
(E)-β-Ocimene 2.5 × 10−5 ± 0.8 × 10−5 0.0004 ± 0.00005***
β-Phellandrene 0.0036 ± 0.0008 0.0206 ± 0.0009***
Linalool nd 0.0164 ± 0.0027***
Geranyl acetone 0.0072 ± 0.0013 0.0112 ± 0.0006*

Aromatics
Benzaldehyde 0.079 ± 0.012 0.122 ± 0.016
Methyl salicylate nd 0.437 ± 0.011***

Figure 4. Correlations of isoprene (a, ΦIso), monoterpene (b, ΦMon) and 
lipoxygenase pathway volatiles (LOX, ΦLox, various C6 alcohols, alde-
hydes and derivatives, also called green leaf volatiles), (c) emission 
rates with the percentage of E. alphitoides infection (upper surface) 
in Q. robur leaves. The sum of all monoterpenes and LOX volatiles is 
reported in Table 1. Data presentation and fitting as in Figure 2. The 
regressions with the degree of infection (DI) are: ΦIso = 8.91 − 0.0743DI; 
ΦMon = 0.0732 + 0.00532DI; ΦLox = 0.00213 + 0.00624DI. Figure 5. Correlations between isoprene emission rate and monoter-

pene and LOX volatile emission rates among the Q. robur leaves with 
different degrees of E. alphitoides infection. Data were fitted by lin-
ear regressions (solid line, relationship with monoterpene emission; 
dashed line, relationship with LOX volatile emission).
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Discussion

Alteration of photosynthetic characteristics of Q. robur 
by E. alphitoides infection

Our results for Q. robur (Figure 2) are in agreement with previous 
observations demonstrating strong reduction in net assimilation 
rate by various powdery mildew species (Gordon and Duniway 
1982, Moriondo et al. 2005, Hajji et al. 2009). Furthermore, 
reduction of photosynthesis is a general response to infection 
by different pathogens across a variety of species. For example, 

photosynthesis was reduced in Vaccinium ashei and Vaccinium 
corymbosum affected by leaf spot fungus Septoria albopunc-
tata (Roloff et al. 2004), sugarcane infected with orange 
rust Puccinia kuehnii (Zhao et al. 2011) and Prunus cerasus 
affected by cherry leaf spot fungus Blumeriella jaapii (Gruber  
et al. 2012), in Quercus fusiformis infected by oak wilt Ceratocystis 
fagacearum (Anderson et al. 2000), and in Salix burjatica ×  
Salix dasyclados infected by rust fungus Melampsora epitea 
(Toome et al. 2010). In contrast, in some cases, compensatory 
photosynthesis has been demonstrated. For example, infection 
by the rust fungus Puccinia hordei increased photosynthesis 
in Hordeum distichum compared with control plants (Scholes 
and Farrar 1986). Such compensatory responses have some-
times also been observed in herbivory-damaged leaves where 
increases in the photosynthetic rate of remaining leaf areas can 
compensate for consumed leaf area.

Our study further demonstrated that the degree of reduc-
tion in assimilation rate was quantitatively associated with the 
degree of leaf infection (Figure 2). Such a response can result 
from a uniform reduction in foliage assimilation rate across the 
leaf surface in a coordinated manner analogously to senesc-
ing leaves undergoing programmed cell death (Munné-Bosch 
2008, Niinemets et al. 2012). Such a response can also be 
explained by reductions in net assimilation rate in infected 
leaf regions, especially in the case of necrotrophic patho-
gens, while the assimilation rate is maintained almost con-
stant in non-infected leaf regions. In fact, reduction in the net 
assimilation rate by Vaccinium infected by leaf spot fungus  
S. albopunctata was correlated with the fraction of necrotic area 
(Roloff et al. 2004). However, net assimilation rates reached 
close to zero already at the necrotic area of ∼50% (Roloff et al. 
2004), suggesting that severe infection also resulted in overall 
reduction in net assimilation rate. In our study, net assimilation 
rate reached very low values of 1–2 μmol m−2 s−1 in severely 
infected leaves (50–60% leaf area infected), suggesting that 
both mechanisms were likely responsible for reduction in net 
assimilation rates in E. alphitoides-infected leaves.
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Table 2. Comparison of light-response curve parameters, the initial 
quantum yield (α) and the emission capacity (Imax,Q, Eq. (1)) for dif-
ferent compound classes and among the control and E. alphitoides-
infected leaves of Q. robur. Infected leaves had the infection level >60% 
(59.8–65.9%, on average ± SE of 61.6 ± 0.9%). Light-response curve 
parameters for monoterpenes and LOX emissions are only provided 
for the infected leaves. The emission rates of these compound classes 
in control leaves were close to the detection limit (Table 1). Means of 
the parameter values were compared by ANOVA and different letters 
denote statistically significant differences at P < 0.05.

Compound α (μmol mol−1) Imax,Q (nmol m−2 s−1)

Isoprene (control) 23 ± 6A 12.8 ± 0.6A
Isoprene (infected) 16.2 ± 3.5B 6.14 ± 0.06B
Monoterpenes (infected) 0.586 ± 0.023C 0.55 ± 0.07C
LOX volatiles (infected) 0.532 ± 0.016C 0.73 ± 0.06C

Figure 6. Light-response curves of isoprene (a), monoterpene (b) and 
LOX volatile (c) emissions in control and E. alphitoides-infected leaves 
of Q. robur. Data were fitted by Eq. (1) (Table 2 for the parameters). The 
inset in (c) demonstrates the correlation between LOX volatile emis-
sion rate and stomatal conductance (gs) through the light-response 
curve (Figure 3b for the light response of stomatal conductance).
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Multiple physiological mechanisms can be responsible for the 
reduction of photosynthesis in fungal-infected leaves. Among 
these mechanisms, changes characteristic to programmed cell 
death including inhibition of photosynthetic electron transport 
and reductions in the amount or activity of photosynthetic rate-
limiting enzymes and light-harvesting pigments have been dem-
onstrated for different fungal infections (Gordon and Duniway 
1982, Tang et al. 1996, Mandal et al. 2009, Zhao et al. 2011). 
Pathogenic infections can also induce reductions in stoma-
tal conductance by rendering stomata in necrotic areas non-
functional and by affecting stomatal functioning in surrounding 
leaf tissues (Lopes and Berger 2001, Pinkard and Mohammed 
2006). In fact, decreases in stomatal conductance have often 
been observed in fungal-infected plants, especially when infec-
tion led to necrotic lesions (Roloff et al. 2004, Moriondo et al. 
2005, Mandal et al. 2009, Toome et al. 2010). However, in our 
study, stomatal conductance actually increased with increase 
in the degree of infection (Figure 2b) and this was associated 
with increased intercellular CO2 concentration (Figure 2c). This 
suggests that the reduction in net assimilation rate in E. alphitoi-
des infected Q. robur leaves was associated with reductions 
in the amount and/or activity of rate-limiting proteins such as 
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). 
Impairment of stomatal conductance and photosynthesis and 
resulting enhanced water loss in infected plants have also 
been observed in other studies (Robert et al. 2005, Major 
et al. 2009). In addition, despite the parallel reductions in net 
assimilation rate and stomatal conductance in downy mildew 
Peronospora plantaginis-infected Plantago ovata leaves, intercel-
lular CO2 concentration actually increased in infected leaves, 
also indicating that the demand for CO2 decreased relatively 
more than the supply of CO2 (Mandal et al. 2009). On the other 
hand, in V. vinifera leaves infected by powdery mildew Uncinula 
necator, intercellular CO2 concentration decreased in infected 
leaves (Moriondo et al. 2005).

Overall, this evidence collectively indicates that the photo-
synthetic responses to infection are strongly host and patho-
gen specific. In the case of biotrophic pathogen E. alphitoides 
infecting Q. robur leaves, clearly a partial loss of stomatal con-
trol increased intercellular CO2 concentration and reduced the 
control of assimilation rates by CO2 concentration. However, the 
light saturation of net assimilation rate (when cross-over from 
light limitation to Rubisco limitation occurred) was observed at 
a lower light intensity in the infected leaves compared with the 
control leaves (Figure 3). This suggests that Rubisco activity 
decreased relatively more than the activity of photosynthetic 
electron transport in the infected leaves. Analogously, a stron-
ger effect of infection on high-light photosynthesis than on 
light-limited photosynthesis has been reported in several plant 
species including rice (Oryza sativa) (Bastiaans and Roumen 
1993), soybean (Glycine max) (Kumudini et al. 2008) and 
sugar beet (B. vulgaris) (Gordon and Duniway 1982).

Emission of isoprene and terpenoids from leaves 
infected with E. alphitoides

Reduction of isoprene emissions by powdery mildew infection 
(Figure 4a) is in agreement with observations of Brüggemann 
and Schnitzler (2001). Analogously, isoprene emissions were 
reduced by oak wilt C. fagacearum infected Q. fusiformis 
(Anderson et al. 2000), and by rust fungus M. epitea-infected 
Salix (Toome et al. 2010). Our study further demonstrates that 
the reduction of isoprene emission in powdery mildew-infected 
leaves is quantitatively associated with the degree of propaga-
tion of the infection (Figure 4a).

However, compared with the net assimilation rate, the reduc-
tion in isoprene emission was less under most severe infection 
(cf. Figures 2a and 4a), indicating that the fraction of carbon 
going into isoprene emission increased. On the other hand, iso-
prene emission is more tightly linked to the rate of photosyn-
thetic electron transport than to light-saturated net assimilation 
(Niinemets et al. 1999, Rasulov et al. 2009, 2011, Harrison 
et al. 2013). Thus, lower sensitivity of light-limited photosynthe-
sis to infection can provide an explanation for smaller decreases 
in isoprene emissions than in photosynthetic capacity.

Nevertheless, isoprene emission rates also depend on inter-
cellular CO2 concentration according to a curve with a maximum 
at ∼100 μmol mol−1 (Loreto and Sharkey 1993, Rasulov et al. 
2009, Sun et al. 2012). This reduction has been associated 
with CO2 effects on the pool size of the substrate for isoprene 
synthesis, dimethylallyl diphosphate (DMADP) (Rasulov et al. 
2009, Possell and Hewitt 2011). Thus, increases in the inter-
cellular CO2 concentration of E. alphitoides leaves might have 
also suppressed isoprene emissions by reduction of DMADP 
pool size. In fact, reduction in the initial quantum yield of iso-
prene emission (Figure 6a, Table 2) also suggests that the 
DMADP pool size was reduced in the infected leaves. We note 
that the relationships among isoprene emission, photosynthetic 
rate and CO2 concentration differ between the infected and 
non-infected leaves. In particular, in non-infected leaves, the 
reduction of isoprene emissions at higher CO2 is characteris-
tically associated with increased photosynthetic rate (Loreto 
and Sharkey 1990, Morfopoulos et al. 2014), but this was not 
the case for infected leaves where both photosynthesis and 
isoprene emission rates were reduced.

Apart from the CO2 effects, the DMADP pool size depends 
on the competition between isoprene emission and other 
DMADP consuming chloroplastic pathways such as synthe-
sis of larger isoprenoids including monoterpenes, diterpenes 
and carotenoids (Dudareva et al. 2013, Rasulov et al. 2014). 
Because geranyl diphosphate synthase, the initial enzyme in 
the synthesis of longer chain-length isoprenoids, has much 
higher affinity toward DMADP than the isoprene synthase 
(Rajabi Memari et al. 2013, Rasulov et al. 2014), competition 
by alternative reactions can significantly curb isoprene emis-
sion. Thus, part of the inhibition of isoprene emission can be 
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associated with elicitation of monoterpene emissions from the 
infected leaves. In fact, close to proportional negative corre-
lation between isoprene emission and monoterpene emission 
was observed through all leaves with varying degrees of infec-
tion (Figure 5), supporting the hypothesis of the competition of 
different biochemical processes for DMADP.

Powdery mildew-induced volatile emissions

Studies with different fungal pathogens have demonstrated 
that infection leads to induction of emissions of several classes 
of stress volatiles. For example, infection of willow (Salix) 
leaves by the rust fungus M. epitea resulted in emissions of 
volatiles of the lipoxygenase (LOX) pathway, and mono- and 
sesquiterpenes (Toome et al. 2010). Analogously, silver birch 
(Betula pendula) infected with the leaf spot fungus Marssonina 
betulae emitted an increased amount of (Z)-ocimene and (E)-
β-ocimene (Vuorinen et al. 2007). Tomato (Solanum lycop-
ersicum) plants inoculated with necrotrophic fungus Botrytis 
cinerea emitted a different number and amount of volatiles after 
inoculation compared with control plants (Jansen et al. 2009).

Although E. alphitoides itself could emit different VOCs, as 
an obligate pathogen, its VOC emissions cannot be measured 
in the absence of plants in vivo, and thus, we were unable 
to determine the profile of possibly emitted fungal volatiles. 
According to Peñuelas et al. (2014), fungal emissions are dom-
inated by alcohols, benzenoids, aldehydes and ketones, and 
there are only marginal emissions of terpenes. However, there 
is a large variability in the emission profiles among different 
fungal species (Müller et al. 2013).

In our study, the main compounds emitted were the LOX 
products, monoterpenes and methyl salicylate that are charac-
teristic of fungal infections. As a result of an attack by patho-
gens, specific elicitor molecules are generated by chemical or 
physical damage to plant cell walls and cellular membranes. 
Usually the response of plants to the stress includes formation 
of different reactive compounds which can be detected and 
recognized as a signal and initiate the activation of secondary 
elicitors and transcription of defense genes (Panka et al. 2013). 
Rapid emissions of LOX products are triggered by the release 
of free fatty acids from cell membranes, and their peroxidation 
by lipoxygenase enzymes (Liavonchanka and Feussner 2006). 
As inoculation experiments with fungal pathogens demonstrate 
(Jansen et al. 2009, Toome et al. 2010), LOX products are 
emitted within hours after inoculation. This is somewhat slower 
compared with mechanical damage or herbivory damage (see 
the Introduction section), and likely reflects differences in time 
when the inoculation signal is perceived. In the case of her-
bivory damage, it has been demonstrated that LOX product 
emission rate scales quantitatively with the degree of leaf dam-
age (Copolovici et al. 2005, 2014, Niinemets et al. 2011). In 
the case of herbivory, LOX emissions have been associated 
with continuous increase of damaged leaf parts that serve as 

sites of emission. In the case of mildew infection, sustained 
LOX emissions likely reflect propagation of cellular damage to 
leaf areas not yet infected (Toome et al. 2010) as well as con-
tinuous repair and damage of infected leaf regions. We suggest 
that detailed anatomical studies are needed to gain insight into 
the nature of powdery mildew-induced LOX emissions at the 
ultrastructural level.

Surprisingly, LOX product emission rates were light depen-
dent (Figure 6c). Such light dependence has not yet been 
demonstrated, and we suggest that several factors could be 
responsible for the light dependence of these emissions. First, 
the increase of emissions of green leaf volatiles with light 
intensity can result from light-dependent formation of ROS due 
to photooxidative stress, and accordingly greater lipoxygen-
ase activity and higher level of lipid peroxidation. In fact, an 
increase in lipoxygenase activity with increasing light level has 
been observed in Phalaenopsis (Ali et al. 2005). Second, as 
water-soluble compounds, several LOX products can be tem-
porarily controlled by the stomata (Niinemets and Reichstein 
2003, Harley 2013), and thus, light-dependent changes in 
stomatal conductance could be partly responsible for the light 
dependence of LOX product emission. This suggestion is cor-
roborated by a strong positive correlation between stomatal 
conductance and LOX product emission (Figure 6c).

Activation of defense pathways following infection is typi-
cally associated with the release of volatile isoprenoids, in 
particular, with light-dependent emissions of monoterpenes 
(Vuorinen et al. 2007, Toome et al. 2010) as was also dem-
onstrated in powdery mildew-infected Q. robur (Table 1, 
Figures 4b and 6b). As discussed above, these emissions 
likely compete with constitutive isoprene synthesis for chlo-
roplastic DMADP. However, while the DMADP pool size likely 
decreased with increasing degree of infection as suggested 
by the reductions in the initial quantum yield for isoprene 
emission (Table 2), monoterpene emission rate increased 
with increasing degree of infection (Figure 4b). This indicates 
that the activity of monoterpene synthases scaled positively 
with the degree of leaf infection. On the other hand, the light 
dependence of monoterpene emission (Figure 6b) suggests 
that the light-dependent changes in the monoterpene precur-
sor pool size did affect monoterpene emission. This might 
reflect the competition by isoprene synthase that at any light 
level consumed more DMADP than monoterpene synthases.

Conclusions

This study provides important evidence of strong effects of 
pathogenic infections on constitutive and induced volatile emis-
sions in Q. robur. As the study demonstrates, powdery mildew 
infection in oak is associated with infection-dependent reduc-
tions in photosynthesis, and isoprene emission and increases 
in stomatal conductance and induced emissions. These results 
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provide encouraging evidence that the severity of pathogen 
stress can be assessed by monitoring the emissions of stress-
elicited volatiles. Such quantitative relationships form a valuable 
basis to incorporate pathogen stress in to isoprene emission 
models and in to models of induced volatile emissions.
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Abstract

Key message Air-drying, cooling and freezing leaf

samples rich in isoprenoid content evaporates iso-

prenoids and consequently causes an underestimation

of the leaf dry matter content.

Abstract Foliage isoprenoid content or essential oil con-

tent is a key plant characteristic important in plant science,

but also for food, cosmetic and pharmaceutical industry.

Commonly, the amount of foliage chemicals is normalized

with respect to leaf dry mass (content per dry mass).

However, the protocols for foliage drying have received

little attention. In particular, volatile and semi-volatile

isoprenoids and other compounds with low boiling point

may partly volatilize during drying, reducing both iso-

prenoid and leaf dry matter contents, thereby potentially

underestimating the content of volatiles and overestimating

that of non-volatile constituents. Three leaf preservation

(flash freezing in liquid nitrogen, freezing at -82 and at

-20 �C, and cooling at 4 �C) and two leaf desiccation

(freeze-drying at -54 �C and 1.2 mbar, and air-drying at

30, 40 60, 70, 80, 100, 110, 125, 150, 200, and 300 �C)
procedures were applied to replicate leaves, and the leaf

dry matter content as well as the leaf isoprenoid content

was measured afterwards. The results of this experiment

suggested that freeze-drying method (FD) performed the

best leaf isoprenoid preservation followed by FF method,

whilst air-drying methods performed a dramatic isoprenoid

loss in the leaf samples, as well as preserving the leaves at

freezing and cooling temperatures. Leaf isoprenoid content

and leaf dry to fresh mass ratio were correlated and there

were evidences of leaf dry matter content (LDMC) mis-

calculation in isoprenoid-storing species when using tra-

ditional air-drying methods and preservation of samples,

possibly related to the isoprenoid loss as well as other

volatile compounds. In addition, losses of high C content

volatiles and respiration of sugars and carbohydrate

pyrolysis with low carbon content may differently affect

the bulk leaf C content.

Keywords Abies balsamea � Betula pendula � Leaf dry
matter content � Pinus mugo � Quercus ilex � Volatile
organic compounds

Introduction

In plant science, several key leaf traits, including specific

leaf area and amounts of foliage chemical elements such as

nitrogen, phosphorus and carbon as well as foliage chem-

ical compounds such as isoprenoids, flavonoids, etc., are
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commonly expressed per leaf dry mass unit. Furthermore,

the rate of plant physiological processes such as photo-

synthetic capacity is often expressed per unit dry mass to

characterize the physiological activity of unit mass (Wright

et al. 2004). ‘Dry mass’ as an expression basis is favored

over fresh mass, because foliage fresh mass can change

during the day and among the days due to changes in leaf

water status in transpiring leaves (Correia et al. 2001;

Davey and Ellis-Evans 1996; Flexas and Medrano 2002;

Hinckley and Bruckerhoff 1975; Medina and Francisco

1994; Tuba et al. 1996; Vos and Groenwold 1988). At the

extreme, in desiccation-tolerant species, water content can

vary more than an order of magnitude (Davey and Ellis-

Evans 1996; Tuba et al. 1996). Thus, dry mass is com-

monly considered as a more reliable expression basis than

fresh mass (Garnier et al. 2001; Niinemets et al. 2011;

Zeiller et al. 2007). On the other hand, dry to water satu-

rated fresh mass ratio itself can be a relevant trait (Castrillo

et al. 2005; Niinemets et al. 2007; Vile et al. 2005) in leaf

economics and leaf anatomy, again emphasizing the

importance of reliable estimation of ‘‘dry’’ mass. But

estimating leaf dry mass carries itself potential problems.

Even in ‘‘dry’’ plant material, there is a residual amount

of water in equilibrium with humidity in the air (Zeiller

et al. 2007). This adsorbed water is gradually released with

increasing temperature or reducing water vapor concen-

tration in ambient air, but increasing temperatures can also

result first in evaporation of compounds with low boiling

point (such as volatile and semi-volatile isoprenoids). With

further increases in temperature, pyrolysis of certain leaf

constituents may occur (Font et al. 2009). On the other

hand, drying at physiological temperatures (e.g., 30 �C)
can be long-lasting and result in mass loss due to respira-

tion. Some plant tissues, such as foliage of CAM plants,

cannot be dried under physiological temperatures without a

loss of bulk of dry matter. Volatilization of the studied

compounds during drying can led to major losses of the

compound, and accordingly to significant underestimation

of their content, even when expressed per unit leaf area.

Foliage in species with specialized isoprenoid storage

structures such as in conifers or species from the families

Lamiaceae (e.g., Mentha), Myrtaceae (e.g., Eucalyptus)

and Rutaceae (e.g., Citrus), can contain large amounts of

isoprenoids: between 1 and 10 % of total foliage dry mass

(Peñuelas and Llusià 2004). During leaf drying, the effects

of compound volatilization will be higher with the

increasing of heating temperature and the volatile com-

pounds content in the leaf. On the other hand, mass loss or

variation in the content of residual water will affect the

concentration of other non-volatile compounds, and esti-

mation of mass-based content of chemical elements. Fur-

thermore, if the mass lost has different carbon content than

the bulk of leaf matter (e.g., monoterpene carbon content is

88 %), leaf carbon content can even be affected more

strongly (Niinemets 1997; Poorter 1994).

A wide range of methods are available for the measure-

ment of leaf dry matter content (LDMC); also used previous

leaf isoprenoid content determination. They can be summa-

rized in: (1) placing leaves under a low relative humidity

desiccating atmosphere (i.e., desiccation with silica gel)

(Whittaker et al. 2001), (2) increasing the wind speed (air-

drying with a fan) (Maisuthisakul et al. 2007), (3) increasing

the air temperature to create a low relative humidity envi-

ronment as well as increasing leaf temperature and evaporate

the leaf water rapidly (incubation and sun-drying) (Akah et al.

2003), (4) heating selectively the water molecules in the leaf

until evaporation (with a microwave) (Jeni et al. 2010), (5)

rapid cryogenic treatment of leaves which avoids water

crystallization and allows water sublimation (flash freezing in

liquid nitrogen), and (6) freezing the leaves and reducing the

surrounding pressure to sublimate the frozen water (vacuum

freeze-drying, also called lyophilization or cryodesiccation)

(Ormeño et al. 2007, 2011).

The most widely used method for LDMC determination

unites the air-drying (1) and heating desiccation (2) proce-

dures. The time and temperatures used vary largely: com-

monly 60–80 �C during 48 h. The widespread protocol for

measuring LDMC by Garnier et al. (2001) uses 60 �C during

at least 2 days. In the last decades, methods like freeze-dry-

ing, flash freezing and microwave drying have won popu-

larity. Freeze-drying at higher or lower pressure is used in

food industry to preserve flavor quality, and performs better

essential oils retention during the drying process than oven-

drying (Dı́az-Maroto et al. 2003). On the other hand, micro-

wave drying has been presented as a good alternative to

freeze-drying for the determination of organic compounds

(Popp et al. 1996), also because microwave drying is less

expensive and faster technique than freeze-drying.

This experiment is focused on the effect of different

drying methods on the leaf isoprenoid content and the

consequences on the determination of leaf isoprenoid

content per dry matter content. The main hypothesis is that

conifer leaves (which contain a large isoprenoid content),

when highly manipulated, stored or oven-dried, will dra-

matically loose volatile isoprenoids before the chemical

determination. Furthermore, when leaves are dried at high

temperature, this will significantly mislead the calculation

of dry matter content as a consequence of isoprenoid loss.

Materials and methods

Plant material

Foliage from two evergreen conifers, Abies balsamea (L.)

Mill. and Pinus mugo Turra, an evergreen (Quercus ilex L.)
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and a deciduous (Betula pendula Roth) broad-leaved spe-

cies was studied. All the four species are known to be

significant isoprenoid emitters, especially the conifers and

Q. ilex are strong constitutive emitters (Keenan et al. 2009;

Kesselmeier and Staudt 1999). The constitutive emissions

of B. pendula are weaker, but this species can be triggered

for high isoprenoid emissions by stress events (Hakola

et al. 2001). Leaves of A. balsamea (Régimbal and Collin

1994) and P. mugo (Tsitsimpikou et al. 2001) store iso-

prenoids in resin ducts, while Q. ilex (Alessio et al. 2008)

and B. pendula (Haapanala et al. 2009) leaves lack spe-

cialized isoprenoid storage structures and can store these

compounds non-specifically in only small amounts (Loreto

et al. 1998; Niinemets and Reichstein 2002).

The mature coniferous (height 10–12 m for Abies and

3–4 m for Pinus) and B. pendula trees (height 10–15 m,

age ca. 30 years) were located in the campus of the Esto-

nian University of Life Sciences (58.39�N, 26.70�E, ele-
vation 41 m), while the 7-years-old Q. ilex trees had been

grown from seed [seed source Biotopo di Marocche, Drena,

Trentino, Italy (45.97�N, 10.94�E)] in 10 L pots and reg-

ularly cut back not to exceed the height of 1 m. The plants

were grown in a growth chamber at 25 �C day/20 �C night

temperature, 60 % of relative air humidity, and light

intensity of 350 lmol m-2 s-1 provided by Philips HPI-T

Plus 400 W metal halide lamps for 12-h photoperiod.

Fully mature current-year foliage was harvested in late

summer. Branches selected were harvested between 8:00

and 9:00 morning hours. The branches were re-cut under

water, the cut end was maintained in water and the bran-

ches were immediately transported to the laboratory.

Leaves were rapidly removed from the branch by tweezers.

In deciduous species, petioles were excised and only leaf

lamina was used, while in P. mugo the non-photosynthetic

part of the needle enclosed in the needle sheath was excised

and only green needle parts were used. A total of ca. 1500

leaves (ca. 950 needles of A. balsamea needles, ca. 380

needles of P. mugo needles, 70 leaves of B. pendula leaves,

and 100 leaves of Q. ilex) were harvested.

Morphological traits

Leaf fresh mass was measured to the nearest 0.0001 g (ALJ

220-4NM, Kern & Sohm GmbH, Balingen, Germany).

Leaf thickness for all species and width and length for

needle-leaved species was measured with a digital caliper

(Mitutoyo CD-15DC, Mitutoyo Ltd, Hampshire, UK) to the

nearest 0.01 mm. Five measurements in different parts of

the leaves were taken and averaged to obtain one mean

value. In broad-leaved species, major veins were avoided

during the thickness measurements.

The leaves of broad-leaved species were scanned at a

resolution of 300 dpi. The 24-bit (RGB) color images were

converted to grayscale bitmaps corresponding to each RGB

channel (red/green/blue), and the gray-scale image of the

blue channel was selected and transformed to a black and

white image. This transformation minimized pale areas and

shadows as the green color is essentially black in the blue

channel (Niinemets et al. 2004). The projected leaf area

was estimated using Inkscape v.0.91 software (www.

inkscape.org). For needles, the projected leaf area was

estimated by multiplying the length and width of the

needles.

Treatment protocols

All foliage for given species was pooled, and random sam-

ples of ca. 3 g were taken for different treatments as

explained in Fig. 1. Five different treatment types were

applied, including various fresh sample processing methods

and drying procedures. Different treatment temperatures

were applied for some treatment types, resulting in alto-

gether 15 different treatments (Fig. 1). Fresh sample (as is

common for analyses of foliage isoprenoid contents) treat-

ment procedures included flash freezing in liquid N2 (FF),

freezing at -82 and -20 �C (F-82, F-20) for 48 h, and

cooling at 4 �C (C) for 48 h. Foliage desiccation procedures

were freeze-drying (FD) and air-drying in forced-convection

drying oven at 30, 40, 60, 70, 80, 100, 110, 150, 200 and

300 �C until a constant mass (designated as AD30, AD40,

AD60, etc.). AD30 and AD40 lasted usually 72 h, AD60 to

AD110 about 48 h, and AD200 and AD300 about 8 h.

FF, F, and C treatments are not procedures for drying the

leaf samples, but they simulate common practices to pre-

serve leaf properties or stop metabolic reactions when

samples cannot be analyzed directly (e.g., during field

work).

• In the case of flash freezing in liquid nitrogen (FF), leaf

samples are submerged into liquid nitrogen and leaf

water is frozen within seconds, essentially immediately

stopping any biological activity. Depending on plant

tissues, extracellular ice crystal growth may draw water

from the cytosol during freezing (Buchner and Neuner

2011; Wisniewski et al. 2003). This may potentially

lead to loss of some leaf water by sublimation.

Nevertheless, intra- and extracellular ice formation

are expected to occur rapidly in non-frost acclimated

samples, and thus, the distribution of water between

different compartments is expected to be maintained

under flash freezing.

• In the case of freezing (F), leaf temperature is reduced

more slowly, and accordingly, the redistribution of

water from cytosol to extracellular compartments is

more likely to happen than during FF treatment. On the

other hand, deep supercooling and vitrification (glassy
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cellular solutions) reducing ice formation can also

occur (Buchner and Neuner 2011; Wisniewski et al.

2003).

• Cooling (C) slows down the rate of metabolic processes

and results in no ice formation, but certain loss of leaf

mass due to respiration and loss of water due to

transpiration inevitably occurs during cooling. In the

case of F and C treatments, the samples were kept in

air-tightly sealed polyethylene bags to minimize water

evaporation.

• Freeze-drying (FD) is a leaf drying process based on

sublimation of ice from frozen samples in low air

pressure conditions to speed up sublimation. As

metabolic activity is rapidly stopped, and also the key

plant volatiles have low saturated vapor pressure at

typical freeze-drying temperatures, it is supposed to be

the most effective drying method preserving both

foliage dry mass and volatiles. Freeze drying at

-54 �C was conducted under 1.2 mbar air pressure

for 5 days using a freeze dryer ALPHA 1-2 LD (Martin

Christ Gefriertrocknungsanlagen GmbH, Osterode am

Harz, Germany).

• Air-drying (AD) is a routine method for estimation of

leaf dry mass in plant science (Garnier et al. 2001;

Zeiller et al. 2007). Typically, dry mass is estimated at

temperatures between 50 and 80 �C, but in some cases

as high as 105 �C is used (Purahong et al. 2014). We

applied drying treatments at 30, 40, 60, 70, 80, 100,

110, 150 and 200 �C in a forced convection ventilated

drying oven (100–800, Memmert GmbH?Co.KG,

Germany). For drying treatment at 300 �C, a muffle

furnace was used (LE 4/11/R6, Nabertherm GmbH,

Germany). In each case, the drying lasted until a

constant mass at given temperature was achieved (e.g.,

typically 72 h at 30 �C and 48 h at 60 �C). The foliage

was cooled at a desiccator with fresh silica gel and dry

mass estimated.

Leaf isoprenoid content estimation

After the treatments, foliage isoprenoids were extracted. A

random foliage sample of 70–100 mg (average ± SE of

80 ± 14 mg of dry mass across all samples) was taken, put

into ceramic mortar together with liquid N2, and homog-

enized with a ceramic pestle into fine powder (Fig. 1).

After trying several ways of sample homogenization and

grinding to fine powder, this was the method which per-

formed a better and faster result. Samples from all treat-

ments were homogenized as described.

The homogenized plant material powder was mixed

with 1 mL GC-grade hexane (Sigma Aldrich, St. Louis,

MO, USA) and left at 4 �C for 24 h. The supernatant was

filtered using a PTFE syringe filter (0.45 lm pore size,

VWR International, Radnor, PA, USA) and immediately

injected into a Shimadzu gas chromatograph mass-spec-

trometer (GC–MS) QP2010 Plus instrument equipped with

an auto-injector AOC-20i (Shimadzu Corporation, Kyoto,

Japan) and with a ZB5-MS (0.25 mm i.d. 9 30 m,

0.25 lm film Zebron, Phenomenex, Torrance, CA, USA)

column. The MS was operated in electron-impact mode

(EI) at 70 eV, and the mass scan range was m/z 33–400.

The GC oven program, transfer line and ion-source tem-

perature were the same as in Noe et al. (2012).

Isoprenoid compounds were quantified for A. balsamea

and P. mugo by the comparison of their mass spectra with

the data from the NIST library (National Institute of

Standards and Technology) and from Adams (2001). For

calibration, commercial authentic standards were used

(Sigma-Aldrich, St. Louis, MO, USA) following the

FFF
FD Freeze-drying
(-54 °C, 1.2 mbar, 5 days)

F Freezing
(48 h)

C Cooling
(4 °C, 48 h)

AD Air-drying

terpene extraction
with hexane
(4 °C, 24 h)

GC-MS analysis

fresh sample
dry sample

-82
-20 °C

°C
30, 40, 60, 70, 80, 100,
110, 150, 200, 300

flash freezing in liquid N2

and homogenization
in a mortar

Fig. 1 Scheme of five types of treatments applied to fresh leaves of

four tree species: coniferous Abies balsamea and Pinus mugo,

evergreen broad-leaved Quercus ilex, and deciduous broad-leaved

Betula pendula. The treatments were FF flash freezing in liquid

nitrogen, FD freeze drying under vacuum, F freezing at given

temperature, C cooling and AD air-drying at given temperature, and

the study tested their effect on estimation of leaf isoprenoid content

and dry mass (drying treatments)
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procedures as described in detail in Copolovici et al. (2009)

and Niinemets et al. (2013). Isoprenoids detected and

quantified included monoterpenes, oxygenated monoter-

penes, sesquiterpenes and oxygenated sesquiterpenes; a

total of 53 compounds in A. balsamea and 51 compounds

in P. mugo. Leaf isoprenoid concentration was expressed as

mg or lg compound per leaf dry mass as follows: after the

isoprenoid extraction, the dry mass of the isoprenoid-free

powder (DM,IF) was estimated by drying in its original vial

under a forced convection hood for several days at room

temperature. The mass of isoprenoids, I, was added to

DM,IF to calculate the total dry mass, DM. The volatile

isoprenoid content per dry mass, IM, was calculated as:

IM ¼ I

DM

¼ I

DM;IF þ I
: ð1Þ

Theoretical estimation of mass loss

during treatments

The drying treatments (AD treatments) can affect both the

content of residual water that remains at given temperature T

(MRW,T), but also the amount of leaf drymatter (MD,T) due to

differences in mass loss as the result of respiration and loss

of volatiles. Leaf respiration rate increases exponentially

with temperature up to a temperature of ca. 50 �C and

decreases with further increases in temperature due to ces-

sation of leaf physiological activity [e.g., Hüve et al. (2011)],

but respiration rate also declines with leaf desiccation,

which is expected to occur faster at higher temperature. In

contrast, evaporation of volatiles is a purely physical process

and is expected to increase monotonically with increasing

temperature. Furthermore, at higher temperatures, beyond

100 �C, pyrolysis of several leaf constituents such as sucrose
and starch may occur, thereby further reducing leaf dry

mass. Thus, leaf dry to fresh mass ratio corresponding to the

drying temperature T (DF,T) is given as:

DF;T ¼ MD;T þMRW;T

MD þMW

; ð2Þ

where MW is the mass of water and MD is the water-free

leaf mass (dry mass). Moreover, leaf fresh mass, MF, is

defined as:

MF ¼ MD þMW: ð3Þ

Combining Eqs. (2) and (3),

DF;TMF ¼ MD;T þMRW;T: ð4Þ

Since the FD procedure was supposed to keep better the

isoprenoid content and therefore give a better estimate of

MD than the AD procedures, the leaf traits measured by

freeze drying the sample were considered the reference for

comparison to other analytical procedures. Leaf control dry

to fresh mass ratio DF (FD treatment) is defined as:

DF ¼
MD

MD þMW

¼ MD

MF

: ð5Þ

For AD treatments, the ratio of leaf masses estimated

after drying at T1 and T2, RT1,T2 is:

RT1;T2 ¼
MD;T1 þMRW;T1

MD;T2 þMRW;T2
: ð6Þ

Depending both on the differences in the residual water

content as well as on possible differences in dry mass loss

upon drying.

Theoretical estimation of isoprenoid loss

after treatments

In the case of fresh sample extracts (i.e., FF, F and C

treatments), a sub-sample of foliage was dried at 60 �C to

estimate leaf dry to fresh mass ratio. As with bulk leaf dry

matter, volatile isoprenoid content per dry mass (IM)

depends on residual leaf water content, overall loss of dry

mass during the treatment, and particularly strongly on the

possible loss of isoprenoid content due to evaporation.

Thus, IM at given temperature T is given as:

IM;T ¼ I � IL;T

MD;T þMRW;T
; ð7Þ

where I is the isoprenoid amount in the leaf sample (mg)

and IL,T the possible isoprenoid loss at given temperature

(mg):

IL;T ¼ I � IM;TðMD;T þMRW;TÞ: ð8Þ

In the case of isoprenoid content expressed per unit leaf

dry mass (IM, i.e., estimated for the freeze drying

treatment):

IM ¼ I

MD

: ð9Þ

Substituting I in Eq. (8) using Eq. (9),

IL;T ¼ IMMD � IM;TðMD;T þMRW;TÞ: ð10Þ

Combining Eqs. (10) and (4)

IL;T ¼ IMMD � IM;TDF;TMF: ð11Þ

To express the isoprenoid loss at given temperature per

gram of sample (mg g-1), dividing by MF and combining

with Eq. (5),

IL;T ¼ IMDF � IM;TDF;T: ð12Þ

Carbon analysis

Total C content of freeze-dried and air-dried leaf samples

were determined by dry combustion method with a Vario
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MAX CNS elemental analyzer (Elementar Analysensys-

teme GmbH, Hanau, Germany). As with the bulk dry mass,

C contents can change due to residual water content as well

as due to loss of dry mass. In addition, losses of high C

content volatiles and respiration of sugars and carbohydrate

pyrolysis with low carbon content may differently affect

the bulk leaf C content. Carbon content at a drying tem-

perature (g g-1) is defined as:

CM;T ¼ MD

MD;T
C � CLðMD �MD;TÞ
� �

; ð13Þ

where the term MD/MD,T corresponds to the ratio between

freeze-dried leaf dry mass and the measured dry mass at

given air-drying temperature, C is the carbon content of

freeze-dried sample (g g-1), the term MD - MD,T corre-

sponds to potential biomass loss during drying and CL

(g g-1) is the fraction of carbon in the biomass lost, around

0.88 g g-1 in purely monoterpene-based biomass.

Statistical analysis

Two types of statistical tests were used to identify signif-

icant differences between groups of independent replicates.

We firstly applied a Shapiro–Wilk normality test with a

P[ 0.05 significance threshold to the data, which was

passed in the majority of cases. Even having some cases

where the normality test failed, we prioritized the use of

parametric tests for further analyses. We accepted statisti-

cal differences between two groups if P\ 0.05 after run-

ning a two-tailed Student’s t test. For pairwise multiple

comparisons between several groups, we used a One-way

ANOVA test with a post hoc analysis by Holm–Sidak test

(P\ 0.05) (e.g., differences in leaf traits between the four

species studied in Table 1, differences in the leaf terpene

content between six drying and preserving treatments in

Fig. 2a, etc.).

In the case of AD treatments, we did not analyze them

by testing statistical differences between groups, but we

used a non-linear regression (two-parameter exponential

decay equation) or a Pearson’s linear regression analysis to

find a correlation based on the drying temperature.

Results

Leaf water content

Freeze-drying leaf samples as well as air-drying at tem-

peratures above 60 �C fully removed the leaf water con-

tent. On the other hand, the sample preservation treatments

FF, F-82, F-20 and C, did not significantly change the

initial leaf water content (P = 0.98, P = 0.98, P = 0.97,

Table 1 Leaf morphological and chemical traits (mean ± standard error) of freeze-dried leaves at -54 �C and 1.2 mbar for 5 days and fresh

leaves (A) of four tree species

Species

Abies balsamea Pinus mugo Betula pendula Quercus ilex

Morphological traits

Fresh mass (mg)A 23.44 ± 0.43a 58.3 ± 2.0b 217 ± 5c 446 ± 20d

Dry mass (mg) 15.67 ± 0.33a 21.0 ± 0.6b 86.3 ± 2.2c 238 ± 13d

Water content (%) 46.3 ± 0.9a 50.9 ± 1.6a 60.10 ± 0.31b 49.0 ± 0.5a

Dry to fresh mass ratio (%) 53.7 ± 0.9a 49.2 ± 1.6b 39.91 ± 0.29c 51.90 ± 0.49ab

Thickness (lm)A 511 ± 7a 752 ± 8b 176.4 ± 1.5c 195.5 ± 2.9d

Width (lm)A 1863 ± 16a 1396 ± 15b – –

Length (mm)A 30.23 ± 0.23a 63.6 ± 1.5b – –

Projected leaf area (mm2)A 56.3 ± 0.6a 88.9 ± 2.3b 1291 ± 29c 2470 ± 100d

Leaf dry mass per area (g m-2) 260 ± 6a 313 ± 13b 66.9 ± 0.8c 94.0 ± 2.3d

Chemical composition

Carbon content (%) 47.347 ± 0.038a 47.34 ± 0.06a 45.8 ± 1.4a 47.18 ± 0.25a

Nitrogen content (%) 1.090 ± 0.012a 1.190 ± 0.046a 2.647 ± 0.046b 2.177 ± 0.083c

Monoterpene content (mg g-1) 17.9 ± 0.7a 8.920 ± 0.045b \0.01c \0.01c

Oxygenated monoterpene content (mg g-1) 1.49 ± 0.05a 0.040 ± 0.021b \0.01c \0.01c

Sesquiterpene content (mg g-1) 3.73 ± 0.20a 15.66 ± 0.06b \0.01c \0.01c

Oxygenated sesquiterpene content (mg g-1) 0.228 ± 0.038a 4.87 ± 0.07b \0.01c \0.01c

Total isoprenoid content (mg g-1) 23.38 ± 0.66a 29.49 ± 0.22b \0.01c \0.01c

Superscript letters denote significant differences between species after a Holm–Sidak pairwise comparison test (P\ 0.05). The differences in the

isoprenoid content between the two isoprenoid-storing species were tested by a two-tailed Student’s t test (P\ 0.05)
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P = 0.83, respectively; two-tailed Student’s t test, all

species pooled). In all species, AD30-40 reached a ‘‘con-

stant mass’’ state during the treatment, but the water con-

tent was not likely fully removed from the leaf samples as

explained theoretically (Eq. 2). After 48 h of drying at

30 �C A. balsamea and P. mugo leaves contained

45.3 ± 3.1 and 48.8 ± 2.4 % of residual water content,

and 21.3 ± 1.8 and 3.4 ± 1.1 % after drying at 40 �C,
respectively, compared to further drying the leaves at

60 �C (zero water content).

Leaf isoprenoid content

Freeze-dried samples preserved more isoprenoid content

per leaf dry mass in both isoprenoid-storing species than

any other drying method or fresh sample preservation pro-

cedure (Fig. 2a, c) (Holm-Sidak pairwise test; P\ 0.05).

The average (±SE) maximum isoprenoid contents mea-

sured were 23.38 ± 0.66 and 29.49 ± 0.22 mg g-1 in A.

balsamea and P. mugo, respectively.

Compared to the FD treatment, the leaf isoprenoid

content decreased dramatically in A. balsamea leaves after

the FF (36 %), F-20 (37 %), F-82 (73 %), C (33 %) and

AD70 (82 %) treatments (Fig. 2a). A similar isoprenoid

loss effect occurred for P. mugo leaves in relation to FD

treatment: FF (36 %), F-20 (80 %), F-82 (84 %), C (79 %)

and AD70 (92 %) (Fig. 2c). For both species, the leaf

isoprenoid loss in relation to the increase of drying tem-

perature (AD treatments) was fitted to a two-parameter

exponential decay function (Fig. 2b, d).

Air-drying at 30 and 40 �C preserved more isoprenoids

than the more usually used temperatures 60 to 80 �C in

both isoprenoid-storing species (P\ 0.0001 for both

analyses; Student’s t test).

Leaf isoprenoid content of B. pendula and Q. ilex leaves

was very low, in the range of 1–10 lg g-1. The isoprenoid

compounds were hardly differentiable from the baseline in

the chromatograms, and thus, the leaf isoprenoid content

was considered close to zero.

Dry to fresh mass ratio

The log-transformed leaf isoprenoid content data was

correlated positively to the dry to fresh mass ratio data

(Fig. 3): the leaves which preserved more leaf isoprenoid

content after the treatment applied accordingly preserved

more dry mass per initial fresh mass.

Considering the dry to fresh mass ratio of FD samples as

a reference for minimally disturbed samples during drying

process, air-drying temperatures of 60 to 80 �C applied to

isoprenoid-storing species significantly underestimated the

value by 10 % in A. balsamea and by 4.5 % in P. mugo

(P\ 0.001; two-tailed t test), reflected also in Fig. 4a, c,

respectively, in the pairwise comparisons with AD70. The

leaf dry to fresh mass ratio did not change significantly

from the FD treatment to the air-dried samples at 60–80 �C
in the non-storing species: P = 0.136 in B. pendula and

P = 0.256 in Q. ilex, reflected also in Fig. 4e, g, respec-

tively, in the pairwise comparisons with AD70.

Interestingly, air-drying at 40 �C resulted in a decrease

of the dry to fresh mass ratio compared to drying at 30 �C
in the non-storing species (P\ 0.05; Holm–Sidak pairwise

comparisons) (Fig. 4f, h).

Leaf dry to fresh mass ratio in relation to drying tem-

perature (AD treatments) showed a highly significant linear

relationship in the isoprenoid-storing species (Fig. 4b, d),

contrarily than for the non-storing species (Fig. 4f, h). For

A. balsamea and P. mugo, the increase of drying temper-

ature underestimated the dry mass per initial fresh mass.

Discussion

Analysis of leaf isoprenoid content

The analysis of leaf isoprenoid content used needs of a

liquid extraction with hexane. To optimize the isoprenoid

extraction to the liquid phase, the leaf sample must be

ground to a fine powder to increase the sample contact

surface area with the extraction liquid. When the sample

size is relatively small, a grinder machine might not be

successful in powdering the sample; therefore, we manu-

ally ground the samples with a ceramic mortar and a pestle.

In fresh samples, fresh tissues will stick together, fibers

would remain flexible and difficult to grind. Therefore, we

concluded that helping the manual grinding procedure with

liquid N2 would help to dry and brittle the tissues. In fact,

the frozen samples cracked easily into smaller pieces, and

facilitated the processing into fine powder. But as this

technique produces shrinkage of tissues and sublimation of

some leaf water content, there is some potential isoprenoid

loss during the grinding. Nevertheless, we believe that the

importance of reaching a fine powder format for a liquid

extraction overrides the disadvantage of potential iso-

prenoid loss during the process.

During the calculation of the leaf isoprenoid concen-

tration, considering the isoprenoid content, I (Eq. 1), as

part of the dry matter content made the calculation valid for

isoprenoid and non-isoprenoid-storing species, where I is

essentially zero. Furthermore, the calculation of isoprenoid

concentration per dry mass was not dependent on the

potential residual water content of leaves undergoing the

preservation or drying methods AD30 and AD40. This was

because whether the leaf sample powder contained moist or

not, the isoprenoid content was always referred to the dry

mass, DM.
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Leaf isoprenoid content preservation

FF, F and C treatments are used to store leaf samples for

further isoprenoid content determination. We hypothesized

that these preservation methods would be effective and

therefore result in similar isoprenoid content values than

the reference method FD. However, the leaf isoprenoid

content remaining after FF, F and C methods was signifi-

cantly lower compared to FD treated samples (Fig. 2a, c):

The FF method is used to prevent enzymatic reactions

and vaporization losses of isoprenoids (Ormeño et al.

2011), although from our experience, FD method per-

formed a better leaf isoprenoid conservation (Fig. 2a, c).

The reason could be that freeze drying under vacuum does

not cause shrinkage of the leaf sample, contrarily to FF.

We theorize that preserving leaf samples at -82 and

-20 �C forms ice crystals inside the leaf tissues. These

might have broken cell structures and tissues and conse-

quently release part of the isoprenoids stored. In fact, after

the freezing treatment, when the air-tight plastic bags

containing the leaves were opened, the volatile compounds

smell was evident; a sign that these had been released out

of the leaf storing organs during the freezing.

Storing the leaf samples at 4 �C (C treatment) and air-

drying near to ambient temperatures (AD30 and AD40) did

not stop completely metabolic processes and leaves con-

tinued losing the isoprenoids stored as a natural process of

leaf decay (Fig. 2). For AD30 and AD40 leaves, because of

the favorable temperature for metabolic processes and

long-lasting drying period, there was presumably a loss of

carbon through the respiration of sugars.

Leaf drying at 60–80 �C, performed a very low leaf

isoprenoid content preservation compared to FD treatment.

We conclude that the best method to store the samples

for further analysis is to freeze-dry these under vacuum, or

dipping these in liquid N2 in the absence of a vacuum

freeze-drier.
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The leaf isoprenoid content in the broad-leaved species

was very low in any case, as found by Alessio et al. (2008)

in Q. ilex, and by Haapanala et al. (2009) in B. pendula.

Leaf dry matter content and leaf isoprenoid content

Our coniferous leaves contained 2–3 % of total dry mass in

form of volatile isoprenoids, which were mostly evaporated

from the leaf after usual leaf drying procedures (i.e., air-

drying at 60–80 �C). This fact can lead to a systematic

error in the leaf dry matter determination for leaves con-

taining a substantial storage of volatile compounds, as

theorized previously. Consequently, the underestimation of

the leaf dry matter content further overestimates the results

of other leaf traits and chemical analyses when divided by

the calculated dry mass.

In Fig. 4b, d, the dry to fresh mass ratio dropped more

than 3 %, as it would be expected from isoprenoid content

evaporation. We hypothesize that as well as stored iso-

prenoids, other compounds with high volatility such as fats,

oils, waxes, phenols, alcohols, etc. could also be evapo-

rated, decreasing the remaining leaf dry matter after the

drying treatment. Nevertheless, we did not detect a

noticeable decrease in the dry to fresh mass ratio in relation

to these non-isoprenoid potential volatiles in B. pendula

(Fig. 4f) and Q. ilex (Fig. 4h). For this reason, more

research is needed to investigate the semi-volatile com-

pound content in these species and, in general, the potential

sources of mass loss when preserving or drying leaf

samples.

Shrinkage of broad leaves of B. pendula and Q. ilex

during FF treatment was stronger than for needle-like

leaves of A. balsamea and P. mugo. Therefore, we assume

that the significant drop in dry to fresh mass ratio after flash

freezing in liquid N2 (Fig. 4e, g) was caused by evapora-

tion of volatile compounds after the rapid shrinkage and

breakage of tissues. Analogously, we also believe that in

broad leaves, the transpiration was higher than in needles at

low drying temperatures (30 and 40 �C): the low dry to

fresh mass ratio observed after air-drying at 40 �C (Fig. 4f,

h) is probably related to the respiration of sugars during the

long-lasting drying procedure. In addition, the dark respi-

ration is maximum at around 40 �C (Sharkey and Ber-

nacchi 2012). Nevertheless, the variation of dry to fresh

mass ratio in non-storing species across the treatments FF,

FD, F, C and AD30-AD110 was smaller than for the ter-

penoid-storing leaves (Fig. 4).

There are several evidences to confirm the hypothesis

exposed on biased dry mass estimation when using pre-

serving or drying methods that release the leaf isoprenoid

content in isoprenoid-storing leaves. The application of

preserving and drying treatments (specially AD) resulted in

a dramatic decrease of isoprenoid content (Fig. 2) as well

as dry mass content (Fig. 4) in A. balsamea and P. mugo,

stronger than for the non-storing species. Moreover, we

found a positive correlation between the isoprenoid content
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and the dry to fresh mass ratio (Fig. 3) which suggests that

both parameters are related. These relationships are to be

taken in consideration by researchers using highly iso-

prenoid-storing species because there is a potential bias of

the dry mass estimation and further variables related to

that.

Recommendations on leaf sampling, handling,

and isoprenoid extraction

Leaf isoprenoid content determination remains a delicate

issue. From the moment of leaf sample collection, the

manipulation of the samples starts releasing volatile com-

pounds. Meticulous and gently care should be given to the

samples to measure the leaf isoprenoid content, as well as

other traits including VOCs, like VOCs emission. The

following recommendations optimize the estimation of leaf

isoprenoid content:

1. Sampling: we suggest that leaves should not be

sampled directly from the tree, but a branch should

be cut off and transported to the lab. In this way, the

leaves are kept as better as possible in their original

environment, preserving the branch-leaf water contin-

uum. This will reduce the leaf water loss or evapo-

transpiration, and analogously the potential volatile

compound loss. Leaf samples should be handled with

tweezers to prevent warming up the samples with

empty hands. The isoprenoid extraction must be done

as soon as possible after the sampling.

2. Transport to the lab: if the plant sampled is not in the

lab and requires a short transport (minutes), this can be

done by placing the branch in a jar in contact with

water at ambient temperature, or inside a plastic or

vinyl bag at cooling conditions if longer time. If the

leaves must wait longer for analysis, leaves can be

freeze-dried preferably or nitrogen cooled and kept in

paper bags with silica gel. In any case, the researcher

must avoid to mechanically perturb the samples.

3. Storing: storing fresh leaf samples before isoprenoid

extraction should be avoided.

4. Drying the leaves: freeze-drying or submerging in

liquid N2 fresh leaf samples is the best option. Samples

can be kept for several days into paper bags with silica

gel before the isoprenoid extraction. In addition, FD

was the method which performed better conservation

of the leaf isoprenoid content, followed by FF. These

procedures will also prepare the samples for the

homogenization step.

5. Leaf sample homogenization before extraction. This is

a key step in the leaf isoprenoid content determination.

It is when the leaf material and volatile molecules get

exposed to oxidation, cell structures are broken, and

other stable conditions for isoprenoid storage disap-

pear. The isoprenoid volatilization or transformation

can be done very quickly in some cases, and especially

if the homogenization is slow and difficult to perform.

Our experience is that dried samples are easier, faster

and handy to homogenize. Flash freezing during that

process helps it.

Conclusion

The results of this experiment suggested that freeze-drying

method (FD) performed the best leaf isoprenoid conser-

vation because of its gentleness to the leaf samples during

the drying process. Flash freezing preserved isoprenoids in

a lower level. Air-drying methods performed a dramatic

isoprenoid loss in the leaf samples, as well as storing the

leaves at freezing and cooling temperatures.

Leaf isoprenoid content and leaf dry to fresh mass ratio

were correlated, moreover generating a bias in the dry mass

estimation after leaf preserving or drying methods due to

the loss of isoprenoid content.

Researchers must take in account the potential dry mass

loss from isoprenoid storage when choosing the leaf drying

method. Thus, to gain precision in highly isoprenoid-stor-

ing species, freeze-drying under vacuum can be the best

option to estimate the leaf dry mass.
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Font R, Conesa JA, Molto J, Muñoz M (2009) Kinetics of pyrolysis

and combustion of pine needles and cones. J Anal Appl Pyrol

85:276–286. doi:10.1016/j.jaap.2008.11.015

Garnier E, Shipley B, Roumet C, Laurent G (2001) A standardized

protocol for the determination of specific leaf area and leaf dry

matter content. Funct Ecol 15:688–695. doi:10.1046/j.0269-

8463.2001.00563.x

Haapanala S, Ekberg A, Hakola H, Tarvainen V, Rinne J, Hellen H,

Arneth A (2009) Mountain birch—potentially large source of

sesquiterpenes into high latitude atmosphere. Biogeosciences

6:2709–2718

Hakola H, Laurila T, Lindfors V, Hellen H, Gaman A, Rinne J (2001)

Variation of the VOC emission rates of birch species during the

growing season Boreal. Environ Res 6:237–249

Hinckley TM, Bruckerhoff DN (1975) The effects of drought on

water relations and stem shrinkage of Quercus alba. Can J Bot

53:62–72. doi:10.1139/b75-009
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Peñuelas J, Llusià J (2004) Plant VOC emissions: making use of the

unavoidable. Trends Ecol Evol 19:402–404. doi:10.1016/j.tree.

2004.06.002

Poorter H (1994) Construction costs and payback time of biomass: a

whole plant perspective. In: Roy J, Garnier E (eds) A whole

plant perspective on carbon-nitrogen interactions. SPB Aca-

demic Publishing, The Hague, pp 111–127

Popp M, Lied W, Meyer AJ, Richter A, Schiller P, Schwitte H (1996)

Sample preservation for determination of organic compounds:

microwave versus freeze-drying. J Exp Bot 47:1469–1473.

doi:10.1093/jxb/47.10.1469

Purahong W et al (2014) Influence of different forest system

management practices on leaf litter decomposition rates, nutrient

dynamics and the activity of ligninolytic enzymes: a case study

from Central European Forests. Plos One. doi:10.1371/journal.

pone.0093700

Régimbal J-M, Collin G (1994) Essential oil analysis of balsam fir

Abies balsamea (L.) Mill. J Essent Oil Res 6:229–238. doi:10.

1080/10412905.1994.9698369

Sharkey TD, Bernacchi CJ (2012) Photosynthetic responses to high

temperature. In: Flexas J, Loreto F, Medrano H (eds) Terrestrial

photosynthesis in a changing environment: a molecular, phys-

iological and ecological approach. Cambridge University Press,

New York, pp 290–298

Trees (2015) 29:1805–1816 1815

123

http://dx.doi.org/10.1111/j.1438-8677.2007.00011.x
http://dx.doi.org/10.1093/treephys/tpr103
http://dx.doi.org/10.1093/treephys/tpr103
http://dx.doi.org/10.1021/Jf0208505l
http://dx.doi.org/10.1021/Jf0208505l
http://dx.doi.org/10.1093/Aob/Mcf027
http://dx.doi.org/10.1016/j.jaap.2008.11.015
http://dx.doi.org/10.1046/j.0269-8463.2001.00563.x
http://dx.doi.org/10.1046/j.0269-8463.2001.00563.x
http://dx.doi.org/10.1139/b75-009
http://dx.doi.org/10.1111/j.1365-3040.2010.02229.x
http://dx.doi.org/10.1111/j.1365-3040.2010.02229.x
http://dx.doi.org/10.1016/j.cep.2010.03.003
http://dx.doi.org/10.1016/j.cep.2010.03.003
http://dx.doi.org/10.5194/acp-9-4053-2009
http://dx.doi.org/10.1023/A:1006127516791
http://dx.doi.org/10.1016/S0168-9452(98)00092-2
http://dx.doi.org/10.1029/2002GB001927
http://dx.doi.org/10.1029/2002GB001927
http://dx.doi.org/10.1093/Aob/Mcm107
http://dx.doi.org/10.3389/Fpls.2013.00262
http://dx.doi.org/10.3389/Fpls.2013.00262
http://dx.doi.org/10.5194/acp-12-3909-2012
http://dx.doi.org/10.1016/j.phytochem.2006.11.033
http://dx.doi.org/10.1016/j.trac.2011.04.006
http://dx.doi.org/10.1016/j.trac.2011.04.006
http://dx.doi.org/10.1016/j.tree.2004.06.002
http://dx.doi.org/10.1016/j.tree.2004.06.002
http://dx.doi.org/10.1093/jxb/47.10.1469
http://dx.doi.org/10.1371/journal.pone.0093700
http://dx.doi.org/10.1371/journal.pone.0093700
http://dx.doi.org/10.1080/10412905.1994.9698369
http://dx.doi.org/10.1080/10412905.1994.9698369


Tsitsimpikou C, Petrakis PV, Ortiz A, Harvala C, Roussis V (2001)

Volatile needle terpenoids of six Pinus species. J Essent Oil Res

13:174–178

Tuba Z, Csintalan Z, Proctor MCF (1996) Photosynthetic responses of

a moss, Tortula ruralis, ssp ruralis, and the lichens Cladonia

convoluta and C. furcata to water deficit and short periods of

desiccation, and their ecophysiological significance: a baseline

study at present-day CO2 concentration. New Phytol

133:353–361. doi:10.1111/j.1469-8137.1996.tb01902.x

Vile D et al (2005) Specific leaf area and dry matter content estimate

thickness in laminar leaves. Ann Bot 96:1129–1136. doi:10.

1093/Aob/Mci264

Vos J, Groenwold J (1988) Water relations of potato leaves. 1.

Diurnal changes, gradients in the canopy, and effects of leaf-

insertion number, cultivar and drought. Ann Bot 62:363–371

Whittaker A, Bochicchio A, Vazzana C, Lindsey G, Farrant J (2001)

Changes in leaf hexokinase activity and metabolite levels in

response to drying in the desiccation-tolerant species Sporobolus

stapfianus and Xerophyta viscosa. J Exp Bot 52:961–969. doi:10.

1093/jexbot/52.358.961

Wisniewski M, Bassett C, Gusta LV (2003) An overview of cold

hardiness in woody plants: seeing the forest through the trees.

Hortscience 38:952–959

Wright IJ et al (2004) The worldwide leaf economics spectrum.

Nature 428:821–827. doi:10.1038/Nature02403

Zeiller E, Benetka E, Koller M, Schorn R (2007) Dry mass

determination: what role does it play in combined measurement

uncertainty? A case study using IAEA 392 and IAEA 413 algae

reference materials Accredit. Qual Assur 12:295–302. doi:10.

1007/s00769-006-0248-z

1816 Trees (2015) 29:1805–1816

123

http://dx.doi.org/10.1111/j.1469-8137.1996.tb01902.x
http://dx.doi.org/10.1093/Aob/Mci264
http://dx.doi.org/10.1093/Aob/Mci264
http://dx.doi.org/10.1093/jexbot/52.358.961
http://dx.doi.org/10.1093/jexbot/52.358.961
http://dx.doi.org/10.1038/Nature02403
http://dx.doi.org/10.1007/s00769-006-0248-z
http://dx.doi.org/10.1007/s00769-006-0248-z


Chemosphere 138 (2015) 751–757
Contents lists available at ScienceDirect

Chemosphere

journal homepage: www.elsevier .com/locate /chemosphere
Temperature dependencies of Henry’s law constants for different plant
sesquiterpenes
http://dx.doi.org/10.1016/j.chemosphere.2015.07.075
0045-6535/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Institute of Agricultural and Environmental Sciences,
Estonian University of Life Sciences, Kreutzwaldi 1, Tartu 51014, Estonia.

E-mail address: lucian.copolovici@emu.ee (L. Copolovici).
Lucian Copolovici a,b,⇑, Ülo Niinemets b,c

a Institute of Technical and Natural Sciences Research-Development of ‘‘Aurel Vlaicu” University, Elena Dragoi 2, Arad 310330, Romania
b Institute of Agricultural and Environmental Sciences, Estonian University of Life Sciences, Kreutzwaldi 1, Tartu 51014, Estonia
cEstonian Academy of Sciences, Kohtu 6, 10130 Tallinn, Estonia

h i g h l i g h t s
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Sesquiterpenes are plant-produced hydrocarbons with important ecological functions in plant-to-plant
and plant-to-insect communication, but due to their high reactivity they can also play a significant role
in atmospheric chemistry. So far, there is little information of gas/liquid phase partition coefficients
(Henry’s law constants) and their temperature dependencies for sesquiterpenes, but this information is
needed for quantitative simulation of the release of sesquiterpenes from plants and modeling
atmospheric reactions in different phases. In this study, we estimated Henry’s law constants (Hpc) and
their temperature responses for 12 key plant sesquiterpenes with varying structure (aliphatic, mono-,
bi- and tricyclic sesquiterpenes). At 25 �C, Henry’s law constants varied 1.4-fold among different
sesquiterpenes, and the values were within the range previously observed for monocyclic monoterpenes.
Hpc of sesquiterpenes exhibited a high rate of increase, on average ca. 1.5-fold with a 10 �C increase in
temperature (Q10). The values of Q10 varied 1.2-fold among different sesquiterpenes. Overall, these data
demonstrate moderately high variation in Hpc values and Hpc temperature responses among different
sesquiterpenes. We argue that these variations can importantly alter the emission kinetics of sesquiter-
penes from plants.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

All plant species emit different volatile organic compounds
(VOC) either constitutively, or during certain ontogenetic stages
or upon exposure to different stresses (Schnitzler et al., 2010;
Peñaflor et al., 2011; Fineschi et al., 2013; Niinemets et al., 2013;
Niinemets and Monson, 2013). Plants synthesize more than
100,000 chemical products and at least 1700 of these are known
to be volatile (Kesselmeier and Staudt, 1999). Around 90% of global
terrestrial non-methane VOC emissions are of vegetation origin
(Guenther et al., 1995, 2012; Arneth et al., 2008). Among biogenic
volatiles, volatile and semi-volatile terpenoids including sesquiter-
penes play a major role in tropospheric chemistry due to their high
reactivity with OH radicals and ozone-forming potentials
(Fehsenfeld et al., 1992). Sesquiterpenes and especially their oxida-
tion products with relatively low vapor pressure of less than 5 Pa at
25 �C are considered semi-volatiles (Hoskovec et al., 2005; Kosina
et al., 2013) and have a high capacity to form and condense on solid
particles, thus, playing an important role in secondary aerosol for-
mation and in formation of cloud condensation nuclei (Huff Hartz
et al., 2005; Helmig et al., 2006).

Plants under different types of stresses emit a great variety of
sesquiterpenes (Beauchamp et al., 2005; Copolovici et al., 2011,
2012). The composition of the emissions depend on the stress type
and on the stress severity (Niinemets et al., 2013). The induced
emissions of caryophyllene, humulene, valencene, etc. are usually

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2015.07.075&domain=pdf
http://dx.doi.org/10.1016/j.chemosphere.2015.07.075
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(but not only) due to abiotic stresses such as heat, frost, drought
and flooding (Copolovici et al., 2012). Biotic stresses (herbivory,
fungal attacks, etc) result in emissions of farnesene, and nerolidol
derivative homoterpenes (Joo et al., 2011). However, it is not easy
to generalize because the induced sesquiterpene emissions are
species-specific and the blend of emission could be different for
different stresses. Apart from stress-elicited sesquiterpene release,
sesquiterpenes are constitutively emitted by a huge variety of
flowers. As floral scent is the key long-distance attractant to polli-
nators that are often plant species specific, the composition of the
scent is a characteristic trait of every pant species (Pichersky et al.,
1994; Dudareva et al., 1998), and plays a major role in plant repro-
ductive success (Pichersky and Gershenzon, 2002). For example,
flowers of Asarum species emit a-cedrene, a-humulene,
b-caryophyllene, (E)-nerolidol and many other oxygenated and
non-oxygenated sesquiterpenes at a high level of 1000 ng g�1 h�1

(Azuma et al., 2010; Farré-Armengol et al., 2014), while the volatile
profile of Alstroemeria ‘‘Sweet Laura” flowers is dominated by
(E)-b-caryophyllene, humulene and an ocimene-like compound
(Aros et al. (2012). Arabidopsis thaliana flowers release a complex
mixture of volatile monoterpenes and sesquiterpenes with
(E)-b-caryophyllene as the dominant component (Chen et al.,
2003) whereas the formation of all sesquiterpenes found in the
Arabidopsis floral volatile blend is due to only two terpene syn-
thases specifically expressed in flowers (Tholl et al., 2005). Due
to high emission rates during the flowering period, atmospheric
sesquiterpene concentrations strongly increase during the bloom-
ing period (Baghi et al., 2012). This evidence collectively indicates
that both stress-elicited emissions and constitutive flower emis-
sions constitute an important source of atmospheric BVOC.

As different sesquiterpenes have widely different atmospheric
rate constants for reactions with ozone and OH radicals (Arneth
and Niinemets, 2010; Holopainen and Blande, 2013; Holopainen
et al., 2013), predicting atmospheric reactions of sesquiterpenes
requires understanding of dynamics of fractional composition of
emitted sesquiterpenes. Moreover, short atmospheric lifetimes
(two minutes for b-caryophyllene and a-humulene) (Richters
et al., 2015) due to reactions with ozone implicate the sesquiterpe-
nes in secondary organic aerosol formation (van Eijck et al., 2013).
From the perspective of plant-insect interactions in reactive atmo-
spheres, this information is also important for predicting the
changes in composition of sesquiterpene blend with distance from
the emission source (Holopainen et al., 2013; Blande et al., 2014).
The emission models can predict the fractional composition of
complex compound mixtures once the physico-chemical charac-
teristics of specific compounds are available (Niinemets and
Reichstein, 2002; Niinemets et al., 2002). In particular, due to the
controls of compound-physico-chemical characteristics on gas-
phase transfer resistance between the leaves and the atmosphere,
the kinetics of emission can importantly depend on the Henry’s
law constant (air–water equilibrium partition constant; Hpc,
Pa m3 mol�1) (Niinemets and Reichstein, 2002). Furthermore, tem-
perature of leaves and flowers strongly varies through the day, and
thus, there is a huge diurnal variation in the emission of sesquiter-
penes due to both temperature-dependent changes in the synthe-
sis rate and due to temperature-dependent changes in compound
physico-chemical characteristics (Niinemets and Reichstein, 2003).

The temperature dependencies of equilibrium coefficients are
already available for more than 5000 different compounds
(Staudinger and Roberts, 1996, 2001; Sander, 2015), but few data
are available for relevant plant volatiles. Recently, Henry’s law con-
stants for 10 monoterpenes (C10) (Copolovici and Niinemets, 2005,
2007) and benzenoid methyl salicylate (C8) and, methyl jasmonate
(C13) (Karl et al., 2008) have been determined, but there are very
few data on higher molecular mass plant volatiles compounds.
As a few exceptions, the solubility of C13 compound b-ionone and
solubility of taxol (polyoxygenated diterpene) have been deter-
mined by Fichan et al. (1999) and Kapoor and Mahindroo (1997)
but no data are available for sesquiterpenes (C15) with the excep-
tion of farnesene (Schuhfried et al., 2015). Furthermore, there is a
general lack of temperature dependencies of higher molecular
mass volatiles.

In the current study, we determined the temperature depen-
dencies of Henry’s law constant (air–water equilibrium partition
constant; Hpc, Pa m3 mol�1) for 12 structurally different sesquiter-
penes (b-caryophyllene, a-cedrene, a-farnesene, c-gurjonene,
a-humulene, isosativene, a-longipinene, nerolidol, a-neoclovene,
b-neoclovene, c-neoclovene, and valencene) and the monoterpene
derivative bornyl acetate (C12) that is frequently emitted by many
plant species as well.

2. Methods

Terpenoid standards were obtained from Sigma–Aldrich
(Munich, Germany) and were all of high purity (P98%). For the
determination of Henry’s law constant we used EPICS (equilibrium
partitioning in closed systems) method of Gossett (1987) as
applied previously (Copolovici and Niinemets, 2005, 2007). The
EPICS method is based on analysis of compound partitioning in dif-
ferent liquid volumes of two binary solute–solvent equilibrium
systems. The liquid- or gas-phase concentrations in the two sys-
tems are measured, and the ratio of these values is used to com-
pute the dimensionless Henry’s law constant (Hcc) using the
combined mass balance equations of these two systems. Shortly,
two identical glass vials (total volume, VT, of 64.5 mL) were used.
4 mL (VL1) distilled water was added to the first vial and 50 mL
(VL2) to the second vial. Thereafter, 0.2 lL of given sesquiterpene
was added to both vials using a 1 lL micro-syringe (SGE
International, Ltd., Victoria, Australia). After the injection, the vial
was immediately sealed with a Teflon-coated silicone septum, vig-
orously shaken and ultrasound until the organic phases has been
completely dissolved. The vials were equilibrated in a thermostatic
water bath at desired temperature for 3 h. According to our work in
the previous study (Copolovici and Niinemets, 2005) the phase
equilibrium was reached in ca. 2 h after the injection. The head-
space was further sampled for GC analyses using a multibed steel
cartridges filled with different Carbotrap fractions as described
previously (Niinemets et al., 2010; Kännaste et al., 2014). The car-
tridges were analyzed with a Shimadzu 2010 Plus Gas
Chromatograph Mass Spectrometer with a TD20 thermodesorption
system. The method and chromatographic programs have been
described in detail in (Copolovici et al., 2009; Toome et al., 2010).

Given the presence of phase-equilibria in both vials, the Henry’s
law constant was calculated according to Gossett (1987). Under
equilibrium conditions, the same amount of sesquiterpene injected
into both vials 1 and 2 is partitioned among the gas and liquid
phases as:

CL1VL1 þ CG1VG1 ¼ CL2VL2 þ CG2VG2 ð1Þ

where CL1 is the equilibrium sesquiterpene liquid-phase concentra-
tion in vial 1 and CL2 the liquid-phase concentration in vial 2, CG1 is
the equilibrium sesquiterpene gas-phase concentration in vial 1 and
CG2 the concentration in vial 2, VG1 is the equilibrium gas-phase
(headspace) volume in vial 1 and VG2 the gas-phase volume in vial
2. We assume that liquid-phase volumes remain constant during
equilibration in both vials. From Eq. (2), the dimensionless
Henry’s law constant (Hcc ¼ CG1

CL1
¼ CG2

CL2
) is given as:

Hcc ¼
VL2 � VL1

CG1
CG2

CG1
CG2

ðVT � VL1Þ � ðVT � VL2Þ
ð2Þ
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where VT = VL1 + VG1 = VL2 + VG2 is the total vial volume. The
compound concentration in the headspace, CG, is proportional to
the signal peak area (A1 for the first vial and A2 for the second vial)
from the gas chromatogram:

CG1

CG2
¼ A1

A2
ð3Þ

Combining Eqs. (2) and (3), Hcc is ultimately given as:

Hcc ¼
VL2 � VL1

A1
A2

A1
A2
ðVT � VL1Þ � ðVT � VL2Þ

ð4Þ

The data were finally converted to units Pa m3 mol�1, i.e. pre-
sented as Hpc values (gas-phase vapor pressure to liquid-phase
concentration ratio). Hpc = HccRT, where R is the gas constant
(Pa m3 mol�1 K�1) and T the absolute temperature (K). The deter-
minations of Hpc were conducted at temperatures 25, 32, 38, 45,
50 �C. At each temperature, average Henry’s law constant was cal-
culated for three to four independent determinations.

Over a relatively small temperature range, Hpc temperature
response can be fitted as (Dewulf et al., 1999; Görgényi et al., 2002):
Table 1
Henry’s law constants (Hpc) at 25 �C, corresponding enthalpies of volatilization and Q10 val
acetate (C12).

Compound Chemical structure

b-Caryophyllene

a-Cedrene

a-Farnesene

a-Humulene

c-Gurjunene
lnHpc ¼ �DHVol

RT
þ C; ð5Þ

where DHvol is the enthalpy of volatilization and C is a compound-
specific constant. Thus, DHvol was derived for each compound as
the slope of lnHpc vs. 1/T relationship. In addition, Q10 values
(van’t Hoff equation) were also calculated.

3. Results

For all studied sesquiterpenes, Henry’s law constants were of
the same order of magnitude varying from 2548 to
3505 Pa m3 mol�1 at 25 �C (Table 1) with an average ± SE (standard
error of the mean) value for all sesquiterpenes of
3135 ± 84 Pa m3 mol�1. The Hpc value for the monoterpene deriva-
tive bornyl acetate was within the range of Hpc values observed for
sesquiterpenes (Table 1).

Simplified temperature response (Eq. (5)) fitted well the
temperature relation of Hpc over the entire temperature range of
25–50 �C for all compounds studied (r2 > 0.98, on average
0.989 ± 0.005; Figs. 1 and 2). The enthalpy of volatilization
ues for 12 studied sesquiterpene species (C15) and for monoterpene derivative bornyl

Hpc (Pa m3 mol�1) DHvol (kJ mol�1) Q10

2731 ± 21a 37.08 ± 0.26 1.58

3510 ± 70b 40.5 ± 0.8 1.64

2960 ± 50ac 35.7 ± 0.5 1.54

3410 ± 41b 38.7 ± 1.1 1.60

3052 ± 13c 30.8 ± 0.5 1.45

(continued on next page)



Table 1 (continued)

Compound Chemical structure Hpc (Pa m3 mol�1) DHvol (kJ mol�1) Q10

Isosativene 2548 ± 22a 29.7 ± 0.6 1.42

a-Longipinene 2960 ± 50a 34.01 ± 0.43 1.52

a-Neoclovene 3410 ± 41b 25.7 ± 0.8 1.36

b-Neoclovene 3415 ± 6b 38.5 ± 0.9 1.58

c-Neoclovene 3421 ± 16b 26.3 ± 0.8 1.36

Nerolidol HO 3120 ± 80d 35.8 ± 1.2 1.53

Valencene 3090 ± 140d 37.2 ± 0.9 1.56

Bornyl acetate

OOCH3

2650 ± 14a 14.54 ± 0.38 1.19

Data are averages ± SE (standard error of the mean) of three independent determinations. The atomic formulas of all sesquiterpenes are C15H24, except for nerolidol C15H26O.
The atomic formula for bornyl acetate is C12H20O2.
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Fig. 1. Temperature dependencies of Henry’s law constants (Hpc, Pa m3 mol�1) of
different sesquiterpenes and bornyl acetate. Data were fitted by Eq. (5) to derive the
enthalpy of vaporization (Table 1). All determinations were replicated three times,
and the error bars provide ± SE.
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Fig. 2. Temperature dependencies of Henry’s law constants (Hpc, Pa m3 mol�1) of
key plant sesquiterpenes. Data were fitted by Eq. (5) to derive the enthalpy of
vaporization (Table 1). All determinations were replicated three times, and the error
bars provide ± SE.
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(DHvol) varied ca. 1.6-fold from 25.7 to 40.5 kJ mol�1 among
sesquiterpenes with an average (±SE) of 34.2 ± 1.4 kJ mol�1, corre-
sponding to an average Q10 value of 1.512 ± 0.027 (Table 1). Both
DHvol and Q10 were lower for oxygenated monoterpene derivative
bornyl acetate (Table 1).

The enthalpy of volatilization varied significantly among the
neoclovene isomers which differ in the location of the double bond
in the molecule. The enthalpy of volatilization was 25.7 kJ mol�1

for a-neoclovene and 26.3 kJ mol�1 for c-neoclovene that have
the double bond located within the hydrogenated indene scaffold-
ing, while DHvol was 38.5 kJ mol�1 for b-neoclovene that has the
double bond in the methylene group attached to the hydrogenated
indole scaffolding (Table 1). The enthalpy of volatilization was not
significantly different (p = 0.94) between two aliphatic sesquiter-
pene a-farnesene and nerolidol, which is surprising given that
nerolidol has an OH group in its structure (Table 1).

4. Discussion

4.1. Henry’s law constants of sesquiterpenes at 25 �C

Due to greater molecular size of sesquiterpenes compared with
monoterpenes, the saturated vapor pressure (Pv) and, aqueous sol-
ubility (S) are expected to be much smaller for sesquiterpenes than
for monoterpenes. In fact, saturated vapor pressure of non-
oxygenated sesquiterpenes is more than two orders of magnitude
less than that in non-oxygenated monoterpenes (Hoskovec et al.,
2005; Kosina et al., 2013). Compared with monoterpenes, the val-
ues of Hpc for sesquiterpenes are somewhat lower than those
observed for bicyclic monoterpenes a-pinene and b-pinene and
monocyclic monoterpenes a-and b-phellandrene, but they are of
the same order of magnitude than Hpc values in other studied
monocyclic monoterpenes (Copolovici and Niinemets, 2005), and
in the monoterpene derivative bornyl acetate studied here
(Table 1). Given that Hpc = Pv/S, this evidence suggests that lower
Pv of sesquiterpenes is associated with analogous reductions in S
compared with monoterpenes.

In the recent work Schuhfried et al. (2015) determined the Hpc

for farnesene using another method based on on-line PTR-MS mea-
surements in non-equilibrium conditions. There are no data on
aqueous solubility of sesquiterpenes, but Fichan et al. (1999)
demonstrated that the C13 oxygenated compound b-ionone had
a much lower aqueous solubility and vapor pressure at 25 �C than
the C10 oxygenated monoterpenes fenchol, linalool, borneol, and
a-pinene and limonene oxides.

4.2. Temperature responses of Henry’s law constants for
sesquiterpenes

We determined the temperature dependencies of Hpc for impor-
tant plant volatile sesquiterpenes which are elicited in response to
different abiotic and biotic stresses. These estimations are, to our
knowledge, the first determinations of temperature characteristics
of equilibrium coefficients for plant volatile sesquiterpenes. The
average (±SE) enthalpy of volatilization determined for 204
different compounds by Staudinger and Roberts (2001) was
39.1 ± 2.3 kJ mol�1, while our average value for 12 sesquiterpenes
of 34.2 ± 1.2 kJ mol�1 is in the same range. On the other hand,
previous estimations of monoterpene volatilization enthalpies
have yielded an average value of 36.5 ± 0.4 kJ mol�1 for non-
oxygenated monoterpenes and 17.8 ± 0.4 kJ mol�1 for oxygenated
monoterpenes (Copolovici and Niinemets, 2005). Thus, the
volatility of sesquiterpenes is expected to increase more with
temperature than the volatility of oxygenated monoterpenes. In
contrast, the temperature responses of Hpc for non-oxygenated
monoterpenes and sesquiterpenes are expected to be similar.
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Although the values of the volatilization enthalpy were similar
among most compounds, still a significant variation in tempera-
ture responses, ca. 1.2-fold (and 1.6-fold when also considering
bornyl acetate) was observed across the compounds (Table 1).
This variability is currently difficult to explain as similar Hpc values
were observed for aliphatic compounds. Even for isomers differing
in the location of the double bonds such as neoclovene isomers
(Fig. 2), important variability was observed (Table 1). We suggest
that future studies with more sesquiterpenes and with experimen-
tal characterization of additional compound physico-chemical
characteristics such as saturated vapor pressure, aqueous solubility
and molar volume are needed to gain an insight into variation in
Hpc at a given temperature and into Hpc temperature responses
among different sesquiterpenes.

The overall increase in the rate of enzymatic reactions and inte-
grated biological processes for a 10 �C rise in temperature (Q10,
Table 1) is in the range of 1.5–3 (Nobel, 1991). The value of Q10
for physical processes such as diffusion is typically low, on the
order of 1.05–1.1 (Gates, 1980; Niinemets and Reichstein, 2003).
However, the volatility increase across the sesquiterpenes studied,
ca. 1.5-fold for a 10 �C rise in temperature, is very large for a non-
biological process. From a biological perspective, there are two
important implications of this large Q10 value for sesquiterpenes.
First, it is well-known that leaves release sesquiterpenes in the
stress conditions (Niinemets, 2010). Due to their semivolatile char-
acter, their emission level is typically quite low. Due to their high
enthalpy of volatilization, emission rates can be strongly enhanced
with rising temperatures. This needs to be considered when
predicting plant volatile emission responses when stress occurs
at different temperatures. The second aspect is the involvement
of sesquiterpenes in pollinator attraction (e.g., Tholl et al., 2005;
Nieuwenhuizen et al., 2009). Increases in temperature, e.g. even
long-term increases such as due to global warming, can
importantly enhance the flower attraction for pollinators due to
facilitated sesquiterpene release (Valterova et al., 2007;
Farré-Armengol et al., 2014). However, flower volatiles are often
characterized by a high fraction of oxygenated monoterpenes and
phenolic compounds known to be perceived by pollinator insects
(Dudareva et al., 1996, 1998; Nagegowda et al., 2008). Because
these compounds have lower Q10 values, flower detection by pol-
linators attracted to these oxygenated volatiles might be hindered
due to the increased odor background of non-oxygenated mono-
and sesquiterpenes. We also emphasize that although the role of
sesquiterpenes is generally neglected in air quality estimations
due to low rates of emissions in cool conditions, these emissions
are expected to become gradually more important in warmer
atmospheres, especially given their high potential to produce
ozone and secondary organic aerosols (Huff Hartz et al., 2005;
Helmig et al., 2006).
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ABSTRACT

Brassicales release volatile glucosinolate breakdown products
upon tissue mechanical damage, but it is unclear how the re-
lease of glucosinolate volatiles responds to abiotic stresses such
as heat stress.We used three different heat treatments, simulat-
ing different dynamic temperature conditions in the field to
gain insight into stress-dependent changes in volatile blends
and photosynthetic characteristics in the annual herb Brassica
nigra (L.) Koch. Heat stress was applied by either heating
leaves through temperature response curve measurements
from20 to 40 °C (mild stress), exposing plants for 4 h to temper-
atures 25–44 °C (long-term stress) or shock-heating leaves to
45–50 °C. Photosynthetic reduction through temperature re-
sponse curves was associated with decreased stomatal conduc-
tance, while the reduction due to long-term stress and collapse
of photosynthetic activity after heat shock stress were associ-
ated with non-stomatal processes. Mild stress decreased consti-
tutive monoterpene emissions, while long-term stress and
shock stress resulted in emissions of the lipoxygenase pathway
and glucosinolate volatiles. Glucosinolate volatile release was
more strongly elicited by long-term stress and lipoxygenase
product released by heat shock. These results demonstrate that
glucosinolate volatiles constitute a major part of emission
blend in heat-stressed B. nigra plants, especially upon chronic
stress that leads to induction responses.

Key-words: Brassicales; glucosinolate breakdown products;
heat shock; high temperature; lipoxygenase pathway; terpe-
noid emission; volatile organic compounds.

INTRODUCTION

Among abiotic stresses, heat stress is one of the most deleteri-
ous factors resulting in major cellular damage once the heat
stress threshold has been exceeded (Bidart-Bouzat & Imeh-
Nathaniel 2008). Such deleterious heat effects are manifested
in ubiquitous stress responses such as collapse of leaf photosyn-
thetic activities and formation of reactive oxygen species in leaf
tissues (Vacca et al. 2004; Hüve et al. 2011) and elicitation of re-
lease of lipoxygenase (LOX) pathway volatiles (Maccarrone
et al. 1992; Copolovici et al. 2012). Nevertheless, even mild to

moderate heat stress that does not result in visible lesions can
result in significant reductions in leaf photosynthetic activities
(Sharkey 2005; Zhang & Sharkey 2009; Zhang et al. 2009)
and modifications in volatile emission profiles (Loreto et al.
1998; Kleist et al. 2012; Possell & Loreto 2013). In fact, release
of several constitutive and induced volatiles can be extremely
temperature sensitive and onlymoderate increases in tempera-
ture, even in the range of 30–38 °C can result in major changes
in the emissions (Hartikainen et al. 2009; Kleist et al. 2012; Hu
et al. 2013; Farré-Armengol et al. 2014).

Apart from ubiquitous stress responses elicited in a wide
range of species in response to practically any severe stress,
several plant taxonomic groups have specialized volatile de-
fence pathways (Karban 2011). Glucosinolates constitute the
unique secondary metabolites in the order Brassicales (Fahey
et al. 2001; Redovniković et al. 2008; Ishida et al. 2014), and so
far the occurrence of more than 130 natural glucosinolates
has been documented (Agneta et al. 2014). Depending on their
molecular structure, they can be divided among aliphatic-,
aromatic- or indole glucosinolates (Hopkins et al. 1997; Ishida
et al. 2014). Members of each group are biosynthesized from
different precursors via slightly different pathways. Yet, in gen-
eral, the biosynthesis starts with the chain elongation of an
amino acid, continues with the creation of glucosinolate basic
structure and ends upwith the transformation of the core struc-
ture into the final glucosinolate molecule (Ishida et al. 2014).
Glucosinolates are hydrolyzed to toxic volatile products by
myrosinases that are released from specialized cells upon me-
chanical wounding, for example, upon insect herbivory (Barth
& Jander 2006; Wittstock & Burow 2010; Najar-Rodriguez
et al. 2015). These breakdown products can be isothiocyanates,
thiocyanates, nitriles, epithionitriles and oxazolidines (Bones
& Rossiter 2006; Kos et al. 2012), disulfides and thiols (Olivier
et al. 1999; Agrawal & Kurashige 2003; Crespo et al. 2012)
shown to significantly reduce herbivory by omnivorous insects
(Hopkins et al. 2009), but also performance of specialist herbi-
vores (Bruinsma et al. 2007; de Vos et al. 2008).

Apart from mechanical damage due to herbivory, multiple
stress factors including heat stress can lead to cellular damage
with potential release of myrosinases, but there is surprisingly
little information about the relationship of abiotic stressors
and volatile glucosinolate degradation products in brassicoid
species (Wittstock & Burow 2010). Provided myrosinases areCorrespondence: K. Kask. E-mail: kaia.kask@emu.ee
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indeed released as the permeability of cellular membranes in-
creases upon developing heat stress, release of glucosinolate
breakdown products is likely, and the release of these special-
ized volatiles might importantly contribute to the total heat-
triggered volatile blend next to ubiquitous emissions of LOX
products. Furthermore, there is recent evidence that exoge-
nously applied glucosinolate volatiles, isothiocyanates, en-
hanced the development of heat-tolerance of Arabidopsis
thaliana (Hara et al. 2013). Thus, heat-dependent induction of
glucosinolate volatile emissions might contribute to develop-
ment of induced abiotic stress resistance, but which tempera-
ture conditions lead to the release of glucosinolate volatiles
and how these potential emissions are related to ubiquitous
stress responses is not known.

During their lifetime, plants can be exposed to a wide variety
of heat episodes differing in duration and temperature during
the stress, including short-term to mid-term excursions of leaf
temperature to high values upon light flecks and upon clearing
up the sky when shaded leaves are suddenly exposed to strong
beam irradiance (Singsaas & Sharkey 1998; Sharkey 2005;
Behnke et al. 2007; Way et al. 2011), as well as during heat
waves that are predicted to becomemore common in the future
(Ameye et al. 2012). Given this variety, it is relevant to consider
that the heat stress threshold is determined by the heat dose
(heat sum) that is dependent on both the actual temperature
and the duration of the heat episode (Bilger et al. 1984;
Niinemets 2010a) as well as on possible increases of heat stress
resistance due to acclimation and priming responses occurring
through the heat wave (Niinemets 2010b). Thus, modifications
in the volatile blend triggered by heat stress can depend on the
type of heat stress that ultimately determineswhether the stress
threshold for physiological damage is exceeded and whether
acclimation or priming responses can occur.

The goal of the present study was to investigate how foliage
photosynthetic characteristics and emissions of constitutive and
ubiquitous and specialized stress-elicited volatiles respond to
heat-stress of various types in black mustard (B.nigra (L.)
Koch, Brassicaceae). To our knowledge, there is no informa-
tion about the relationships between the volatile glucosinolate
degradation products and volatiles of other biosynthetic path-
ways through abiotic stress treatments. Hence, next to the vol-
atile glucosinolates, we also studied the heat responses of
emissions of lipoxygenase, terpenoid and shikimate pathway
products. We used three different heat treatments simulating
dynamic temperature conditions in field environments that
can occur during short-term heat episodes and longer-term
heat waves to gain an insight how the share of different vola-
tiles changes in dependence on reversible and irreversible
stress conditions of different duration. We hypothesized that
severe heat stress leads to elicitation of glucosinolate volatiles
and that the emissions are quantitatively more significant upon
long-term stress due to elicitation of induction responses.

B.nigra is a fast-growing 1- to 2-m-tall annual herb native to
the southern Mediterranean region of Europe, growing over a
broad temperature range and therefore classified as a stress tol-
erant species (Duke 1983). It is occasionally cultivated for its
seeds (Rajamurugan et al. 2012) as well as for leaves, extracts
of which have allelopathic effects due to its secondary plant

chemicals (Turk & Tawaha 2003). However, as a rapidly grow-
ing plant,B. nigra has become an aggressive weed in temperate
Europe where it colonizes old fields (Gomaa et al. 2012). Be-
cause of extensive spread, more complex genome and greater
stress tolerance, it has become next toA. thaliana, an additional
brassicoid model system in studies on plant biology, ecology
and plant-insect interactions (Dicke & van Loon 2000;
Fatouros et al. 2012).

MATERIALS AND METHODS

Plant material

Plants of B.nigra were grown from the seeds provided by the
Department of Entomology, University of Wageningen, the
Netherlands. This standardized seed-lot corresponds to a
wild-grown Dutch B. nigra population that has been used in
multiple studies on plant-insect interactions (Bruinsma et al.
2008; Khaling et al. 2015; Pashalidou et al. 2015). The seeds
were sown in 0.8L plastic pots filled with a mixture of commer-
cial garden soil with slow-release nutrients (Biolan Oy, Eura,
Finland) and quartz sand. Day length was 12h, and light inten-
sity at plant level of 400μmolm�2 s�1 was provided by metal
halide lamps (HPI-T Plus 400W, Philips, Eindhowen, The
Netherlands). Day/night temperatures were maintained at
24/20 °C and relative humidity of 60%. The plants were
watered every other day to soil field capacity. Five-to six-
weeks-old non-bolted plants with at least three fully developed
leaves were used in the experiments. Temperature response
curves were measured, and two different heat stress treatments
were conducted in three to seven replications with different
plants (Fig. 1 for entire experimental protocol). New plants
were used for individual temperatures within heat stress treat-
ments, and each plant was stressed and analysed only once.
Hence, emissions from 57 plants were analysed with GC-MS,
and 65 plants were used in gas-exchange measurements (8 vol-
atiles samples were lost due to malfunctioning of GC-MS car-
tridge autosampler, but nevertheless, the sample size was
never below three for individual treatments).

Long-term heat stress treatment

For long-term stress application, the potted plants were placed
in a Percival growth chamber (model E-36HO, Percival Scien-
tific, Inc., Perry, IA, USA) under controlled conditions of light
intensity at plant level of 400μmolm�2 s�1 provided for
16hday�1 (6:00–22:00 h), 60% of humidity and day/night tem-
perature of 25/21 °C. Before the start of the heat stress treat-
ment, the plants were acclimated for 24h under these growth
chamber conditions. After the acclimation, the heat stress was
applied in two heat waves, one in the evening between 20:00–
22:00 h and the second in the following morning between
06:00–8:00 h, providing a total treatment period of 4 h, but in-
tervened with a night-time non-stressed period at 21 °C to al-
low for a recovery and induction of volatile stress responses.
Although the increase of temperature to preset conditions took
~0.5h, the chamber cool down to 21 °C after turning off the
lights in the evening took ~1h. Thus, the total stress period
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was somewhat longer than 4h. The temperatures applied in the
growth chamber in individual stress experiments were 25 °C
(control), 30, 35, 40 and 44 °C. After completion of the stress
experiment at the given temperature, individual plants were
enclosed in the custom-made gas-exchange system, and foliage
photosynthesis, transpiration and volatile organic compound
emission measurements were immediately carried out at 25 °
C as described later (Fig. 1).

Heat shock stress

Shock stress treatment started at 9:00 in the morning, approxi-
mately 1 h after the light regimewas automatically turned on in
the plant room.Heat shock treatments followed the protocol of
Copolovici et al. (2012). A temperature-controlled glass vessel
equipped with a magnetic stirrer (Heidolph MR Hei-Standard
with an EXT Hei-Con temperature sensor, Heidolph,
Schwabach, Germany) was used. In the glass vessel, distilled
water was heated to the desired temperature, and the plant’s
uppermost part with three fully developed leaves was inserted
in the water with given temperature for 5min. After the treat-
ment, leaves were left to air-dry for approximately 5min and
then measured for gas-exchange and volatile emissions using

the custom-made gas-exchange system at 25 °C as described
later (Fig. 1). The heat shock response was studied at tempera-
tures of 25 (control), 45, 48 and 50 °C, and individual plants
were used for each treatment.

Gas-exchange measurement system

Foliage gas-exchange rates were measured with a custom-
made open gas-exchange system described in detail in
Copolovici & Niinemets (2010). The system has a
temperature-controlled 1.2L chamber made of double-walled
glass and stainless steel bottom ring specially designed for vol-
atile compound measurements. The chamber temperature is
controlled by circulating thermostated water between the
chamber walls (Copolovici & Niinemets 2010). An infra-red
dual-channel gas analyzer operated in differential mode
(CIRAS II, PP-Systems, Amesbury, MA, USA) was used to
measure CO2 and H2O concentrations at the chamber inlets
and outlets (Copolovici & Niinemets 2010). The ambient air
was drawn from outside, passed through a 10L buffer volume
and anHCl-activated copper tubing to scrub ozone andwas hu-
midified to ~60% humidity using a custom-made humidifier.
After passing the ozone scrubber, ozone concentrations were
less than 1nmolmol�1 (Sun et al. 2012). The chamberCO2 con-
centration was 380–400μmolmol�1 in these experiments.

Gas-exchange measurements and volatile
sampling in heat-stressed leaves

For plants subjected to long-term heat stress, at least three top
leaves, and for heat shock treated leaves all treated leaves were
inserted into the leaf chamber (approximately 80–100 cm2 leaf
area), and standard conditions of light intensity of
800μmolm�2 s�1 and chamber temperature of 25 °C (leaf tem-
perature was within ± 1 °C of chamber temperature) were
established. The measurements of net assimilation and transpi-
ration rates were taken immediately after the gas flows had
stabilized in the system, typically in 10–20min after plant
enclosure.

After the gas flows had stabilized, volatileswere collected onto
multi-bed stainless steel cartridges filled with three different
carbon-based adsorbents for optimal adsorption of all volatiles
betweenC3–C17 (Kännaste et al. 2014) (for details of cartridges).
A portable 210-1003MTX air sampling pump (SKC Inc., Hous-
ton, TX, USA) was used for sampling the chamber outlet air
with a constant flow rate of 200mLmin�1. The sampling time
was 20min, and thus, 4L of air was sampled. Blank samples from
the empty cuvette were taken before the plant measurements.

Measurements of temperature response curves of
net assimilation and volatile release

Temperature response curvemeasurements started at 9:00 in the
morning, 1 h after automatic turn-on of the light in the plant
room. Three upper leaves were enclosed in the leaf chamber
and stabilized at the reference conditions of light intensity at leaf
level of 800μmolm�2 s�1, chamber temperature of 20 °C, CO2

Figure 1. A schematic representation of the study experimental
design. Brassica nigra plants were subjected to three different heat
treatments: moderate exposure through stepwise raising temperatures
through temperature response curve measurements, long-term heat
stress and shock stress both achieved by stepwise increase in
temperature, but differing in duration and treatment temperature.
Plants were placed in a gas exchange system to collect volatiles and
measure foliage net assimilation and transpiration rates. Collected
volatiles were analysed with a GC-MS system followed by data
analyses. In the case of temperature response curve measurements, the
treatment and physiological measurements occurred simultaneously at
the treatment temperature, while in the case of the two other
experimental protocols, the physiological measurements were
performed after the heat stress treatment at 25 °C.

Responses of Brassica nigra to heat stress 2029
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concentration of 380–400μmolmol�1 and air humidity of 60%
until stomata opened and gas-exchange rates stabilized, typically
in 20–30min since leaf enclosure. After reaching the steady-
state, net assimilation and transpiration rates were recorded
and volatile organic compounds were collected for 20min as de-
scribed earlier (Fig. 1). The chamber temperature was raised to
the next higher temperature, the plant was conditioned again at
this temperature for 20–30min, and gas-exchange rates were re-
corded and volatiles collected. Foliage gas-exchange rates were
measured at temperatures 20, 25, 30, 35 and 40 °C, while volatile
organic compounds were collected at 20, 25, 30, and 40 °C.

GC-MS analyses

The cartridges with adsorbed volatiles were analysed with a
combined Shimadzu TD20 automated cartridge desorber con-
nected to a Shimadzu 2010 Plus GC–MS system (Shimadzu
Corporation, Kyoto, Japan). Adsorbent cartridges were back
flushed with high purity He (99,9999% AGA, Linde Group,
Tallinn, Estonia) during thermal desorption with the following
TD20 parameters: He purge flow rate of 40mLmin�1, primary
desorption temperature of 250 °C, primary desorption time of
6min, the second stage trap temperature during primary de-
sorption of �20 °C, the second stage trap desorption tempera-
ture of 280 °C, hold time of 6min. The compounds were
separated on a Zebron ZB-624 fused silica capillary column
(0.32mm i.d., 60m length, 1.8μm film thickness, Phenomenex,
Torrance, CA, USA) using He with a flow rate of
1.48mLmin�1 as the carrier gas. The following GC oven pro-
gramme was employed: 40 °C for 1min, 9 °Cmin�1 to 120 °C,
2 °Cmin�1 to 190 °C, 20 °Cmin�1 to 250 °C for 5min. The
Shimadzu QP2010 Plus mass spectrometer was operated in
the electron impact mode. The transfer line temperature was
240 °C and ion-source temperature 150 °C. TheGC-MS system
was calibrated as explained in Kännaste et al. (2014) and the
compound quantification follows Copolovici et al. (2009). The
compounds were identified by comparing the mass-spectra of
volatiles with the spectra of authentic standards of the highest
purity purchased from Sigma-Aldrich (St. Louis, MO, USA,
GC purity, most of the standards) and Fluka (Buchs, Switzer-
land, GC purity, 1-hexanol andmethyl salicylate). For quantifi-
cation of emissions, the GC-MS system was calibrated with
standard compounds in hexane solution. Six concentrations of
each compound (range 0.1–1μL/mL) were prepared, and
1μL of each sample was injected into the adsorbent cartridge.
The cartridge was back flushed with a stream of N2 at
200mLmin�1 to simulate conditions during sampling of vola-
tiles. Ultimately, the calibration factor for each compound
was estimated as the slope of the GC chromatogram peak area
versus compound mass concentration.

We grouped the volatile compounds released according to
their formation pathways (Table 1) as fatty acid derived com-
pounds (lipoxygenase volatiles, also called green leaf volatiles)
(Matsui 2006), geranyl diphosphate (GDP) derived volatiles
(GDP-pathway, various monoterpenoids synthesized from
GDP) (Maffei 2010), geranylgeranyl diphosphate (GGDP) de-
rived volatiles (homoterpenes such as DMNTand some caroten-
oid breakdown products such as geranyl acetone) (Arimura et al.

2009), shikimate pathway volatiles (different benzenoids such as
methyl salicylate) (Wahid et al. 2007; Betz et al. 2009) and gluco-
sinolate breakdown compounds (various sulphur- and nitrogen-
containingcompounds,oftencontainingtheCNfunctionalgroup)
(Sønderby et al. 2010; Ishida et al. 2014). It is primarily these
latter compounds that give the plants fromBrassicaceae the char-
acteristic ‘cabbage smell’ (Buttery et al. 1976). No sesquiterpenes
were observed in the emission blends in these experiments.

Data analyses

Net assimilation rate (A) and stomatal conductance (gs) per
leaf area and intercellular CO2 concentration (Ci) were calcu-
lated according to von Caemmerer & Farquhar (1981) and
the volatile emission rates according to Niinemets et al. (2011).

For normalization of data and residuals, logarithmic data
transformation was used, and average values of gas-exchange
and volatile emission rates at different temperatures were com-
pared with one-way ANOVA followed by Tukey’s post-hoc
test. In addition, linear- and non-linear regression analyses
were conducted to explore the relationships among gas-
exchange and volatile emission rates and among the emission
rates of different volatile compound classes. (StatSoft Inc.,
Tulsa, OK,USA)was used in these analyses. Heat stress effects
on volatile bouquets and changes in the volatile bouquets
through the temperature response curve were evaluated by
principal component analysis (PCA) (Wold et al. 1987). Load-
ing and score plots were derived after mean-centering and
logarithmic data transformation. Redundancy data analysis
was also used to test for the differences in bouquets among
stress treatments. Monte-Carlo permutation tests were used
to evaluate the statistical significance of the model. Multivari-
ate data analyses were performed with CANOCO 5.0 software
(ter Braak and Smilauer, Biometris Plant Research Interna-
tional, the Netherlands). All statistical tests were considered
statistically significant at P< 0.05.

RESULTS

Effects of heat stress on foliage photosynthetic
characteristics

Temperature response curve measurements indicated that leaf
net assimilation rate (A) of Brassica nigra had a broad temper-
ature optimumbetween 20 and 30 °C (Fig. 2a). Net assimilation
rate declined over temperatures 35–40 °C, reaching ~4-fold
lower values at the highest measurement temperature than at
20 °C (Fig. 2a). Stomatal conductance to water vapor (gs) de-
creased with increasing temperature through the entire tem-
perature range from on average (±SE) 99±13mmolm�2 s�1

at 20 °C to 13±4mmolm�2 s�1 at 40 °C (Fig. 2b). Thus, the
intercellular CO2 concentration (Ci) decreased with increasing
temperature to low values of 60–100μmolmol�1 at the highest
measurement temperature (data not shown).

Exposure of plants to long-term heat stress (4h exposure to
given temperature, measurements of photosynthetic character-
istics at 25 °C) was associated with minor modifications in A
and gs over the treatment temperature range of 25–35 °C, but
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further increases in temperature were associated with both
reducedA (4.5-fold reduction at 44 °C comparedwith the value
at 25 °C) and gs (2.8-fold reduction), from 69 to
24mmolm�2 s�1 (Fig. 2a, b, respectively). Intercellular CO2

concentration was similar through temperatures 25–40 °C
(192±16μmolmol�1), but there was a significant increase in
Ci at 44 °C (334±30μmolmol�1, P< 0.01 for the difference
among the means). Heat shock treatment (exposure for
5min to given temperature, measurements of photosynthetic
characteristics at 25 °C) was associated with major reductions
in both A and gs, with barely positive rates of net assimilation
observed after 45 °C treatment, and negative net assimilation

rates observed at treatment temperatures 48 and 50 °C
(Fig. 2a). Intercellular CO2 concentration was greater in heat
shock treated than in control leaves (P< 0.005).

Temperature response curves of volatile emission

Total emission of fatty acid derived compounds was low and
weakly affected by temperatures through the temperature
response curves (Fig. 3a). Among C6-volatiles, only 1-hexanol
and (Z)-3-hexen-1-ol were above the detection limit at 25 and
40 °C, and the rest of the emissions were due to aliphatic alde-
hydes (Table 1). Total emission of monoterpenoids (GDP-

Table 1. Average ±SE emission rates (pmolm�2 s�1) of different volatiles released from leaves of Brassica nigra in response to three different heat
treatments grouped according to the compound formation pathways

No Compound Temperature response curve Long-term stress

20 °C (3) 25 °C (3) 30 °C (3) 40 °C (3) 25 °C (4) 30 °C (5)

Fatty acid derived compounds
1 (E)-3-Hexen-1-ol
2 (E, E)-2, 4-Hexadienal
3 (Z)-3-Hexen-1-ol 0.7# 10 2.9 ± 1.4 a*
4 (Z)-3-Hexenyl acetate 6
5 (Z)-3-Hexenyl formate
6 1-Hexanol 0.17 1.5 ± 0.6 a 1.2 ± 0.7 a
7 1-Pentanol 3.1
8 1-Penten-3-ol
9 1-Penten-3-one
10 2-Ethylfuran
11 2-Pentanone 2.7 2.2 ± 0.7 a
12 Heptanal 3.8 ± 2.0 a 0.8 1.15 ± 0.14 a 0.71 ± 0.11 a 10.0 ± 4.2 ab 3.8 ± 1.9 ab
13 Hexanal 5.8 ± 4.2 a 6.4 ± 0.9 a 2.8 ± 0.9 a 0.96 ± 0.34 a 17± 5 ab 3.5 ± 1.1 a
14 Nonanal 22 ± 14 a 4.9 ± 3.7 a 6.8 ± 2.9 a 3.6 ± 3.0 a 54± 22 ab 20 ± 10 ab
15 Octanal 7.6 ± 4.7 a 0.9 ± 0.7 a 3.5 ± 1.4 a 1.5 ± 1.0 a 22± 9 ab 87.6 ± 3.9 ab

GDP-pathway
16 3-Carene 6.0 ± 0.6 a 2.55 ± 0.20 a 2.509 ± 0.032 a 0.103 ± 0.024 b 6.9 ± 2.8 a 2.4 ± 0.9 a
17 Camphene 0.66 ± 0.32 a 0.27 ± 0.08 a
18 Limonene 0.63 ± 0.25 a 0.42 ± 0.10 a 0.45 ± 0.09 a 1.6 ± 0.5 a 0.26 ± 0.16 a
19 α-Pinene 10.9 ± 2.1 a 3.75 ± 0.27 a 2.604 ± 0.023 a 0.272 ± 0.021 b 17± 8 a 1.8 ± 1.0 a
20 β-Pinene 0.54 ± 0.17 a 0.302 ± 0.021 a

Shikimate pathway
21 Methyl salicylate 0.031

Glucosinolate breakdown products
22 Tetramethylthiourea 0.47 ± 0.20 a 0.42
23 2-Propenenitrile 12 9 14± 10 a 8.9 ± 1.5 ab
24 Allyl isothiocyanate 20 2.6
25 Cyclohexyl isocyanate 2.1 3.4
26 Cyclohexyl isothiocyanate 1.3 ± 0.6 a 1.2 ± 0.6 a 0.91 4.7 ± 2.1 a 0.7
27 Methanethiol 0.28 0.6
28 Methyl isothiocyanate
29 Tetramethylurea 2.7 ± 0.9 a 1.5 ± 1.2 a

GGDP-pathway
30 6-Methyl-5-hepten-2-one 11 ± 8 a 7.29 ± 0.7 a 2.57 0.36 ± 0.20 a 7.5 ± 3.9 a 2.2 ± 2.0 a
31 Geranyl acetone 20 ± 6 a 23.3 ± 3.5 a 3.0 ± 2.6 a 6.7 ± 2.6 a 1.35 ± 0.27 ab 2.43 ± 1.02 ab

Different stress treatments as outlined in Fig. 1. Five primary compound groups were distinguished on the basis of compound synthesis pathways: fatty
acid derived volatiles (products of lipoxygenase pathway, also called green leaf volatiles), geranyl diphosphate (GDP) derived volatiles (GDP-path-
way, various monoterpenoids), geranylgeranyl diphosphate (GGDP) derived volatiles (homoterpenes such as DMNT and some carotenoid break-
down products including geranyl acetone), and shikimate pathway volatiles (different benzenoids such as methyl salicylate) and glucosinolate
breakdown compounds (various sulphur- and nitrogen-containing volatiles). The compound number corresponds to the number in the PCA factor
loading plot (Fig. 4). Number of replicates (individual plants) is shown in parenthesis below each stress temperature.
#for emissions of compounds, which were above the detection limit in only one of the replicate experiments, no SE values could be calculated.
*different letters indicate statistical significance at P< 0.05.
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pathway compounds) decreased considerably from 20 to 40 °C
(Fig. 3b). AmongGDP-pathway compounds, α-pinene followed
by 3-carene was the dominating volatiles at all temperatures
(Table 1). Similarly to LOX-compounds, total emission of gluco-
sinolate breakdown products was low and not affected by tem-
perature (Fig. 3c). Allyl isothiocyanate and 2-propenenitrile
were rare volatiles at only at 20 °C, while the emissions of
cyclohexyl isothiocyanate were not affected by temperature
(Table 1). Total emission of GGDP-pathway volatiles (caroten-
oid breakdown products) was overall low, and the emissions
were dominated by geranyl acetone (Table 1). Similarly to

GDP-pathway volatiles, GGDP-pathway volatiles decreased
from 0.0309±0.0027nmolm�2 s�1 at 20–25 °C to 0.0043
±0.0012nmolm�2 s�1 at 30–40 °C (Fig. 3d).

Effects of long-term heat stress on volatile
emissions

Long-term heat stress had no significant effect on LOX-
compounds over the treatment temperatures 25–35 °C,
but the emissions were strongly enhanced upon exposure

Table 1. Average ±SE emission rates (pmolm�2 s�1) of different volatiles released from leaves of Brassica nigra in response to three different heat
treatments grouped according to the compound formation pathways

No Long-term stress Shock stress

35 °C (6) 40 °C (6) 44 °C (7) 25 °C (3) 45 °C (4) 48 °C (3) 50 °C (7)

Fatty acid derived compounds
1 3900 ± 1600
2 6 45 ± 17
3 9.4 ± 2.2 a 20± 13 a 300 ± 170 a 18 ± 18 a 1.1 ± 0.8 a 14 130 ± 50 a
4 14 ± 5 a 17 ± 9 a
5 36
6 0.587 ± 0.042 a 7.6 ± 3.6 a 6.3 ± 3.2 a 2.7 0.087 ± 0.027 a 64 ± 30 b
7 14± 10 a 23 ± 10 a 17 ± 5
8 21 73 ± 19 180 ± 90
9 66 43 ± 8
10 2.613 ± 0.012 a 11 ± 7a 5.0 133 ± 47
11 16± 8 b
12 3.9 ± 1.7 a 49± 13 b 14 ± 6 ab 1.8 ± 0.7 a 3.6 ± 1.0 a 15.9 ± 1.3 a 6.0 ± 3.1 a
13 6.0 ± 1.9 a 106± 41 b 44 ± 19 ab 5.2 ± 2.0 a 6.8 ± 2.0 a 31.4 ± 2.6 a 22 ± 9 a
14 7.8 ± 4.6 a 53± 16 b 55 ± 22 b 11.7 ± 3.0 a 11.4 ± 2.2 a 54± 33 a 21 ± 5 a
15 4 ± 1.9 a 43± 13 b 27 ± 11 b 3.9 ± 2.0 a 4.1 ± 0.6 a 22± 6 b 7.8 ± 20 a

GDP-pathway
16 5.1 ± 2.3 a 5.5 ± 1.6 a 5.4 ± 1.5 a 0.61 ± 0.44 a 6.9 ± 2.9 a 9.5 ± 4.1 a 13.9 ± 4.7 a
17 0.66 ± 0.12 a 0.23 ± 0.11 a 0.19 9 0.29 ± 0.19 a 1.17 ± 0.20 a 2.17 ± 1.02 a
18 1.4 ± 0.7 a 2.9 ± 1.1 a 4.7 ± 4.4 a 6 ± 6 a 1.7 ± 0.9 a 3.3 ± 2.2 a 6.23 ± 1.03 a
19 6.1 ± 3.0 a 4.6 ± 1.3 a 4.6 ± 2.3 a 3.0 ± 1.0 a 8 ± 6 a 27± 6 ab 38 ± 10 a
20 1.06 ± 0.22 a 0.47 ± 0.20 a 0.31 ± 0.23 a 0.85 ± 0.14 a 1.69 ± 0.10 a

Shikimate pathway
21 0.134 ± 0.042 a 0.118 ± 0.031 a

Glucosinolate breakdown products
22 0.6 14 ± 7 a 110 ± 80 a 96± 38 a 178.9 ± 0.7 ab 400 ± 90 b
23 14.7 ± 4.2 ab 30± 8 ab 81 ± 25 b 19
24 12.3 ± 4.8 a 1300 ± 700 b 2.5 250 ± 15
25 1.6 14.8 ± 0.8 a 38 ± 22 a 22.4 ± 4.3 a 17± 5 a 10.5 ± 3.1 a
26 0.35 28 110 ± 80 a 0.86 ± 0.30 a 10± 9 a 2.7 ± 0.5 a
27 3.3 ± 1.2 a 13 ± 8 a
28 3.9 21 ± 11 15.1 ± 2.2
29 3.1 30 ± 24 a 63 ± 26 a 10± 6 a 14 ± 6 a

GGDP-pathway
30 3.2 ± 1.7 a 3.6 ± 1.3 a 3.1 ± 1.3 a 1.60 ± 0.27 a 1.4 ± 0.5 a 3.4 ± 1.5 a 5.1 ± 1.9 a
31 0.94 ± 0.70 a 5.7 ± 1.8 b 2.01 ± 0.5 ab 7.5 ± 0.9 a 4.7 ± 1.9 a 4.9 ± 3.4 a 8.6 ± 3.2 a

Different stress treatments as outlined in Fig. 1. Five primary compound groups were distinguished on the basis of compound synthesis pathways: fatty
acid derived volatiles (products of lipoxygenase pathway, also called green leaf volatiles), geranyl diphosphate (GDP) derived volatiles (GDP-path-
way, various monoterpenoids), geranylgeranyl diphosphate (GGDP) derived volatiles (homoterpenes such as DMNT and some carotenoid break-
down products including geranyl acetone), and shikimate pathway volatiles (different benzenoids such as methyl salicylate) and glucosinolate
breakdown compounds (various sulphur- and nitrogen-containing volatiles). The compound number corresponds to the number in the PCA factor
loading plot (Fig. 4). Number of replicates (individual plants) is shown in parenthesis below each stress temperature.
#for emissions of compounds, which were above the detection limit in only one of the replicate experiments, no SE values could be calculated.
*different letters indicate statistical significance at P< 0.05.
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to 40 °C and 44 °C (Fig. 3a). Moreover, the emission com-
position significantly changed as at 40 °C treatment, the
plants began to release 2-ethylfuran and 1-penten-3-ol
and at 44 °C treatment, the emission of these volatiles
increased even more (Table 1). At 44 °C treatment, the
LOX bouquet was dominated by (Z)-3-hexen-1-ol,
1-penten-3-ol and 1-penten-3-one and aliphatic aldehydes
hexanal, nonanal and octanal (Table 1). Heat stress effects
on the release of glucosinolate breakdown products
followed the same pattern as that observed for LOX-
compounds (Fig. 3c). At treatment temperatures of 25–
35 °C, total emission of glucosinolate breakdown products
remained at a low level of 0.0087–0.0193 nmolm�2 s�1

(Fig. 3c) but increased somewhat already at 40 °C treat-
ment, and a major emission burst of 1.10
± 0.43 nmolm�2 s�1 was observed at the highest applied
temperature treatment (Fig. 3c). At this temperature
treatment, allyl isothiocyanate was the dominating volatile

followed by tetramethylthiourea, cyclohexyl isothiocya-
nate and 2-propenenitrile (Table 1). Emissions of GDP-
pathway and GGDP-pathway compounds were not af-
fected by treatment temperature (Figs. 3b, d), but emis-
sions of the benzenoid and methyl salicylate were
detected after higher temperature treatments (Table 1).

Figure 2. Effects of three different heat treatments on mean (±SE)
net assimilation rate (A) and stomatal conductance to water vapor (B)
in leaves of Brassica nigra. The treatments included raising
temperatures through temperature response curve measurements
(mild stress, total exposure for 1 h to given moderately high
temperature), long-term stress (chronic stress, 4 h treatment with given
temperature), and short-term heat shock stress (severe stress, exposure
for 5min to potentially lethal temperature). In the case of long-term
and heat shock stress treatments, the measurements were conducted at
25 °C after heat exposure. Three to seven replicate plants were used for
each treatment temperature (in each case, the number of biological
replicates is shown above the temperature values). For statistical
analyses, data were log-transformed and compared with one-way
ANOVA followed by Tukey’s post-hoc test. Different letters indicate
statistically significant differences at P< 0.05.

Figure 3. Rates of emission (nmolm�2 s�1, mean± SE) of fatty acid
derived compounds (A), GDP-pathway compounds (B), glucosinolate
breakdown products (C) and GGDP-pathway compounds (D) from
the foliage of Brassica nigra in three different temperature stress
treatments – temperature response curve (black bars), long-term (grey
bars), and shock stress (white bars). Number of biological replicates is
shown above the temperature values. Definition of compound groups
and emissions of individual volatiles within each group is demonstrated
in Table 1. Stress application, statistical analysis and data presentation
as in Figs 1 and 2.
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Influences of heat shock stress on volatile release

Short-term exposure of leaves to severe heat stress increased
total emissions of all volatiles at heat shock temperatures
higher than 48 °C and for glucosinolate breakdown products al-
ready at 45 °C treatment (Fig. 3). A particularly strong en-
hancement was observed for LOX volatiles that increased
from 0.036± 0.019nmolm�2 s�1 at 25 °C treatment to 1.4
± 1.0nmolm�2 s�1 at 50 °C treatment (Fig. 3a). (E)-3-hexen-
1-ol was released at temperature treatments of 45 and 48 °C
as well, but at 50 °C treatment, the plants started to release ad-
ditional C5-volatiles and C6-volatiles such as (E,E)-2,4-
hexadienal, (Z)-3-hexenyl formate, 1-pentanol, 1-penten-3-ol
and 1-penten-3-one (Table 1). The total emission of GDP-
pathway volatiles rose from 0.013± 0.008nmolm�2 s�1 at 25 °
C to 0.048± 0.016nmolm�2 s�1 at 50 °C treatment, mainly
due to enhanced emissions of α-pinene and 3-carene (Table 1,
Fig. 3b). Glucosinolate breakdown products were not detected
at 25 °C treatment (Fig. 3c), but their emission increased from
0.113±0.035nmolm�2 s�1 at 45 °C treatment to 0.37
± 0.09 nmolm�2 s�1 at 50 °C treatment (Fig. 3c). Methyl iso-
thiocyanate was detected only at 50 °C treatment and
tetramethylthiourea together with allyl isothiocyanate were
the dominating volatiles at 50 °C treatment (Table 1). Total
emission of GGDP-pathway volatiles remained similarly low
as in the long-term stress (0.006 to 0.012nmolm�2 s�1), and it
was not significantly different among the heat shock treatments
(Fig. 3d).

Changes in emission blends among different
temperature treatments and among different
temperatures within treatments

Principal component analysis demonstrated that the emission
blends in three different treatments (temperature response

curve measurements constituting a mild-short stress, long-term
heat stress and heat shock stress) differed significantly from
each other (Fig. 4. Monte-Carlo permutation test, P< 0.05).
A certain plant-to-plant variability was observed in the release
of LOX volatiles, (E)-3-hexen-1-ol, (Z)-3-hexenyl formate and
1-penten-3-one (Table 1), upon heat stress. The plants emitting
these volatiles, and experiencing a severe stress under the im-
posed conditions were grouped in the upper right corner of
PCA score plot (Fig. 4b). In the case of other stressed plants,
C5-volatiles such as 1-pentanol, 1-penten-3-ol and 2-ethylfuran
and some glucosinolate degradation products such as methyl
isothiocyanate constituted a stress signal of heat-stressed B.
nigra. In the case of emissions higher than approximately
10pmolm�2 s�1 (Z)-3-hexen-1-ol, tetramethylthiourea,
isocyanides, methyl isothiocyanate and tetramethylurea be-
came stress signals (Table 1 and Fig. 4a, b). In the case of allyl
isothiocyanate, the limit of emission for classification the plant
as stressed in the PCA plot was about 200pmolm�2 s�1

(Table 1 and Fig. 4a, b).
In the case of emissions observed at different temperatures

through the temperature response curve, the blend of emis-
sions at 25 °C did not differ from that at 20 °C (Fig. 4b). Anal-
ogously, the emission blends at higher temperatures (30 and
40 °C) did not differ from those at 20 and 25 °C (Fig. 4b). In
contrast, in long-term stress, emissions after treatments at 40
and 44 °C differed significantly from the control treatment
(Fig. 4b). Analogously, heat shock of 45–50 °C resulted in ma-
jor changes in the emission blend compared with the controls
(Fig. 4b).

As emissions of LOXproducts and glucosinolate breakdown
products were low through the entire temperature response
curve, 20–40 °C (Fig. 3a, c), all temperature response curvedata
were distributed close to the control plants for long-term – and
heat shock stresses in the upper corner of the left side of PCA
score plot (Fig. 4b). High emission of glucosinolate breakdown

Figure 4. Loading-plot (A) and score-plot (B) of PCAanalysis based on the emissions of volatiles released (Table 1 for the emission rates) fromnon-
stressed and heat-stressed Brassica nigra plants. In the loading plot, the numbers represent different volatiles (Table 1 for the coding of individual
compounds), while in the score plot, each symbol represents an individual non-stressed (empty symbols) or heat-stressed plant (filled symbols). Red
symbols correspond to temperature response curve measurements, black symbols to long-term heat stress and green symbols to heat shock stress
(Fig. 1 for the details of heat shock treatments and Fig. 3 for the heat stress effects on key volatile groups). In the loading plot, the impact of chemical
compounds on PCA increases with the distance from the origin of the co-ordinate system.
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volatiles (Fig. 4a), elicitation of methyl salicylate emissions and
changes in the composition of GDP-pathway (e.g. induction of
camphene emissions) were characteristic to plants exposed to
long-term stress at 40 and 44 °C (Fig. 4b). Finally, heat shock
treatments differed from long-term heat stress by greater elici-
tation of LOX-compounds and GDP-pathway volatiles and
lower induction of glucosinolate breakdown products (Figs 3
& 4).

Correlations among emissions of different volatile
compound classes and among emissions and
photosynthetic characteristics

Through the temperature response curves, the emissions of
GDP-pathway compounds (Fig. 3b) were positively correlated
with A (r=0.71) and gs (r=0.83, P< 0.05 for both), but low-
level emissions of LOX-compounds (Fig. 3a) and glucosinolate
breakdown products (Fig. 3c) were not correlated with foliage
photosynthetic characteristics.
In long-term stress treatment, emissions of glucosinolate

breakdown products and LOX-compounds were positively
correlated through treatment temperatures of 25 to 40 °C, but
the correlation was lost in leaves at 44 °C treatment where
the increase in the emission of glucosinolate breakdown prod-
ucts was much stronger than that in LOX-compounds (Fig. 5).
Emission of GDP-pathway compounds was also positively cor-
related with LOX-compound emission, but the slopes differed
for treatment temperature range 25–35 °C and 40 and 44 °C,
reflecting the stronger increase of LOX-compounds over this
temperature range (Fig. 6a). Foliage photosynthetic character-
istics were negatively correlated with emissions of glucosino-
late breakdown products (Fig. 7a, b) and LOX-compounds

(Fig. 7c, d), whereas the correlations were strongly non-linear
(Figs 7 & 8).

In the heat shock treatments, glucosinolate breakdown prod-
ucts and LOX emission were not correlated (P> 0.8), although
the slope was shallower than that observed for long-term heat
treatments due to greater elicitation of emissions of LOX-
compounds in heat shock treatments (cf. Figs 5 & 3). The
emissions of GDP-pathway volatiles and LOX-compounds
were positively correlated over the temperature range of 25
to 48 °C (Fig. 6b), but the treatment at 50 °C was characterized
by much stronger elicitation of LOX-compounds (Fig. 3).
Analysis of relationships among photosynthetic characteristics
and emissions of glucosinolate andLOX-compounds, indicated
that photosynthetic activity was lost earlier than stress volatile
emissions were elicited (cf. Figs 2 & 3).

DISCUSSION

How different types of heat stress affect leaf
photosynthetic characteristics in B.nigra

High temperature stress alters a plethora of plant physiological
functions ranging from cellular to organ and whole plant pro-
cesses (Ludwig-Müller et al. 2000; Sung et al. 2003; Loreto
et al. 2006; Velikova et al. 2009; Usano-Alemany et al. 2014).

Figure 5. Emission of glucosinolate breakdown products in relation
to emission of fatty acid derived compounds in Brassica nigra in the
long-term stress treatment. The plants were exposed for 4 h to given
temperature, and volatile release was measured after the treatment at
25 °C. Number of biological replicates is shown after the temperature
values. Each symbol corresponds to an individual plant (Table 1 for
stress effects on average emissions). Data over 25–40 °C were fitted by
a linear regression.

Figure 6. Emission of GDP-pathway compounds (various
monoterpenoids, Table 1) in relation to the emission of fatty acid
derived compounds in Brassica nigra in long-term (A) and shock (B)
stress treatments (Fig. 3 for average emission rates). The emission rates
were measured after heat treatments at 25 °C (heat stress treatments as
in Fig. 1). Number of biological replicates is shown after the treatment
temperature values. Each symbol corresponds to an individual
replicate experiment. Data fitting as in Fig. 5.
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In the current study high temperature resistance ofB.nigrawas
studied by three sets of experiments with differing severity of
heat stress, including measurements of temperature responses
where temperature was raised up to 40 °C (mild stress), long-
term moderate heat stress where plant temperature was raised
up to 44 °C for 4 h and heat shock stress where leaves were ex-
posed to sublethal to lethal temperatures of 45–50 °C for 5min.
Given that Brassicaceae have a specialized defense system con-
stituting of high constitutive levels of glucosinolates and release
of glucosinolate breakdown products, the key aim of the study
was to gain insight into the relationships among ubiquitous
stress responses and brassicoid-specific stress responses
through the different heat stress treatments.

Among the ubiquitous stress responses, foliage net assimila-
tion rate (A) and stomatal conductance (gs) decreased in all
heat stress treatments (Fig. 2), but themechanism of photosyn-
thetic decline differed among the different types of heat treat-
ment (Figs 2 & 8a). In temperature response curve
measurements, the temperature-dependent reduction in A re-
sulted from reduced intercellular CO2 concentration (Ci) due
to a reduction in gs (Fig. 2). Closure of stomata is often ob-
served at higher temperatures (Cui et al. 2006; Hüve et al.
2006; Hüve et al. 2011; Copolovici et al. 2012), and this response
reduces water loss in conditions of higher vapor pressure deficit
typical to high temperature (Shinohara & Leskovar 2014).
However, after long-term heat stress at 40 and 44 °C and heat
shock stress at 45–50 °C, Ci actually increased, indicating that
heat stress resulted in stronger reductions in leaf photosyn-
thetic capacity than in stomatal conductance. This result is in

agreement with previous studies indicating heat dose depen-
dent reductions in foliage photosynthetic capacity after a cer-
tain threshold heat dose has been exceeded (Kadir et al. 2007;
Hüve et al. 2011). Such decreases in photosynthetic capacity
might reflect inactivation of foliage photosynthetic electron
transport processes due to increased leakiness of membranes
and enhanced non-photochemical quenching (Havaux 1993;
Lu & Zhang 2000; Zhang & Sharkey 2009; Zhang et al.
2009), but they might also result from irreversible cellular dam-
age (Hüve et al. 2011). As the result of sustained inhibition of
photosynthetic activity or cellular damage, foliage photosyn-
thetic activity does not recover upon return to lower tempera-
tures as was also observed in our study after long-term heat
stress at 44 °C and heat shock treatments between 45–50 °C
(Figs 2 & 8a).

Different heat stresses have varying effects on
lipoxygenase pathway volatiles

The release of LOX volatiles in low amounts from flowers,
leaves or fruits is a widespread phenomenon (Bengtsson et al.
2001; Ceuppens et al. 2015). In our study, characteristic C6
LOX volatiles such as 1-hexanol and (Z)-3-hexen-1-ol were
emitted in small quantities, close to the analytical detection
limit, at low temperatures (Table 1). In addition, aliphatic satu-
rated aldehydes hexanal, heptanal, octanal and nonanal were
consistently emitted at low level through all three sets of exper-
iments (Table 1). Although in the literature, the LOX-pathway

Figure 7. Correlations of emissions of glucosinolate breakdown products (A, B) and fatty acid derived compounds with net assimilation rate (A, C)
and stomatal conductance to water vapor (B, D) in Brassica nigra in the long-term stress treatment (Fig. 2 for average values of photosynthetic
characteristics and Fig. 3 for average emission rates). Heat stress treatment consisted of a 4 h exposure of plants to given temperature, after which the
volatile release was measured at 25 °C. The insets demonstrate emissions with the y-scale reversed and log-transformed. Individual symbols stand for
replicate experiments. Additionally number of biological replicates is shown after the temperature values. Data were fitted by non-linear regressions.
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is primarily associated with the emission of C6 aldehydes and
their derivatives (Wildt et al. 2003), longer chain length alde-
hydes are often found in plant emissions, including emissions
from Brassica rapa var. rapa (Taveira et al. 2009), tomato (So-
lanum lycopersicum) (Wang et al. 2001) and hybrid poplar
(Populus simonii x Populus pyramidalis) (Hu et al. 2011), and
there is evidence that activation of LOX-pathway is responsi-
ble for the emissions of all these aliphatic aldehydes (Hu et al.
2009; Hu et al. 2011).
In addition to the low-level emissions of LOX volatiles in

non-stressed conditions, a major burst of LOX volatiles upon
severe stress constitutes a key ubiquitous stress response
(Matsui 2006; Copolovici et al. 2012). Multiple LOXs are con-
stitutively active in leaves, and thus, the release of volatile
LOX-compounds occurs rapidly as soon as the substrate, poly-
unsaturated fatty acids, becomes available because of mem-
brane lesions (Feussner & Wasternack 2002; Liavonchanka &
Feussner 2006; Andreou & Feussner 2009). Accordingly,

elicitation of emissions of LOX-compounds constitutes a classic
indicator of cellular damage (Matsui 2006; Jansen et al. 2009;
Matsui et al. 2012). In our study, long-term heat stress at 40
and 44 °C and heat shock treatment at 48 and 50 °C resulted
in a major increase in lipoxygenase pathway volatiles, while
the lipoxygenase volatile emissions remained low through the
temperature response curve measurements (Figs 3a & 8,
Table 1). At these high temperatures in both heat stress treat-
ments, the plants began to release next to C6-volatiles also var-
ious C5-volatiles such as 1-pentanol, 1-penten-3-ol, 1-penten-3-
one, and C7-volatile (Z)-3-hexenyl formate (Table 1) that are
also formed through the LOX-pathway (Shen et al. 2014) and
are emitted upon several other stresses (de Gouw et al. 1999;
Brilli et al. 2012).

Previous studies indicate that upon short-term heat pulses as
those applied in the heat shock treatments, LOX product emis-
sions are elicited between temperatures 46–49 °C according to
a highly non-linear switch-type response (Loreto et al. 2006;
Copolovici et al. 2012) as was also observed in our study
(Fig. 3a). This temperature range corresponds to major
increases in plasmalemma membrane permeability and time-
dependent reductions in foliage photosynthetic activity upon
return to lower temperature (Hüve et al. 2011). However, pho-
tosynthesis rate ofB.nigra strongly decreased upon heat shock
at 45 °C as well (Fig. 2), but no significant elicitation of LOX-
compounds was observed (Fig. 3a). This discrepancy suggests
that the reduction in photosynthetic activity at this temperature
likely reflected enhanced engagement of non-photochemical
processes or impaired photochemistry without direct
membrane-level damage.

Similar to our study (Fig. 3a), long-term exposure, from sev-
eral hours to days, to moderately high temperatures of 35–45 °
C resulted in elicitation of LOX product emissions that was ac-
companied by reducedA (Fig. 7c) in several tree species (Kleist
et al. 2012). This evidence together with our observations fur-
ther underscores that heat stress impact on cellular processes
is dose-dependent, and even moderately high sustained heat
waves can result in major cellular lesions progressively leading
to the cessation of photosynthetic activity.

Constitutive terpenoid release upon heat stress

Several plant species emit GDP-pathway compounds, mainly
monoterpenes, constitutively. Constitutive monoterpene syn-
thesis occurs in plastids where the terminal enzymes andmono-
terpene synthases are located (Tholl 2006; Chen et al. 2011;
Rajabi Memari et al. 2013). Constitutive monoterpene emis-
sions either come from specialized storage tissues or from im-
mediate de novo synthesis (Grote et al. 2013). In the latter
case, the emissions are strongly related to foliage photosyn-
thetic characteristics, and thus, reduction in foliage photosyn-
thetic rate upon heat stress typically also leads to reduction in
constitutive monoterpene emissions (Loreto et al. 1998;
Peñuelas & Llusià 2002; Kleist et al. 2012). InB.nigra, α-pinene
and 3-carene followed by limonene were the main monoter-
penes emitted under moderate temperatures in heat stress
treatments and through the temperature response curve mea-
surements (Table 1). Through the temperature response curve

Figure 8. A comparative scheme of themain effects of three different
heat stress applications (physiological temperature response, long-term
and shock heat stress) on photosynthetic characteristics (A) and on
total emission of main classes of emitted volatiles (B).
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measurements, the rates of total monoterpene emission and
net assimilation were positively correlated, and the emissions
decreasedwith increasing temperature parallel to photosynthe-
sis (Figs 2a& 3b), suggesting that these emissions resulted from
de novo synthesis.

However, sustained heat stress can result in the induction of
monoterpene synthesis (Staudt & Bertin 1998), although not
always (Kleist et al. 2012). These induced monoterpene emis-
sions typically consist of different monoterpenes than consti-
tutive emissions, reflecting expression of new terpene
synthases (Staudt & Bertin 1998; Niinemets et al. 2010a,b;
Copolovici & Niinemets 2016). In B.nigra, the total emission
rate of monoterpenes was not affected by long-term heat
treatment, but the emission rates of GDP volatiles correlated
with the emissions of LOX-compounds (Fig. 6a). These corre-
lations differed for different treatment temperature ranges,
suggesting that the constitutive plant defense was gradually
replaced by induced plant defense as the treatment tempera-
ture raised.

Heat shock treatment was associated with a significant in-
crease of monoterpene emissions (Figs 3b & 8b) as has been
observed in tomato (S. lycopersicum) (Copolovici et al. 2012),
but the mechanism of this increase is unclear. Enhanced sub-
strate availability for monoterpene synthases due to disruption
of other metabolic pathways consuming isopentenyl diphos-
phate and dimethylallyl diphosphate such as carotenoid syn-
thesis could provide an explanation for the increase of
monoterpene emission. It can also reflect a certain storage ca-
pacity of monoterpenoids in idioblasts, also called the myrosin
cells or ‘mustard oil bombs’ (Ahuja et al. 2009; Borgen et al.
2012), or non-specific storage of monoterpenes in cellular
membranes as is common in constitutive de novomonoterpene
emitters (Niinemets&Reichstein 2002; Niinemets et al. 2010b).
Thus, the release of these compounds, especially the release of
α-pinene (Table 1) upon heat shock can occur due to cellular
damage. A positive correlation between LOX-compounds
and monoterpene emissions through the heat shock treatments
(Fig. 6b) suggests that this is a plausible explanation, although
the correlation collapsed at 50 °C where the increase in LOX
emissions vastly exceeded that in monoterpene emission.

Release of specialized brassicoid volatiles as a
major trait differentiating among heat stress
treatments

Synthesis of glucosinolates and formation of their volatile toxic
hydrolysis products bymyrosinases constitute the characteristic
defence system in Brassicales (Halkier & Du 1997; Raybould
& Moyes 2001; Wang et al. 2011). Formation of glucosinolates
primarily occurs in vascular tissues (Li et al. 2011), while
myrosinases are stored in myrosin cells diffusely distributed
through plant tissues (Kelly et al. 1998; Burow et al. 2007; Zhao
et al. 2008; Misra et al. 2015). Thus, the release of myrosinases
upon damage of myrosin cells is the first step required for the
formation of glucosinolate volatiles (Winde & Wittstock
2011), whereas the blend of volatiles released depends on the
mixture of structurally different glucosinolates, reaction

conditions and protein cofactors (Ahuja et al. 2009; Borgen
et al. 2012). In B.nigra, we observed eight different glucosino-
late breakdown products (Table 1). As with the emissions of
LOX volatiles, emissions of glucosinolate breakdown products
was enhanced at 40–44 °C in long-term stress and at 45–50 °C in
heat shock treatments (Figs 3c & 8b). Moreover, in long-term
stress treatments, the emissions of LOX volatiles and glucosin-
olate breakdown products were correlated over temperatures
of 25 to 40 °C (Fig. 5). Similar elicitation of LOX volatiles
and volatile glucosinolate products suggests that both reflect
the propagation of lesions with increasing the severity of heat
stress.

However, long-term and heat shock stresses importantly dif-
fered in the quantitative relationship between LOX volatiles
and glucosinolate breakdown products (Figs 3a, c & 8b). In
particular, long-term heat stress led to a much stronger elicita-
tion of glucosinolate volatiles than the heat shock stress and at
the highest long-term heat treatment temperature of 44 °C,
glucosinolate volatile production exceeded LOX volatile
production (Figs 3a,c & 8b). This evidence suggests that while
the release of glucosinolate volatiles upon heat shock reflects
a release of myrosinases upon disruption of plant cells, a
certain induction process is activated upon long-term heat
stress. In fact, there is evidence that myrosinase expression
can be enhanced by different biotic and abiotic stresses (Jost
et al. 2005; Pan et al. 2014; del Carmen Martinez-Ballesta &
Carvajal 2015). In addition, reactive oxygen species such as
H2O2 can directly enhance myrosinase expression (Pan et al.
2014). As heat stress leads to a major burst of H2O2 (Hüve
et al. 2011), heat stress dependent enhancement of myrosinase
activity is likely. On the other hand, there is still limited infor-
mation of tissue-specific expression of different isoforms of
myrosinases as well as stress effects on the synthesis of gluco-
sinolates. For example, methanethiol, that has been previously
observed inBrassica upon tissue damage (Tulio et al. 2002; van
Dam et al. 2012) was mostly detected in long-term stress exper-
iment, suggesting a certain reprogramming of glucosinolate
synthesis. Furthermore, given the spatial separation of
myrosinases and glucosinolates, any structural or physiological
change that reduces the degree of separation, for example, ex-
pression of a different myrosinase closer to the site of synthesis
of glucosinolates or vice versa is also expected to enhance the
release of glucosinolate breakdown products.

Clearly, the release of glucosinolate volatiles constitutes a
stress marker in Brassicaceae, but there is also evidence that
glucosinolate volatiles may also play a key signalling role. In
particular, exposure to allyl isothiocyanate has been shown to
enhance thermotolerance ofA. thaliana (Hara et al. 2013). Ap-
plication of allyl isothiocyanate has also been shown to lead to
reactive oxygen species formation and activation of a signalling
cascade leading to the closure of stomata (Khokon et al. 2011;
Hossain et al. 2013). In our study, stomatal conductance and
glucosinolate release were correlated through the long-term
heat treatment (Fig. 7b), however, given that stomatal closure
also occurred through temperature response curves where glu-
cosinolate volatile release was minimal (Fig. 3c), the correla-
tion in Fig. 7b likely is not causal, but part of the heat stress
syndrome.
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Heat stress effects on benzenoids and
geranylgeranyl diphosphate pathway volatiles

In addition to LOX-pathway, GDP-pathway and glucosinolate
volatiles, heat treatments were associated with differences in
emissions of two other volatile compound classes. The only
benzenoid, methyl salicylate (MeSA), was detected in long-
term stress treatment at temperatures 30, 40 and 44 °C
(Table 1). MeSA is a common plant stress volatile, activating
multiple biochemical pathways upon biotic and abiotic stresses
(Arimura et al. 2005; Zhao et al. 2010), and its release has been
observed in several cases upon long-term exposure to moder-
ately high temperatures (Karl et al. 2008; Kleist et al. 2012).
MeSA can be de novo synthesized upon stress, but it can also
be released from a glycosidically bonded form (Blažević &
Mastelić 2009). Given that no MeSA release was observed
upon heat shock treatment, the release of MeSA upon long-
term stress suggests that it was de novo synthesized.
In the case of geranylgeranyl diphosphate (GGDP) pathway

volatiles, we observed emissions of geranyl acetone and 6-
methyl-5-hepten-2-one that are suggested to result from oxida-
tive cleavage of carotenoids (Buttery et al. 1988; Goff & Klee
2006; Tieman et al. 2006). Both volatiles, geranyl acetone
(Taveira et al. 2009; Truong et al. 2014) and 6-methyl-5-
hepten-2-one (Geervliet et al. 1997) have been observed in
emissions from Brassicaceae species. In B.nigra, only a reduc-
tion of emission with raising temperature was observed in tem-
perature response curve measurements similarly to changes in
GDP-pathway volatiles (Fig. 3d). Analogously, geranyl ace-
tone emissions decreased inA. thalianawith increasing temper-
ature (Truong et al. 2014). As both GDP-pathway and GGDP-
pathway are confined to plastids (Rajabi Memari et al. 2013),
the release of these volatiles might be associated with turnover
of carotenoids that occurs as part of everyday plant metabolism
(Beisel et al. 2010). If so, inhibition of the release of GGDP-
volatiles with raising temperatures might indicate reversible in-
hibition of carotenoid synthesis.

CONCLUSIONS

Overall, the results indicated that different types of heat treat-
ment are associated with major variation in photosynthetic and
volatile responses in B.nigra (Figs 2–4 & 8). Temperature re-
sponse curve measurements constituted a mild, physiological
stress that led to reductions in constitutively synthesized vola-
tiles associated with immediate photosynthetic metabolism.
Both long-term and heat shock stress resulted in elicitation of
lipoxygenase and glucosinolate volatiles once the threshold
heat dose was achieved. However, these two types of stresses
primarily differed in the extent to which glucosinolate volatile
emission was induced relative to LOX product release (Fig. 8).
In particular, long-term heat stress was associated with much
stronger elicitation of glucosinolate emissions than the heat
shock response. In addition, methyl salicylate emissions were
only induced by long-term heat stress. Although both long-
term and short-term shock stress resulted in major raises of
stress volatile emissions, sustained moderate heat stress re-
sulted in the engagement of inducedmetabolic defense systems

that did not occur upon short severe stress. As the result, differ-
ent types of heat stress, mild, chronic and shock stress, are asso-
ciated with different volatile fingerprints (Fig. 4). These
different volatile blends could play important roles in heat-
elicited signalling responses as well as in multitrophic interac-
tions in natural stressful environments (Hopkins et al. 2009;
Copolovici et al. 2014). Further work is needed to gain insight
into the role of induction of glucosinolate volatiles in heat resis-
tance and into how different types of heat stress affect plant–
insect interactions in Brassicaceae.
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Exposure to sustained low intensity microwaves can constitute a stress for the plants, but its effects on plant sec-
ondary chemistry are poorly known. We studied the influence of GSM and WLAN-frequency microwaves on
emissions of volatile organic compounds and content of essential oil in the aromatic plant Ocimum basilicum L.
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more severe stress than the GSM-frequency irradiation. Overall, these results demonstrating important
modifications in the emission rates, essential oil content and composition indicate that microwave irradiation
influences the quality of herbage of this economically important spice plant.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Sweet basil (Ocimum basilicum L., Lamiaceae) is an economically im-
portant aromatic annual herb that is cultivated and utilized throughout
the world. Basil is a condimental plant, but it is also very well known in
folk medicine for its medicinal properties (Baratta et al., 1998;
Opalchenova and Obreshkova, 2003; Chiang et al., 2005). Essential oils
constitute a complex mixture of volatile and semi-volatile compounds
that determine the specific aroma of plants and the flavor of the condi-
ment. The chemical composition and concentrations of individual com-
ponents are affected by plant developmental stage and/or by variations
in environmental and cultivation conditions (Jirovetz et al., 2003; Vina
and Murillo, 2003; Hassanpouraghdam et al., 2011; Sirousmehr et al.,
2014; Jiang et al., in press-a). The content of essential oil is often en-
hanced by several environmental stresses as a defense response as
well as the result of changes in the balance between carbon use in
growth and secondary metabolite production (Letchamo et al., 1995;
Munne-Bosch et al., 1999; Zabaras et al., 2002; Blanch et al., 2007;
Jiang et al., in press-a). However, severe environmental stresses, such
as high and low temperature (Copolovici et al., 2012), drought
(Copolovici et al., 2013; Timmusk et al., 2014), alkalinity, salinity, UV
stress and pathogen infection can overly reduce plant growth and pho-
tosynthesis rates (Ramakrishna and Ravishankar, 2011) and ultimately
also the rate of production of secondary chemicals (Rhizopoulou and
Diamantoglou, 1991; Yani et al., 1993; Llusià and Peñuelas, 1998;
Blanch et al., 2007).

In particular, volatile organic compound (VOC) emissions can alter
the success of a given plant species in its environment and influence
the ecosystem functioning due to toxicity ofmany VOCs for omnivorous
herbivores as well as due to their role as infochemicals within and
across trophic levels (Dicke et al., 2009; Ormeño et al., 2011). VOCs
are divided in distinct groups: terpenes, phenolics, N- and S-containing
compounds (Mazid et al., 2011;Niinemets et al., 2013). Terpenes are the
largest and most diverse class of volatile organic compounds (VOCs),
whereas individual terpenoids can have overlapping or distinct biolog-
ical roles depending on the volatile compound and plant species
(Peñuelas et al., 1995; Niinemets et al., 2013; Blande et al., 2014).

VOCs can be immediately emitted after their synthesis or they can be
first stored in specialized leaf storage structures and then slowly emit-
ted from the storage (Niinemets et al., 2010b; Harrison et al., 2013). In
O. basilicum, the specialized storage tissues include oil glands and glan-
dular trichomes (Flinn et al., 1993; Gang et al., 2002; Ioannidis et al.,
2002; de Almeida et al., 2010).When analyzing changes in the emission
composition upon stress, it is further important to consider that VOC
emissions can be stress-elicited (Niinemets et al., 2010a; Harrison et
al., 2013). This distinction is especially relevant for aromatic plants
with a strong constitutive VOC storage and emission capacity. In such
species, stress can elicit storage-independent induced emissions, and
modify the storage-emissions by altering the rate of synthesis of stored
volatiles and/or alter the permeability of cell walls of storage structures
(Niinemets et al., 2010a; Copolovici et al., 2012; Grote et al., 2013).

In recent years, the electromagnetic pollution has increased due to
enhanced spread of microwaves and radiofrequency radiation signals
from various sources, including GSM (Global System for Mobile com-
munications) and UMTS (Universal Mobile Telecommunications Sys-
tem)/3G signals from wireless local area networks, and wireless
personal area networks such as Bluetooth (Creţescu et al., 2013). Most
of the studies regarding the risk of microwave field have focused on
human health (Breckenkamp et al., 2003; Özdemir and Kargi, 2011;
Lak, 2012) but given that plants play a key role as primary producers
of food and oxygen, it is important to gain insight into their response
to enhanced exposure to microwave-frequency irradiation. On the ef-
fect of GSM and UMTS, so far, only a limited number of studies have
been carried out in plants. Plants of sweet basil (O. basilicum), celery
(Apium graveolens) and parsley (Petroselinum crispum) irradiated by
GSM-frequency microwaves had greater essential oil (Soran et al.,
2014), and polyphenolics contents (Soran et al., 2016) than in the con-
trol plants. Stan et al. (2014) further observed an increase in the content
of ascorbic acid in the leaves of A. graveolens and Anethum graveolens
subjected tomicrowave irradiation. In several barley (Hordeum vulgare)
genotypes, microwave irradiation of seeds reduced plant chlorophyll
content (Creţescu et al., 2013). In mung bean (Vigna radiata), electro-
magnetic radiation atGSM-frequency (cellular phone) reduced seedling
length, dry weight, and the contents of proteins and carbohydrates. In
addition, the activities of stressmarker enzymes, proteases,α-amylases,
β-amylases, polyphenol oxidases, and peroxidases were enhanced in
plants exposed to microwave irradiation (Sharma et al., 2010). This ev-
idence collectively suggests that the plants were strongly influenced by
stress due to the applied electromagnetic irradiation. In contrast, expo-
sure of corn (Zea mays) grains to microwaves resulted in improved
grain germination, leaves with greater midrib vascular bundle length,
thickermesophyll, faster growth rate, higher contents of photosynthetic
pigments, total soluble sugar and total carbohydrates (Khalafallah and
Sallam, 2009). In fact, it has been suggested that low to moderate
power and exposure time of microwave radiation stimulate the germi-
nation and seedling vigor of plants, while irradiationwith increased fre-
quency and power density reduce the seed germination and seedling
vigor (Ragha et al., 2011).

Given the limited understanding of how plant secondary chemistry
responds to a sustained stress generated by low power microwaves
we studied the essential oil content and volatile emissions in O.
basilicum exposed to eithermicrowaves corresponding towireless rout-
er (WLAN) or mobile devices (GSM). Based on the results of our previ-
ous experiment (Soran et al., 2014), we hypothesized that exposure to
microwaves results in overall increases in the emission of volatiles and
essential oil content, and that the induction is stronger forWLAN irradi-
ation due to higher frequency. As the stress volatiles have different func-
tions than constitutively synthesized volatiles, it is important to gain
insight into the share of constitutive vs. induced emission to assess the
quality of the plant for culinary and medicinal use. Chemometric tech-
niques were used as tools for the identification and characterization of
volatile compounds in the essential oil extracts and in volatile emissions
based on their GC–MS (gas chromatograph coupled with mass spec-
trometer) profiles.

2. Materials and methods

2.1. Plant material and stress application

Sweet basil (Ocimum basilicum L., Agrosel, Câmpia Turzii, Romania)
seeds were sown in 150 mL plastic pots (height × diameter of
8.5 × 6.5 cm) filled with commercial garden soil and grown in three
fully-closed identical anechoic chambers (Surducan et al., 2012) with
an isolation degree of 60 dB at the radiofrequency range between the
exterior and interior. One chamberwas used for the untreated (control)
plants, and the other two chambers were used for plant irradiation. In
each chamber, the same environmental conditions - light intensity of
300 μmol m−2 s−1 provided by four 4 W MR16 LED lamps (each lamp
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consisted of 26warmwhite SMD5050 LEDs, color temperature 3300 K),
air temperature of 25 °C, CO2 concentration of 385 ± 20 μmol mol−1

and humidity of 65% - were maintained. Plants were watered every
two days with 10 mL of bi-distilled water (bi-distiller AcquaMatic
model AWC/4D, Hamilton Laboratory Glass Ltd., Kent, UK).

The experimentwas started in three weeks from sowing. The irradi-
ationwas performedwithmicrowaves corresponding tomobile devices
(GSM)using amodified generator AP5200 (D-LINK, China), operating in
four bands (860–910MHz frequency range, Pout 29 dBm), andwireless
router (WLAN)using aD-LINKwireless router 802.11 g/2.4 GHz (2.412–
2.48 GHz frequency range, Pout 19 dBm). The power density was mea-
sured using a spectrum analyzer SPECTRAN HF 4060, AARONIA AG
(Euscheid, Germany) at the base of the chamber. The irradiation levels
corresponded to those measured in open spaces for heavily used GSM
networks (100 mWm−2) and for indoor WLAN networks upon inten-
sive data exchange (70 mWm−2).

The plants were exposed to irradiation treatments for two weeks
until they had at least 10–15 leaves and were 20–25 cm tall, but still
lacked flowers. After the treatments, the plants were removed from
the chambers for sampling of VOCs and for extraction of essential oils.
All treatments were replicated three times.

2.2. Determination of photosynthetic parameters

CO2 and H2O concentrations in the chamber inlet and outlet were
measured with a portable gas exchange system GFS-3000 equipped a
with leaf chamber fluorimeter (8 cm2 chamber cross-section area) for
chamber illumination (Walz GmbH, Effeltrich, Germany). The standard
conditions used were: light intensity of 1000 μmol m−2 s−1, leaf tem-
perature of 25 °C, chamber CO2 concentration of 385 μmol mol−1 and
humidity 65%. After enclosure of the leaf in the chamber, standard envi-
ronmental conditions were established, and foliage gas exchange rates
were recorded after they had reached a steady state. The rates of net as-
similation (A) and stomatal conductance towater vapor (gs)were calcu-
lated per unit enclosed leaf area according to von Caemmerer and
Farquhar (1981).

2.3. Volatile organic compound (VOC) sampling and analysis

GFS-3000 (Walz GmbH, Effeltrich, Germany) operated in the same
standard environmental conditions as for photosynthesis measure-
mentswas used for VOC sampling. After recording the steady-state pho-
tosynthesis and transpiration rates, leaf volatiles from 4 L of air existing
the cuvette were sampled in a multibed stainless steel cartridge
(10.5 × 3 cm, Supelco, Bellefonte, PA, USA) filled with Carbopack adsor-
bents (Carbopack C 20/40 and 40/60 mesh, and Carbopack × 20/
40 mesh). Chamber air sampling was performed at a flow rate of
Fig. 1.Changes innet assimilation rate (a) and stomatal conductance towater vapor per unit pro
at frequency bands corresponding tomobile devices (GSM) andwireless router (WLAN). Each d
Asterisks (*) demonstrate statistically significant differences between the microwave-irradiate
200 mL min−1 for 20 min using a 1003-SKC constant flow sampling
pump (SKC Inc., Houston, TX, USA) at room temperature. The back-
ground air samples (blanks) were separately measured with the
empty cuvette before and after the experiments.

Volatile analysis was performed using a combined automated car-
tridge desorber (Shimadzu TD20, Kyoto, Japan) and GC–MS instrument
(Shimadzu QP2010 Plus GC–MS, Kyoto, Japan). The volatiles were ana-
lyzed according to the detailed method described by Copolovici et al.
(2009) and Toome et al. (2010) and identified.

2.4. Essential oil sampling and analysis

Fresh leaf samples of O. basilicum were dried in an Ecocell oven at
30 °C until the constant mass to preserve volatiles (Portillo-Estrada et
al., 2015). A sample of 0.5 g dry leaf material was ground in liquid nitro-
gen with a mortar and a pestle and essential oils were extracted in
25 mL of 1:1 mixture of HPLC grade diethyl ether and n-hexane
(Merck, Darmstadt, Germany). Initially, the ground plant material was
soaked in the extraction solution, and then the essential oils were ex-
tracted using an ultrasonic bath (Elmasonic S 15H, 37 kHz, Singen, Ger-
many) at 30 °C, for 30 min. The extracts were decanted and filtered
through a 0.45 μm nylon syringe filter (VWR International, Radnor, PA,
USA).

Essential oil analysis was performed using the same GC–MS system
employed for VOC analyses. The experimental conditions used for ana-
lyzing the essential oils are described in detail in Soran et al. (2014). The
carrier gaswas helium (purity 99.9999%, ElmerMesser Gaas AS, Tallinn,
Estonia) with a flow rate of 1mLmin−1. All the compounds analyzed in
this study (VOCs and essential oils) were identified by comparison with
the NIST spectral library and based on the retention time identity with
authentic standards of GC–MS purity (Sigma-Aldrich, St. Louis, MO,
USA).

2.5. Data analyses and interpretation

All analyses were carried out in triplicate and all results are
expressed as mean± standard error. The means of each detected com-
pound and photosynthetic characteristics were statistically compared
among the treatments with one way ANOVA followed by post hoc
Tukey's tests using ORIGIN 8 (Origin-Lab Corporation, Northampton,
MA, USA).

Volatile analysis by gas chromatography–mass spectrometry (GC–
MS) used here is the routine analytical method that has high precision
and accuracy for major components of the emission and essential oil
blends. However, it is difficult to detect the minor components of the
extracts that are present at low levels (Li et al., 2013), and GC–MS appli-
cation is restricted to compounds that are volatile and stable at the
jected leaf area (b) in sweet basil (Ocimumbasilicum) in response tomicrowave irradiation
ata point is themean (±SE) of 8 independent replicate experimentswith a different plant.
d and control plants (P b 0.05).



Table 2
Essential oil content (mg g−1 DW) (±SE) inO. basilicum foliage in response tomicrowave
irradiations at bands corresponding tomobile devices (GSM) andwireless router (WLAN).

No. Compound Control GSM-irradiated WLAN-irradiated

1 Octane 0.0067 ± 0.0008 n.d. 0.141 ± 0.046
2 n-Decane 0.404 ± 0.042 0.62 ± 0.07 0.61 ± 0.06⁎#

3 Undecane n.d. 0.050 ± 0.005 0.099 ± 0.007⁎#

4 Dodecane 0.55 ± 0.04 1.05 ± 0.12 0.80 ± 0.07⁎#

5 Tetradecane 0.18 ± 0.07 0.51 ± 0.08 0.281 ± 0.012⁎

6 Hexadecane 0.012 ± 0.003 0.023 ± 0.0015 0.20 ± 0.06#

7 Limonene 0.123 ± 0.025 0.24 ± 0.09 0.218 ± 0.021#

8 Eucalyptol 0.091 ± 0.001 0.11 ± 0.05 0.07 ± 0.001
9 Phytol 0.17 ± 0.10 0.108 ± 0.014 0.035 ± 0.002⁎#

10 Acetic acid n.d. n.d. 0.29 ± 0.05#

11 Butanal n.d. 0.047 ± 0.007 0.087 ± 0.009⁎#

12 n-Hexadecanoic acid n.d. 0.021 ± 0.005 0.29 ± 0.06
13 Cytidine 0.16 ± 0.05 0.46 ± 0.04 0.28 ± 0.02⁎#

n.d. = not detected;
⁎ Statistically significant differences between themicrowave-irradiated and control plants

(P b 0.05).
# Statistically significant differences between GSM- andWLAN-irradiated plants

(P b 0.05).

Table 1
Volatile organic compound (VOC) emissions (nmol m−2 s−1) (±SE) from Ocimum
basilicum plants in response to microwave irradiation at bands corresponding to mobile
devices (GSM) and wireless router (WLAN).

No. Compound Control GSM-irradiated WLAN-irradiated

1 1-Hexanol 0.012 ± 0.002 0.015 ± 0.002 0.02 ± 0.001#

2 3-(Z)-hexenol 0.042 ± 0.012 0.172 ± 0.013 0.24 ± 0.06⁎#

3 2-(E)-hexenal 0.072 ± 0.011 0.183 ± 0.012 0.233 ± 0.042⁎#

4 Benzaldehyde 0.17 ± 0.08 0.053 ± 0.021 0.015 ± 0.006
5 para-Cymene 0.053 ± 0.039 0.063 ± 0.012 0.061 ± 0.014
6 Estragole 0.034 ± 0.016 0.242 ± 0.012 0.31 ± 0.042⁎#

7 D-Limonene 0.081 ± 0.011 0.092 ± 0.013 0.053 ± 0.013

8 Camphene 0.043 ± 0.011 0.142 ± 0.014 0.213 ± 0.010⁎#

9 α-Pinene 0.46 ± 0.08 0.453 ± 0.022 0.36 ± 0.13
10 β-Pinene 0.373 ± 0.043⁎# 0.152 ± 0.012 0.122 ± 0.023
11 β-Myrcene 0.183 ± 0.041⁎# 0.012 ± 0.006 n.d.
12 α-Phellandrene 0.073 ± 0.024⁎# 0.023 ± 0.006 0.016 ± 0.007
13 β-Phellandrene n.d. n.d. 0.011 ± 0.005
14 Eucalyptol 0.67 ± 0.07 2.04 ± 0.05 2.68 ± 0.42#

15 α-Terpineol 0.041 ± 0.012 n.d. 0.010 ± 0.006
16 Bornyl acetate 0.360 ± 0.053⁎# 0.049 ± 0.011 0.061 ± 0.012
17 Isobornyl acetate 0.013 ± 0.006 0.019 ± 0.007 0.022 ± 0.006
18 α-Caryophyllene 0.32 ± 0.06⁎# 0.032 ± 0.004 0.024 ± 0.005
19 Caryophyllene oxide 0.016 ± 0.007 0.161 ± 0.011 0.214 ± 0.033⁎#

20 α-Bergamotene 0.114 ± 0.022 0.163 ± 0.014 0.172 ± 0.035
21 Geranyl acetone 0.042 ± 0.011 n.d. n.d.
22 (E)-β-ocimene n.d. 0.054 ± 0.011 0.132 ± 0.022⁎#

n.d. = not detected;
⁎ Statistically significant differences between themicrowave-irradiated and control plants

(P b 0.05).
# Statistically significant differences between GSM- andWLAN-irradiated plants

(P b 0.05).
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analysis temperatures. Another limitation is sometimes the similarity of
mass spectra, making it difficult to distinguish closely related isomers;
lack of mass spectra of the compounds of interest can be another issue
(Cai et al., 2006). Also, the peaks are often overlapping or embedded,
even when the chromatographic/spectral conditions are optimized
(Wang et al., 2010). Chemometric approaches can be applied as a pow-
erful method for characterizing botanical drugs of different origin and
quality (Zhu et al., 2014). For pattern recognition, statistical approaches
commonly applied are: principal component analysis (PCA), hierarchi-
cal cluster analysis (HCA), linear discriminant analysis (LDA), k-nearest
neighbor (k-NN), and partial least squares-discrimination analysis (PLS-
DA). PCA is a statistical method that reduces the dimensionality of the
original data set by constructing a smaller number of new orthogonal
variables known as principal components (PCs). Each PC is built from
linear combinations of the original variables and is a useful tool to ex-
amine the relationships between the compounds as well as to detect
possible outliers (Sârbu et al., 2012; Casoni and Sârbu, 2014). HCA
builds a hierarchy of clusters of data of varying similarity, typically rep-
resented by a dendrogram. Application of PCA and HCA to chromato-
graphic data treatment has become popular in the last two decades
(Coltro et al., 2005), and these approaches are currently widely applied
in plant compound analyses (Chun et al., 2011; Zhang et al., 2013; Gong
et al., 2014; Benevides et al., 2014). Thus, in addition to univariate anal-
yses, we used multivariate analyses to gain insight into the similarity
and dissimilarity of emission profiles among the treatments. First, a
HCAwas carried out with the data for volatile compounds and essential
oils from irradiated and non-irradiated basil, using the Euclidian dis-
tance as a measure of similarity. The distance between any two clusters
was obtained with a complete linkage method. A PCA was further per-
formedwith the VOC emissions and essential oil contents from irradiat-
ed and non-irradiated basil plants to discriminate between treated and
reference plants. Both HCA and PCA analyses were conducted with
Minitab 17 (Minitab Ltd., Coventry, UK). All statistical testswere consid-
ered significant at P b 0.05.

3. Results and discussion

3.1. Alteration of photosynthetic characteristics by microwave irradiation

Net assimilation rate and stomatal conductance to water vapor de-
creased in plants exposed to mild microwave irradiation, but there
were no significant differences between theWLAN- andGSM-irradiated
plants (Fig. 1). However, the intercellular CO2 concentration (data not
shown) was similar among the treatments (384 ± 10 μmol mol−1 for
the control vs. 380 ± 12 μmol mol−1 for WLAN- and 378 ±
15 μmol mol−1 for GSM-irradiated plants, means are not significantly
different, P N 0.05), suggesting that the reduction in net assimilation
rate due to microwave irradiation is mainly resulting from reductions
in either photosynthetic capacity or mesophyll conductance to CO2

(Niinemets et al., 2005; Flexas et al., 2012; Tomas et al., 2013).

3.2. VOC emissions as altered by microwave irradiation

Emission of altogether 22 VOCs belonging to three key compound
classeswas detected from the foliage ofO. basilicum: lipoxygenase path-
way products (LOX, also called green leaf volatiles), benzenoids and ter-
penoids (including oxygenated mono and sesquiterpenes (Table 1)).
Although, p-cymene is chemically a benzenoid, it is suggested to be a
conversion product of γ-terpinene, and thus, can be also classified as
an aromatic terpene (Poulose and Croteau, 1978).

Typically, emissions of LOX volatiles are stress-elicited, while emis-
sions of terpenoids and benzenoids can be constitutive or induced
(Niinemets et al., 2010a; Joó et al., 2011; Harrison et al., 2013; Rajabi
et al., 2013). LOX products are formed from polyunsaturated fatty
acids that are released from plant membranes in different stress condi-
tions (Feussner and Wasternack, 2002), and LOX emissions are
considered to be one of the initial plant stress responses
(Liavonchanka and Feussner, 2006). LOX emissions have been reported
in response to drought (Permyakova et al., 2012), heat and cold
(Copolovici et al., 2012), high light (Loreto et al., 2006), ozone
(Beauchamp et al., 2005), leaf herbivory or mechanical damage
(Allmann and Baldwin, 2010; Holopainen, 2011), fungal infections
(Toome et al., 2010; Copolovici et al., 2014; Jiang et al., in press-b) and
environmental pollutants including antibiotics (Opriş et al., 2013) and
textile dyes (Copaciu et al., 2013). In our study, statistically significant
increases in LOX compound emission were observed in the case of 3-
Z-hexenol and 2-E-hexenal (about 2.5 times higher than control), indi-
cating that microwave irradiation did lead to enhance stress status in
the plants.

Among the stress-induced compounds in a plant, after the VOCs and
LOX products are emitted the mono- and sesquiterpenes (Matsui,
2006). The composition of constitutive and induced emissions varies,



Fig. 2. Hierarchical clustering dendrograms for volatile organic compounds (a) and essential oil (b), by complete linkage method.

493I. Lung et al. / Science of the Total Environment 569–570 (2016) 489–495
e.g., constitutive emissions are typically dominated by ubiquitous
monoterpenes (α-pinene, β-pinene and limonene), while induced
emissions are dominated by ocimenes, linalool and eucalyptol (e.g.,
Niinemets et al., 2010a). The emissions of these volatiles have been con-
sidered as highly sensitive indicators of stress (Copolovici et al., 2012).
Generally, important monoterpene emission can be induced in most
plant species by different stress conditions (Loreto and Schnitzler,
2010; Niinemets, 2010). We observed major increases in the emissions
of several terpenoids typically associatedwith stress such as: eucalyptol,
caryophyllene oxide, and α-bergamotene (Table 1). The highest in-
crease was obtained for caryophyllene oxide (21 times greater content
compared to control). It currently remains unclear whether the greater
content of caryophyllene oxide reflects enzymatic oxidation of α-
caryophyllene or autogenous oxidation due to greater oxidative stress
in microwave-irradiated plants. WLAN-frequency irradiation resulted
in a stronger induction of VOC emissions than the GSM-frequency irra-
diation (Table 1), suggesting that it is a severe stress.

While stress generally leads to enhanced emissions, constitutive
emissions are often reduced in response to stress, especially upon se-
vere stress (Staudt et al., 2002; Lavoir et al., 2009; Copolovici et al.,
2014). In our study (Table 1), microwave-irradiated O. basilicum plants
had lower emissions of β-pinene, α-phellandrene and bornyl acetate
(decreased N67% compared to control). In addition, major reductions
in the emissions of β-myrcene (94% in GSM-irradiated and complete
absence in WLAN-irradiated plants), α-caryophyllene (90% in GSM-ir-
radiated and 93% in WLAN-irradiated plants) were also observed.
Among benzenoids, benzaldehyde emissions decreased by 70% in
GSM-irradiated and 94% in WLAN-irradiated plants. Thus, taken
Fig. 3. A biplot representation of the volatile organic compounds (a) and essential oil (b) of t
corresponds to an individual organic compound as in Table 1 and in (b) corresponds as in Tab
together, there was a negative relationship between induced and con-
stitutive emissions.
3.3. Microwave irradiation effects on essential oil

Essential oils consist of variable mixtures of terpenoids and benze-
noids, especially monoterpenes (C10), and sesquiterpenes (C15) as well
as esterified or oxylated (typicallymethoxylated) benzenoids (between
ca. C8 and C15). Diterpenes (C20) may also be present alongwith a vari-
ety of other molecules (Calín-Sánchez et al., 2012; De Martino et al.,
2015). The essential oil in O. basilicum consisted of saturated aliphatic
compounds: octane; n-decane, undecane, dodecane, tetradecane,
hexadecane; monoterpenes: limonene and eucalyptol; oxygenated
compounds of varying chain length: phytol, acetic acid, and butanal,
and n-hexadecanoic acid (Table 2).

Irradiation ofO. basilicumwith both types ofmicrowaves used in this
study led to an increase in the content of essential oils, except for phytol,
whose content decreased by 4% in the case of GSM-frequency and 82%
in the case of WLAN-frequency microwaves. Compared to the control
plants, the strongest increase in response to WLAN irradiation was ob-
served for hexadecane and octane (N17 times greater content, Table
2). Plant irradiationwithWLAN-frequency increased the content of lim-
onene and cytidine by N1.7 times compared with control plants. Five of
the essential oil components, n-hexadecanoic acid, hexadecane,
undecane, acetic acid, and butanal, detected in the plants irradiated
with GSM and WLAN microwaves were not detected in the control
plants (Table 2).
he sweet basil plants according to the principal component analysis. In (a) each number
le 2.
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3.4. Chemometric evaluation of microwave irradiance effects on secondary
chemistry

The hierarchical cluster analysis (HCA) of the GC–MS chromato-
grams for the samples resulted in grouping all samples into three
main clusters: control, GSM- andWLAN-irradiated plants. The same re-
sults were obtained for VOCs and essential oils (Fig. 2).

Principal component analysis (PCA) was further applied to evaluate
microwave-driven modifications in the spectrum of VOCs and essential
oil in basil plants. In the case of the VOCs, the first principal component
(PC1) had a variance (eigenvalue) of 18.54 and accounted for 84.3% of
the total variance. PC1 was represented by camphene, p-cymene, euca-
lyptol, estragole, caryophyllene oxide, α-bergamotene, 3-Z-hexenol, 2-
E-hexenal, and E-β-ocimene. The second principal component (PC2)
had an eigenvalue of 3.46 and accounted for 15.7%of thedata variability.
PC2 was represented by α-pinene and D-limonene.

For the essential oils, the eigenvalues for PC1 and PC2 were 8.17 and
4.83, and these two components accounted for 62.9% (PC1) and 37.1%
(PC2) of the total variance. The components were represented by the
following compounds: decane, limonene, hexadecane, octane,
hexadecanoic acid, undecane, acetic acid, and butanal for PC1, and dec-
ane, limonene, eucalyptol, dodecane, tetradecane, and cytidine for PC2.
This analysis further demonstrated that the plants were clearly separat-
ed into three groups: control plants, GSM- andWLAN-irradiated plants
(Fig. 3). Thus, both multivariate analysis methods were in agreement
that volatile and essential oil compositions were different among the
three groups (Figs. 2 and 3). Such changes in the emission and essential
oil blend can importantly alter the culinary properties and health effects
of sweet basil.

4. Conclusions

Modifications in photosynthetic characteristics, VOC emissions and
essential oil content collectively demonstrate that microwave irradiation
represents a stress for the plants. WLAN-frequency irradiation resulted
in a stronger induction of VOC emissions ofO. basilicum than theGSM-fre-
quency irradiation, suggesting that WLAN irradiation constituted a more
severe stress to the plants. On the other hand, irradiation of O. basilicum
with both types of microwaves used in this study led to an increase in
the content of essential oils, except for phytol. However, the composition
of the studied plantwas significantly altered, and it remains to investigate
whether such changes alter culinary or health properties of the essential
oil. The data presented here demonstrate that human-generated micro-
wave pollution can potentially constitute a threat to the environment,
or perhaps the microwave irradiation of the plants can be an alternative
way to enhance the culinary properties of basil plants, providing the fre-
quency used not to be dangerous for both animals and human beings.
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ABSTRACT: In addition to climate warming, greater
herbivore pressure is anticipated to enhance the emissions of
climate-relevant biogenic volatile organic compounds (VOCs)
from boreal and subarctic forests and promote the formation
of secondary aerosols (SOA) in the atmosphere. We evaluated
the effects of Epirrita autumnata, an outbreaking geometrid
moth, feeding and larval density on herbivore-induced VOC
emissions from mountain birch in laboratory experiments and
assessed the impact of these emissions on SOA formation via
ozonolysis in chamber experiments. The results show that
herbivore-induced VOC emissions were strongly dependent
on larval density. Compared to controls without larval feeding,
clear new particle formation by nucleation in the reaction
chamber was observed, and the SOA mass loadings in the
insect-infested samples were significantly higher (up to 150-fold). To our knowledge, this study provides the first controlled
documentation of SOA formation from direct VOC emission of deciduous trees damaged by known defoliating herbivores and
suggests that chewing damage on mountain birch foliage could significantly increase reactive VOC emissions that can importantly
contribute to SOA formation in subarctic forests. Additional feeding experiments on related silver birch confirmed the SOA
results. Thus, herbivory-driven volatiles are likely to play a major role in future biosphere-vegetation feedbacks such as sun-
screening under daily 24 h sunshine in the subarctic.

■ INTRODUCTION

Plant-generated volatile organic compound (VOC) emissions
have various protective functions against abiotic stresses at
cellular and whole plant levels.1−3 The rates of VOC emission
are controlled by compound physicochemical characteristics,
such as low volatility or diffusion, and the biochemical and
physiological controls over compound synthesis.4,5 Previous
work on VOCs has mainly focused on constitutive emissions
under abiotic stress conditions, but different stresses alone and
in combination can induce emission of many new compounds
and alter constitutive emissions.5,6 When feeding on plant

leaves, insect herbivores act as biotic stressors and induce a
specific emission profile of VOCs which are also called
herbivore-induced plant volatiles (HIPV).7−10 These volatiles
have ecological effects in ecosystems ranging from plant to
plant communication to plant herbivore and plant carnivore
interactions.11−14 However, specific herbivore-induced VOCs
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such as methyl salicylate (MeSa), numerous lipoxygenase
(LOX) pathway products (e.g., (E)-2-hexenal, (Z)-3-hexenol,
and (Z)-3-hexenyl acetate), homoterpenes (E)-4,8-dimethyl-
1,3,7-nonatriene (DMNT) and (E,E)-4,8,12-trimethyl-1,3,7,11-
tridecatetraene (TMTT), monoterpene (MT) (E)-β-ocimene,
and sesquiterpene (SQT) α-farnesene, can be induced in
infections by fungal and bacterial plant pathogens as well.15−17

Herbivore-feeding significantly increases the constitutive
emission of VOCs stored, e.g., in resin canals.18,19 Biotic
infections can also reduce emissions of constitutively emitted
compounds such as isoprene16 or the proportion of
constitutively emitted compounds can decrease in the total
emissions.20,21

Global warming is expected to most strongly affect the
northern latitudes resulting in significantly increased VOC
emissions from vegetation.2,22,23 Global warming is further
predicted to induce large-scale insect outbreaks in the northern
forests24−27 and recent observations from subarctic mountain
birch forest indicate outbreak range expansion of the geometrid
moths.26,28−30 Mountain birch (Betula pubescens ssp. czerepa-
novii (Orlova) Ham̈et-Ahti) is a subspecies of downy birch and
a dominating tree species in subarctic areas of Greenland,
Iceland, Norway, Sweden, Finland and Russia.31 Mountain
birch has been found to be a significant source of VOCs
dominated by sesquiterpenes32 and insect feeding on foliage
has induced typical emissions of herbivore-induced VOCs in
forest sites of northern Lapland.33 Mountain birch ramets
(multiple stems) infested by foliage-feeding autumnal moth
(Epirrita autumnata Borkhausen (Lepidoptera: Geometridae))
larvae induced emissions of monoterpenes (E)-β-ocimene and
linalool, homoterpene (E)-DMNT, and several sesquiter-
penes.33 Among the herbivore-induced plant VOCs, there are
several highly reactive compounds which have shorter lifetimes
than most of the compounds in the constitutive plant emissions
in reactions with atmospheric oxidants.34−36

A large-scale data analysis of long-term atmospheric
observations showed that VOCs are emitted from the
vegetation at higher rates under a warming climate.37 This
will substantially stimulate oxidation of the VOCs to secondary
organic aerosols (SOA); increase the number concentration of
particles large enough to act as cloud condensation nuclei
(CCN) and result in an increase of cloud albedo. This biogenic
VOC-based SOA growth mechanism produces roughly 50% of
aerosol particles at the size of CCN (30−100 nm38) across
Europe.37 There is evidence of the existence of a negative
aerosol climate feedback mechanism in the continental
biosphere, which is directly dependent on biogenic VOC
emissions.37,39 A link between herbivore-induced VOCs and
formation of SOA in the atmosphere was suggested by
Holopainen40 and demonstrated with elicitor-stimulated
herbivore-induced VOC emissions of cabbage plants by
Joutsensaari et al.41 Recently it has been suggested that climate
warming may substantially promote the emission of reactive
HIPVs from boreal and subarctic forests through insect
outbreak effects and promote SOA and cloud formation by
herbivore-induced VOC reactions with atmospheric oxi-
dants.14,36,42 Hence, a modeling analysis of bark beetle outbreak
areas in Northern America demonstrated that the substantial
increase of reactive VOC emissions from bark beetle-attacked
conifer forests may significantly increase the atmospheric SOA
concentrations in the affected areas.43 Aerosol optical density
analyses of satellite data from Western Canada44 supported the
modeling results of Berg et al.43 However, the composition of

VOC emissions may have an effect on the overall SOA particle
formation potential and the SOA formation may be even
suppressed by highly reactive VOCs with small individual SOA
mass yields.42,45,46

Our aim was to assess the role of herbivore-induced
emissions on SOA formation under controlled laboratory
conditions to address the following questions: (1) how does E.
autumnata feeding at different densities on mountain birch
affect herbivore-induced VOC emission rates from the foliage?
(2) how does the composition of VOC emissions differ
between intact and herbivore-damaged plants? and (3) does
herbivore-induced VOC emissions stimulate formation and
growth of SOA particles in reactions with ozone? The results
provide conclusive evidence of a major increase in SOA
formation in herbivore-attacked plants.

■ EXPERIMENTAL SECTION
Study Design. We performed two sets of experiments to

elucidate the effects of herbivory on plant emissions and
concurrent SOA formation. The first series of experiments
assessed the influence of varying degrees of Epirrita autumnata
herbivory (0−16 larvae per small seedling) on the plant
physiological responses and induction of volatile emissions
from Betula pubescens ssp. czerepanovii leaves. VOC emissions
were collected and analyzed by GC-MS. The second series of
experiments linked the herbivore-induced VOC emissions to
SOA formation, using either 0 (control) or 6 larvae per
mountain birch seedling, and measuring the volatiles emitted
from the plants at the inlet of the reaction chamber,
representing the ingoing VOCs available for SOA production.
The number of larvae (6) used in the second set of experiments
was optimized on the basis of the results of the first
experiments.

Plant and Insect Material. Mountain birch, Betula
pubescens ssp. czerepanovii (N. I. Orlova) Ham̈et-Ahti, seedlings
were grown from seed material originating from Swedish
Lapland (Kiruna, 67°51′ N 20°13′ E). Seeds were sown in a 1:1
mixture of sand and commercial fertilized peat (VAPO B2),
and grown in 0.5 L pots in greenhouses. They were left
overwinter under snow for one winter before they were used in
experiments. Autumnal moth (Epirrita autumnata (Lepidop-
tera: Geometridae)) larvae were reared on silver birch (Betula
pendula) seedlings from eggs collected from E. autumnata
reared in Finnish Lapland (the Kevo Subarctic Research
Station, 69°45′N, 27°01′E). For feeding experiments on
mountain birch, larvae representing the third and fourth instars
were used.

Plant Physiological Measurements. Whole plant was
placed in a dynamic headspace sampling cuvette system with a
setup described in detail earlier.47,48 Light intensity was kept at
800 μmol m−2 s−1, temperature at 28 °C, and ambient CO2
concentration was 380−400 μmol mol−1. The air flow through
chamber was 1.4 L min−1. After hermetic installation of the
plants they were stabilized under chamber conditions for 1 h.
CO2 and H2O concentrations at the chamber in- and outlets
were measured with an infrared dual-channel gas analyzer
operated in differential mode (CIRAS II, PP-systems, Ames-
bury, MA, U.S.A.). The rates of net assimilation, transpiration,
and stomatal conductance to water vapor were calculated from
these measurements according to von Caemmerer and
Farquhar.49 By the end of the stabilization period (time 0),
the treatment was started by placing 5 larvae of E. autumnata
on the plants. Control plants were left untreated and measured
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in the same way. After introduction of the larvae, the plants
were stabilized in the system in the dynamic air flow for 20 min
before VOC sampling. The larvae were allowed to feed from
the leaves for 24 h.
Herbivore-Induced VOC Emission Measurements. The

impact of E. autumnata larval density on the emission rates was
assessed using one-year-old nonbranching seedlings by
enclosing the above-ground part of each seedling together
with various numbers (0, 4, 8, or 16) of E. autumnata third to
fourth instar larvae inside 3 L glass chambers for GC-MS
measurements of emitted volatiles as described by Copolovici
et al.8 In the 24-h experiment, larvae were allowed to feed for 7
h after which they were removed. In the long term experiment
(0−3 days), larvae were removed after 2.2 days and the light
cycle was 14 h light followed by 8 h darkness.VOC sampling
was performed via the outlets of each cuvette every hour with a
flow rate of 200 mL min−1 for 20 min by using a constant flow
air sample pump (1003-SKC, SKC Inc., Houston, TX, U.S.A.).
In addition, a sample was taken from the air inlet prior to the
cuvettes to measure the background VOC concentrations.
Adsorbent cartridges were analyzed for LOX pathway products,
mono-, homo- and sesquiterpene emissions with a combined
Shimadzu TD20 automated cartridge desorber and Shimadzu
2010 plus GC-MS instrument (Shimadzu Corporation, Kyoto,
Japan) using a method as detailed in refs 16 and 50. The
background (blank) VOC concentrations were subtracted from
emission samples of the seedlings. Separate samples were
collected from larvae without plants. The emissions of volatile
compounds from insects were below the detection limits of our
system (see Copolovici et al.50). At the end of the experiment,
all the leaves were harvested and scanned at 300 dpi. Projected
leaf area was determined from the scanned images with custom-
made software (see Copolovici et al.8).
SOA Formation Measurements. Six third to fourth instar

E. autumnata larvae were transferred to shoots of mountain
birch seedlings and enclosed within mesh bags and kept in
growth chambers (Bioklim 2600T, Kryo-Service Oy, Helsinki)
at 23 °C (day)/18 °C (night), 60−80% relative humidity, and
22 h photoperiod (350 μmol m−2 s−1 photosynthetically active
quantum flux density during the light period). Larvae were
allowed to feed for 48 h before the start of the SOA
experiments to maximize the production of herbivore-induced
VOCs.51 After the mesh bags were removed, eight control
seedlings or eight herbivore-damaged seedlings (each seedling
still having 6 feeding larvae) were transferred into each of two
22.3 L glass vessels (Schott Duran, Schott AG, Mainz,
Germany). The plant pots were covered with aluminum foil
to minimize root system emissions. Two lamps (Lival Shuttle
Plus, Lival Oy, Sipoo, Finland, with OSRAM Dulux F 24W/
41−827 Fluorescent tubes, Osram-Melco Ltd., Japan) were
positioned above each vessel to ensure sufficient lighting level
(350 μmol m−2 s−1) for photosynthesis activity and VOC
emissions at laboratory conditions (24 °C).
The SOA formation experiments from the ozonolysis of

mountain birch emitted VOCs were carried out in a rectangular
continuous flow-through chamber made of fluorinated ethylene
propylene (FEP) film. The experimental setup and the chamber
have been described elsewhere.44 Briefly, the reaction chamber
volume was 2 m3. Air flow (8 L min−1) from the two glass
vessels (later on referred to as plant chambers), each having
either 8 control plants or 8 herbivore-damaged plants, was
pooled to one line (Teflon tubing) and mixed with an ozone-
enriched air flow (generated with a UV lamp generator, with a

target concentration set at 200 nmol mol−1) at the inlet of the
reactor. The average ozone concentration inside the reaction
chamber varied between 65 and 90 nmol mol−1 during the
experiments. The total air flow into the reaction chamber was
16 L min−1 giving an average residence time of 2 h in the
chamber. The chamber was kept at constant room temperature
(23 ± 1 °C) during the experiment. Relative humidity in the
chamber varied between 30 and 35% depending on the water
vapor coming from the seedlings. Before each experiment, the
chamber was flushed continuously with purified dry air (dew
point −40 °C, filtered by active carbon and Purafil Select Media
pellets and HEPA filter) at least for 24 h to ensure minimal
contamination from previous experiments.
At the beginning of each experimental run, VOCs from

seedlings were introduced to the reaction chamber for 90 min
before starting the ozone addition. The duration of the
chamber experiment was ca. 21 h. The plants’ diurnal cycle was
mimicked by turning off the lights over the plant chambers
from 00:00 to 03:00. In all experiments, concentrations of
ozone (measured with a DASIBI 1008-RS O3 analyzer, Dasibi
Environmental Corp. Glendale, CA, U.S.A.), NOx (with
Environnement AC 30 M NOx analyzer, Environnement S.A,
Poissy, France) and SO2 (with Environnement AF21 M SO2
analyzer, Environnement S.A., Poissy, France) were monitored.
NOx and SO2 concentrations were below the analyzers
quantification limits (3 nmol mol−1) during the experiments.
VOC concentrations in the ingoing (before the reaction

chamber) and outgoing (after the reaction chamber) air were
measured by GC-MS. The VOCs were trapped on a Tenax TA
(Supelco, mesh 60/80) cartridge with an air flow of 200 mL
min−1 for 30 min. For the outgoing air, the sampled air passed
first through a potassium iodine-coated copper tube to scrub
the ozone. The trapped compounds were desorbed from the
collected VOC samples with a thermal desorption unit
(PerkinElmer ATD400 Automatic Thermal Desorption sys-
tem) and analyzed with a gas chromatograph−mass spec-
trometer (Hewlett-Packard GC 6890 and MSD 5973). A
detailed description of the VOC analysis can be found in Pinto
et al.52

The ozonolysis of BVOCs resulted in a clear particle
nucleation and growth event which was monitored with a
scanning mobility particle sizer (SMPS, consisting of DMA
3071 and CPC 3022A, TSI Inc., St. Paul, MN, U.S.A.) by
measuring particle number size distribution in the diameter
range of 15 to 700 nm. The total particle concentration
(particle diameter >4 nm) was monitored with a condensation
particle counter (CPC 3775, TSI Inc.). The total mass
concentration of the produced SOA was calculated from the
measured number size distribution using a particle density of
1.3 g cm−353 and corrected particle wall losses (see Supporting
Information, SI). The SOA mass yields were estimated by
dividing the formed SOA mass (maximum SOA mass) by the
sum of reacted VOC concentrations (the total VOC
concentration at the reactor inlet minus the concentration at
the outlet).54 The experiments were conducted without seed
particles, which could lower SOA mass yields by increasing loss
of low volatile organics to the chamber walls.55 The effect of
VOC losses on SOA mass yields has been discussed in more
detail in the SI.
These exactly same experimental settings were repeated in

another set of experiments, where silver birch (Betula pendula)
seedlings were used as plant material. Results of these
experiments are shown in SI Tables S5−S7 and Figure S3.
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Statistical Analysis. Plant physiological responses of
control and herbivore-damaged plants were compared by t
tests and considered significant at p < 0.05 (Prism 5, GraphPad
Software, Inc., La Jolla, CA, U.S.A.). Long-term (3 days)
variation in emission rates was studied with Mixed Model
ANOVA (MMA) which takes into account the repetitive
structure of the measurements and thus gives valid
interpretations for the between group comparisons. Nonlinear
regression analysis was used to study the emission rates of
different compounds in relation to leaf area consumed by E.
autumnata larvae. This analysis was made in R-software (R
Core Team, 2014). Concentrations of VOCs emitted by
mountain birch at the reaction chamber inlet in the SOA
formation experiments were compared with Mann−Whitney
U-test. The Mann−Whitney U-test and MMA analyses were
performed in SAS 9.4 (SAS Institute, Cary NC).

■ RESULTS AND DISCUSSION

We have shown that the VOC emission rate from herbivore-
damaged plants is related to the extent of the damaged leaf area
and the number of damaging herbivores. Aerosol measurement
in reaction chambers gave evidence that the quantitative and
qualitative changes in VOC emissions of mountain birch after
herbivory are sufficient to promote secondary aerosol formation
in the atmosphere.
Impact of Herbivore Density on VOC Emissions. In the

24 h feeding data (Figure 1), emissions of different compounds
were induced with different time kinetics. The first major
emissions observed were LOX products, which were induced
immediately after the onset of larval feeding (Figure 1a) and
stayed at higher levels for at least 7 h. Instead, the emissions of
monoterpenes did not show such a rapid response to larval
feeding; a slight increase in emission rates was detected just
after the start of feeding at t = 0.5 h, but the maximum emission
rate was observed at t = 5 h (Figure 1c). Sesquiterpenes,

especially α-farnesene, were induced after 3 h from the start of
the insect feeding (Figure 1e). No comparable increases in the
VOC emissions were observed in the control plants (Figure
1b,d,f). When plant physiological responses were monitored,
larval feeding on mountain birch leaves did not affect plant
photosynthesis (see Figure S1).
Over the longer term (3 days), the larval density was

positively correlated with the emission of LOX products,
monoterpenes and (E)-DMNT (Figure 2). Among the
individual LOX products, emission rates of (Z)-3-hexenol,
(E)-2-hexenal, and (Z)-3-hexenyl acetate were all dependent on
larval density (Figure 2a−c). LOX products are excellent
indicators of leaf mechanical damage, e.g., caused by chewing
mouth parts of herbivores.56,57 These emissions are short-lived
and emerge immediately when the feeding starts and disappear
quickly when the feeding activity ends.57

However, emission of monoterpenes and the homoterpene
(E)-DMNT were more variable and were not quite as obviously
dependent on larval density as the LOX products (Figure 2d,e).
For these compounds, eight larvae induced emissions nearly
equal to the emission rates induced by 16 larvae. However, all
tested larval densities differed statistically significantly from the
control (Mixed Model ANOVA analysis pairwise comparisons
are shown in Table S1). In general, the emission rates could be
expressed as a nonlinear function of leaf area eaten (see Figure
S2).
Our results confirmed the fact that herbivore-damaged plants

with clearly diminished photosynthetic leaf area are still capable
of emitting VOCs at a higher rate than healthy plants with
intact foliage.19,58 Emission rates of the induced LOX
compounds, monoterpene (E)-β-ocimene and sesquiterpene
(E,E)-α-farnesene were also positively correlated with the
number of larvae (0 to 8) feeding on the foliage of Alnus
glutinosa seedlings.8,59 In our experiments, B. pubescens ssp.
czerepanovii seedlings gave very similar results, but increasing

Figure 1. Emission rate time series, 0−24 h, for different VOCs from herbivore-attacked and control plants. LOX products from herbivore-attacked
(a) and control (b) B. pubescens ssp. czerepanovii plants, different monoterpenoids and homoterpene (E)-DMNT from herbivore-attacked (c) and
control (d) plants and different sesquiterpenes from herbivore-attacked (e) and control (f) plants. Each data point is the mean (±SE) of 4
independent replicate experiments. At hour 0, the plants without the insects were measured. The insects were added at time t = 0.5 h and allowed to
feed from the leaves for 7 h. After that larvae were removed and plants were measured without them.
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the larvae number from 8 to 16 per seedling did not
considerably increase emissions rates of VOCs. This might be
related to a very rapid decline in the whole plant leaf area in
these two treatments with high insect density. The presence of
a quantitative relationship between VOC emissions and the
degree of herbivore feeding is not only conceptually important,
but also provides a basis for quantitative assessment of induced
emissions in large-scale biosphere−atmosphere models.60,61

Epirrita autumnata Feeding-Induced VOC Emissions
in Relation to SOA Formation. Four chamber experiments
were conducted to see SOA forming potential of mountain

birch seedlings, two with control plants and two with herbivore-
damaged plants (Table 1). Our results show that the seedlings
damaged by E. autumnata larvae had a significantly higher
potential for SOA formation when compared with intact
seedlings (Table 1, Figure 3). The VOCs (monoterpenes, a
homoterpene, sesquiterpenes, LOX products, and methyl
salicylate), acting as precursors to SOA formation, were
emitted in higher rates in the herbivore-damaged mountain
birch seedlings than in the control seedlings (Table 1). The
same phenomenon was observed for a boreal forest species,
silver birch (Betula pendula) seedlings in the same experimental
settings (see Tables S5 and Figure S3).
In addition to the greater emission strength, the emission

profile was more varied in the damaged seedlings vs the
controls, i.e., there were more individual terpenoid compounds
identified in the emissions from damaged seedlings than in that
of the intact seedlings (see Table S2). The greatest differences
in the levels of VOCs emitted were seen in the LOX
compounds: in the SOA formation experiments, LOXs were
present only in the damaged samples. The main LOX
compounds measured were the typical C6 aldehydes and
alcohols, e.g., (E)-2-hexenal and (Z)-3-hexen-1-ol. In our
control plants, VOC emissions were similar to those earlier
reported from mountain birch; e.g., limonene, sabinene, and
linalool of the MTs and β-caryophyllene and α-farnesene of the
SQTs,32,33 while herbivore damage resulted in enhanced
emissions of these ubiquitous terpenoids and additional
emissions of (E)-β-ocimene, (E)-DMNT, and LOX com-
pounds as also reported earlier by Man̈tyla ̈ et al.33 In our small-
sized herbivore-damaged seedlings, higher MT emissions than
SQT emissions were detected, which is different from the
observation in older mountain birch ramets in a forest site.33

While the overall VOC emissions were greater in the
damaged seedlings than in the control seedlings, there was a
difference between the two controls. Especially the SQT and
MeSa emissions were higher in Control 2 than in either of the
insect-damaged samples (see Table 1 and Table S2). Higher
SQT and MeSa emissions observed in Control 2 may indicate
unnoticed fungal pathogen attack or damage by sucking
herbivores such as aphids62 in the seedlings or in their root
system. Our SI of B. pendula seedlings in similar conditions
(Tables S5−S7) suggests that intact Betula sp. seedlings do not
emit MeSA. However, the differences in SQT emissions could
also have been due to natural variability as significant
fluctuation in VOC emissions from visibly intact mountain
birch in a natural growing site has been reported by Haapanala
et al.32 The emissions of SQT and MeSa in Control 2
experiments may have caused the higher SOA formation since

Figure 2. Long-term, days 0−3, variation in emission rates of VOCs at
varying herbivore damage severity. Figures represent LOX compounds
(E)-2-hexenal (a), (Z)-3-hexenol (b), (Z)-3-hexenyl acetate (c),
homoterpene (E)-DMNT (d), and monoterpenes (e) from the foliage
of B. pubescens ssp. czerepanovii at different feeding densities of E.
autumnata larvae. Sample size and measurement conditions as in
Figure 1. Larvae were removed after 2.2 days. The light cycle was 14 h
light followed by 8 h darkness.

Table 1. Concentrations of Volatiles in the Reaction Chamber Inlet Emitted by B. pubescens ssp. czerepanovii Plants and
Summary of the Resulting Secondary Organic Aerosol (SOA) Concentrations and Mass Yields

exp.
MTa

(μg m−3)
SQTa

(μg m−3)
LOXa

(μg m−3)
MeSaa

(μg m−3)
Δ(MT+SQT)a

(μg m−3)
ΔLOXa
(μg m−3)

ΔMeSaa

(μg m−3) SOAa (μg m−3)
SOA yielda

(%)

control 1 1.1 ± 0.3 0.3 ± 0.02 0 0 1.2 ± 0.2 0 0 0.008 ± 0.004 0.6 ± 0.4
control 2 1.6 ± 0.3 2.2 ± 0.4 0 0.7 ± 0.3 3.5 ± 0.8 0 0.3 ± 0.1 0.168 ± 0.025 4.4 ± 1.2
herbivore 1 2.7 ± 0.4 0.5 ± 0.1 27 ± 17 0.1 ± 0.1 2.7 ± 0.4 24 ± 16 0.1 ± 0.1 0.431 ± 0.030 1.6 ± 1.0
herbivore 2 2.9 ± 0.2 1.1 ± 0.2 6.4 ± 2.4 0.3 ± 0.1 3.2 ± 0.5 5.9 ± 2.5 0.3 ± 0.1 1.248 ± 0.060 13.3 ± 4.4

aThe data for monoterpenes (MT), sesquiterpenes (SQT), lipoxygenase pathway products (LOX), and methyl salicylate (MeSa) are averages (±SE)
for the duration of the experiment (3−5 samples in ca. 21 h). Homoterpene, (E)-4,8-dimethyl-1,3,7-nonatriene, was added to MTs for simplicity.
The Δ(MT+SQT), ΔLOX, and ΔMeSa shows the concentration of the reacted MT, SQT, LOX, and MeSa compounds. The produced SOA was
corrected with particle wall losses (see SI) and calculated using the maximum total particle volume and particle density of 1.3 g cm−3. The SOA
yields are expressed as SOA divided by the sum of the Δ(MT+SQT), ΔLOX, and ΔMeSa.
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these compounds have high SOA formation potential,42,63 as
observed in the SOA formation experiment (discussed later).
The clear differences in SOA production observed between

the controls and herbivory experiments reflected the differences
in the VOC emissions of the samples. While MT and SQT
emissions in the herbivore-damaged seedlings were approx-
imately twice those from intact seedlings, and greater
differences were seen in SOA formation (Table 1, Figure 3).
The SOA mass loading was as much as 2 orders of magnitude
higher in herbivore-damaged experiments compared to Control
1 where the SOA formation was very low (0.01 μg m−3). While
some SOA production (0.17 μg m−3) was also observed in the
Control 2, the SOA mass loadings in the herbivory samples
were 3 to 7-fold higher (0.43−1.25 μg m−3). The mass of
produced SOA was moderate, less than 1.3 μg m−3 for both
control and herbivory samples. The main reasons for these low
SOA mass loadings are low initial VOC concentrations and low
consumption of precursor VOCs. However, the VOC and
organic particle mass concentrations used and observed in our
study, as well as particle formation and growth rates (see Table
S3), are coincident with atmospheric concentrations in forested
remote areas (e.g., in Hyytial̈a,̈ Finland).64−67 We suggest that
our results better represent natural conditions than the results
from many other chamber studies, which have been conducted
with much higher VOC and organic particulate mass levels.
Furthermore, our SOA yields are in line with reported α-pinene
yields by Shilling et al.54 at low mass loadings (below 2 μg
m−3). In fact, there is a need to collect SOA formation data in
atmospherically relevant organic aerosol mass loadings (ref 68
and references therein).

SOA formation petered out when the lights were off in the
plant chamber (00:00−03:00 am), and commenced again when
the lights were turned on (Figure 3). Our diurnal experiment
thus demonstrates that the formation of SOA from mountain
birch VOC emissions is not only dependent on the severity of
herbivore damage but it is also strongly light-dependent. This is
perhaps not surprising as monoterpene emissions from broad-
leaved species lacking storage structures are in general typically
photosynthesis- and light-dependent (e.g., refs 1 and 60). Even
in species having constitutive emissions from storage structures,
the induced terpenoid emissions are characteristically depend-
ent on light.6,69−71 However, in the case of compounds
immediately released after herbivory such as LOX compounds,
the emissions can be importantly driven by insect feeding
habits. Thus, predicting SOA formation due to herbivory-driven
VOC emissions requires consideration of both plant physio-
logical responses to light and insect-specific feeding patterns.
Our chamber experiments showed that herbivore-damage

induced by six E. autumnata larvae per seedling can increase the
SOA formation potential of mountain birch due to increases in
VOC emissions. Thus, our study expands the earlier findings
which show that stress, both biotic and abiotic, can increase the
VOC emissions and concurrent SOA formation in
plants.41,42,44,52 However, in the view of several previous
studies, the effect of the VOC composition on SOA production
is less clear.42,45,46

In an earlier study by Mentel et al.,72 SOA particle formation
rate and particle growth rate were found to be more efficient
when the VOC emissions came from silver birch (B. pendula)
than when the VOC emissions originated from conifer trees.

Figure 3. Formation of secondary organic aerosols (SOA) from the ozonolysis of VOCs emitted from mountain birch control (a−d) and herbivore-
attacked (e−h) seedlings. SOA formation is shown as particle size distribution (a,b; e,f); total particle number (c,g) and total particle mass
concentration (d,h) as a function of time. Total particle mass was calculated from the measured size distributions using particle density of 1.3 g cm−3.
VOCs were fed into the reaction chamber for 1.5 h before the onset of the experiment (approximately 15:00). Herbivore-attacked experiment 2 was
started 1 h earlier than others (approximately 14:00). The plant chamber illumination was off from 00:00 to 03:00 (indicated by red vertical lines).
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Thus, they suggested that the oxidation of birch emitted SOA
precursors can favor new particle formation. In their experi-
ments, an incremental mass yield of 11 ± 1% considering only
the MT+SQT emissions from birch was observed. Our results
presented in this study show yields of approximately the same
level in the herbivore-damaged seedling experiments, whereas
the levels in our controls (especially control 1) were somewhat
lower.
It has also been speculated that the mass yield can be

significantly influenced by fractions of oxygenated VOCs (LOX
compounds and MeSa) and SQT in the emissions. In the later
study, Mentel et al.42 studied the effect of VOC profiles on
SOA formation further and they came to somewhat differing
conclusion on the effect of LOX on SOA:LOX compounds
inhibit SOA formation. They suspected that the suppressive
effect of LOX compounds on SOA formation is related to LOX
capacity to scavenge OH radicals. When comparing our
herbivore-damaged replicates 1 and 2, we found that replicate
1 had higher LOX emission rate but lower SOA mass loading.
This finding could support the later hypothesis by Mentel et
al.42 However, some other studies have found that LOX
compounds reacting with ozone can be a substantial source of
SOA globally.73−75 They have speculated that ozonolysis of
(E)-3-hexenol leads to significant formation of oligomers,73,75

and this oligomerization mechanism has been shown to
contribute significantly to SOA formation and it could also
have an effect on the chemical and physical properties of SOA
particles (ref 68 and references therein). In our experiments,
LOX emissions dominated the VOC composition in the
herbivore-damaged samples, whereas they were almost absent
in the control experiments. If LOX compounds completely
inhibited the SOA formation as Mentel et al.42 suggested, then
we probably would not have been able to observe such a clear
SOA formation in these samples. However, LOX compounds
could have some suppressive effect on SOA formation as the
differences between our herbivory experiments 1 and 2 could
be explained by the higher amount of produced and reacted
LOX compounds. In conclusion, SOA formation yields from
ozonolysis of LOX compounds, e.g., (E)-3-hexenol and (E)-3-
hexenyl acetate, are lower than yields reported for MT or SQT
only,73,74,76,77 which indicates that LOX compounds can partly
inhibit SOA formation and growth in mixtures of different
VOCs.
Note that there were a variety of both MT and LOX

compounds present in our experiment, whereas Mentel et al.42

performed their experiments only with single compounds (α-
pinene as a monoterpene and (Z)-3-hexenol as a LOX
compound). It is thus likely that the reactant composition
has an effect on the inhibitory potential and therefore the
phenomenon is not quite as straightforward as suggested. On
average, 80% of the MT and 90−100% of the SQT were
consumed in the reaction chamber at the steady state
conditions in our experiments. In contrast, there were
substantial differences in the consumption of the individual
LOX compounds; the consumption ranging from only 10% up
to 90% in the chamber (see Table S4). On average, the
consumption of the LOX products was lower than the
consumption of other VOC groups measured (i.e., MT, SQT,
HT, MeSa). One reason for this could be the preferred oxidant
of the LOX compounds; LOX undergo oxidation more readily
with OH radical than with ozone. For example, (E)-2-hexenal
reaction with ozone is negligible but it reacts quickly with OH-
radicals (ref 78 and references therein). Ozone was used as the

main oxidant in the current study, and it could be anticipated
that not all LOX products would have been oxidized. However,
OH radicals are formed in reactions between terpenes and
ozone in yields between 0.3 to 0.9 in relation to the reacted
alkene.79 Since we did not use any OH scavengers in our
experiments, OH radicals were therefore also available for
oxidation reactions in our experimental setting. Oxidation of
LOX products could also have a role in the SOA formation, as
both (Z)-3-hexen-1-ol and (Z)-3-hexenyl acetate have been
shown to be consumed by reactions either with ozone or with
OH-radicals formed in ozonolysis experiments. These LOX
products are capable of forming oxidized compounds with
vapor pressure low enough to take part of SOA formation and
growth, although the yields are rather low when compared to
MT or SQT SOA forming potential.73,75

To summarize, herbivore damage and the severity of the
damage intensity has strong influence on the quantity and
composition of mountain birch VOC emissions and con-
sequent SOA formation. Hence, in extensive E. autumnata or
other birch-feeding geometrid outbreak areas in the subarctic,
we may expect to find increased SOA formation rates in the
atmosphere. Although there is evidence that LOX compounds
emitted after herbivore attack on plant foliage may induce SOA
formation,73−75 our results also gave support to the results of
Mentel et al.42 that LOX emissions may suppress SOA
formation in mixtures with terpenes. Future studies are needed
to elucidate the role of LOX compounds in SOA formation in
field conditions. However, chewing herbivores have such a
strong impact on mono-, sesqui-, and homoterpene emissions
and methyl salicylate emissions of mountain birch that higher a
SOA formation rate is expected with outbreaks of defoliating
moths. We argue that additional SOA formation due to insect-
induced VOC emissions can affect the important sun-screening
biosphere−atmosphere feedback system of aerosols under
subarctic 24-h sunshine periods.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.6b02800.

Particle and VOC losses in the chamber, plant
physiological responses, emission rates of LOX com-
pounds and monoterpenoids in relation to leaf area
consumed, pairwise comparisons of different VOC’s
between the larvae densities in different time points,
concentrations of volatiles in the reaction chamber inlet
and outlet, and average particle growth and formation
rates in the SOA formation experiments and results of
Betula pendula experiments (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: pasi.yli-pirila@uef.fi (P.Y.-P).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The study was financially supported by the Academy of Finland
(decision nos. 252908, 110763, and 133322), the strategic
funding of the University of Eastern Finland, the Kone
Foundation, the Estonian Ministry of Science and Education
(institutional grant IUT-8-3), the European Commission

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b02800
Environ. Sci. Technol. 2016, 50, 11501−11510

11507

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b02800/suppl_file/es6b02800_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.6b02800
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b02800/suppl_file/es6b02800_si_001.pdf
mailto:pasi.yli-pirila@uef.fi
http://dx.doi.org/10.1021/acs.est.6b02800


through the European Regional Fund (the Center of Excellence
in Environmental Adaptation), and the European Research
Council (advanced grant 322603, SIP-VOL+).

■ REFERENCES
(1) Loreto, F.; Schnitzler, J.-P. Abiotic stresses and induced BVOCs.
Trends Plant Sci. 2010, 15 (3), 154−166.
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A B S T R A C T

Gypsy moth (Lymantria dispar L., Lymantriinae) is a major pest of pedunculate oak (Quercus robur) forests
in Europe, but how its infections scale with foliage physiological characteristics, in particular with
photosynthesis rates and emissions of volatile organic compounds has not been studied. Differently from
the majority of insect herbivores, large larvae of L. dispar rapidly consume leaf area, and can also bite
through tough tissues, including secondary and primary leaf veins. Given the rapid and devastating
feeding responses, we hypothesized that infection of Q. robur leaves by L. dispar leads to disproportionate
scaling of leaf photosynthesis and constitutive isoprene emissions with damaged leaf area, and to less
prominent enhancements of induced volatile release. Leaves with 0% (control) to 50% of leaf area
removed by larvae were studied. Across this range of infection severity, all physiological characteristics
were quantitatively correlated with the degree of damage, but all these traits changed disproportionately
with the degree of damage. The net assimilation rate was reduced by almost 10-fold and constitutive
isoprene emissions by more than 7-fold, whereas the emissions of green leaf volatiles, monoterpenes,
methyl salicylate and the homoterpene (3E)-4,8-dimethy-1,3,7-nonatriene scaled negatively and almost
linearly with net assimilation rate through damage treatments. This study demonstrates that feeding by
large insect herbivores disproportionately alters photosynthetic rate and constitutive isoprene
emissions. Furthermore, the leaves have a surprisingly large capacity for enhancement of induced
emissions even when foliage photosynthetic function is severely impaired.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In field environments, plants are frequently exposed to a
multitude of abiotic and biotic stressors. To cope with environ-
mental and biological stressors, more than 100,000 secondary
chemical products are synthesized by plants and at least 1700 of
these are known to be volatile (Bauer et al., 1998; Copolovici and
Niinemets, 2016; Kesselmeier and Staudt, 1999; Pichersky and
Gershenzon, 2002). These biogenic volatile organic compounds
(BVOC) serve many functions such as pollinator attraction (Lucas-
* Corresponding author.
E-mail address: lucian.copolovici@uav.ro (L. Copolovici).

http://dx.doi.org/10.1016/j.envexpbot.2017.03.014
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Barbosa, 2016) and protection of plants against herbivore attacks
(Heil, 2014; Pichersky and Gershenzon, 2002;), against excess
temperatures (Becker et al., 2015; Possell and Loreto, 2013), and
oxidative stress, e.g. that generated by ozone exposure (Loreto and
Schnitzler, 2010; Possell and Loreto, 2013; Vickers et al., 2009).

While constitutive volatile emissions occur in only a limited
number of species (Fineschi et al., 2013), stress-driven volatile
emissions can be induced by abiotic and biotic stresses in all plant
species (Copolovici and Niinemets, 2016; Harrison et al., 2013;
Niinemets, 2010). Key biotic stresses eliciting major volatile
emission responses are infestations by fungi, bacteria, herbivores
and insects (Copolovici and Niinemets, 2016; Niinemets et al.,
2013). Different biotic stressors elicit the same major classes of
volatile compounds, green leaf volatiles (such as C5 and C6
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alcohols and aldehydes), ubiquitous (e.g., a-pinene, b-pinene,
D-3-carene) and specific monoterpenes (e.g., b-ocimene, linalool),
sesquiterpenes (e.g. b-caryophyllene) and homoterpenes ((3E)-
4,8-dimethy-1,3,7-nonatriene (DMNT) and (3E,7E)-4,8,12-trime-
thyltrideca-1,3,7,11-tetraene (TMTT)) (Blande et al., 2014; Copolo-
vici and Niinemets, 2016; Holopainen, 2011; Kleist et al., 2012).
However, as comparative experiments among different stresses,
e.g., among infested, mechanically damaged and jasmonic acid-
treated plants (Giorgi et al., 2015), and among leaf wounding and
darkening (Brilli et al., 2011), demonstrate, different biotic stresses
result in different volatile emission fingerprints.

Stress-induced volatiles can directly protect plants against
biotic stress by serving as repellents of herbivores (Lucas-Barbosa
et al., 2011) or inhibitors of fungal and bacterial growth (Schmidt
et al., 2016). They can also confer indirect defense by attracting
predators to their herbivore prey or oviposition host (Arimura
et al., 2000a; Dicke and Baldwin, 2010; Johnson and Gilbert, 2015;
Koski et al., 2015). For both functions, the composition of the
emission blend as well as the total emission rates play important
roles, the first determining the specificity of the signal for repelling
or attraction, and the second, determining the dispersal of the
signal as well as its chemical and physiological activity. Herbivore-
induced changes in emissions of volatiles have been shown in
numerous papers (Dicke, 2016; Heil, 2014 for reviews), but only a
few studies have focused on quantitative relationships between
the degree of damage and amount of compounds emitted (Bruce,
2015; Copolovici et al., 2014a; Holopainen and Gershenzon, 2010;
Niinemets et al., 2013). Presence of correlations among the degree
of herbivory damage and emission of volatiles seems trivial,
however, it crucially depends on local and systemic emission
responses. While local response in immediately impacted leaf
areas is induced rapidly, e.g., emissions of green leaves volatles
(GLV) can occur within seconds due to constitutive activity of
lipoxygenases (Portillo-Estrada et al., 2015), induction of emissions
of mono- and sesquiterpenes that need de novo expression of
responsible synthases is more time-consuming, from hours to days
(Copolovici et al., 2014a, 2011; Pazouki et al., 2016). Also, the
induction response is quenched relatively rapidly, within a few
days upon relief of herbivory stress (Copolovici et al., 2014a, 2011).
Thus, the whole leaf response is a complex amalgamate of local and
systemic induction and quenching responses. This is biologically
highly relevant considering the huge diversity of herbivore impacts
plants encounter in the field. While the rate of leaf area
consumption is low for small solitary herbivores, leaving plenty
of time for systemic responses in non-impacted leaf areas,
simultaneous presence of many small herbivores and large solitary
herbivores can rapidly consume a major proportion of leaf area,
implying that the systemic emission response might not even
occur in the major part of the leaf. In addition, while small
herbivores mainly consume the intercostal leaf parts, large
herbivores can also consume major veins and lead to catastrophic
dysfunction of leaf water-, nutrient- and carbohydrate-conducting
networks (Sack et al., 2003, 2004). Infections by small herbivores
can lead to compensatory increases of leaf photosynthetic activity
in remaining leaf parts, but the damage of major veins could mean
that feeding by large herbivores can lead to disproportionate
reductions in foliage physiological activity, including photosyn-
thetic activity and constitutive isoprenoid emissions as well as
hindered elicitation of induced emissions (Copolovici et al., 2014a,
2011).

Quantitative understanding of stress-dependent elicitation of
volatile organic compound emission is further relevant for large-
scale processes in biosphere-atmosphere system. This is because
BVOCs affect atmospheric OH radical and O3 concentrations and
participate in the formation of secondary organic aerosols (SOA)
(Shen et al., 2013; Zhang et al., 2015; Ziemann and Atkinson, 2012).
For example, in the Southeastern United States BVOC emissions
can have a significant influence on the total aerosol burden due to
condensation on acidic sulfate seed aerosols and concomitant
growth of particles (Lee et al., 2012; Link et al., 2015). The current
estimates of BVOC emissions and their role in atmospheric
processes only consider constitutive emissions (Arneth et al.,
2011; Guenther, 2013; Guenther et al., 2012), but stress-dependent
elicitation of volatiles can significantly modify the overall volatile
blend and amount of volatiles released into the atmosphere (Hare,
2011; Holopainen and Blande, 2013; Holopainen and Gershenzon,
2010; Niinemets et al., 2010a). In particular, under major outbreaks
of feeding herbivores that regularly occur in nature (Abrams and
Orwig,1996; Dwyer et al., 2004; Mattson and Haack,1987) induced
volatiles can dominate the release of BVOC from vegetation over
large areas, underscoring the importance of gaining a better
knowledge of quantitative scaling of induced emissions with the
degree of herbivory damage.

Pedunculate oak (Quercus robur L.) is a widely distributed
constitutively isoprene-emitting tree species that is one of the
most economically important broad-leaved forest trees in Europe.
Oak forests currently exhibit declining productivity and crown
dieback in several sites throughout Europe. Various abiotic and
biotic factors, including herbivory by the larvae of phyllophagous
insects have been shown to importantly contribute to the oak
decline (Batos et al., 2014; Thomas et al., 2002; Tonioli et al., 2001).
The most important defoliating insects feeding on Q. robur are
winter moth (Operophtera brumata L.), tortrix moth (Tortrix
viridana L.) and European gypsy moth (Lymantria dispar dispar
L.) (Thomas et al., 2002). Among these, L. dispar is a species with
large larvae that can grow to the size of 50–90 mm (Milanovic et al.,
2014) and that are capable of consuming 10 cm2 leaf area per day
per larva, including the second order veins and the terminal part of
the mid-rib (Milanovic et al., 2014). In the current study, we used L.
dispar larvae as a model to characterize the influence of large insect
herbivore on constitutive and induced volatile release in Q. robur.
We tested the hypothesis that the physiological activity of Q. robur
leaves infected with the large herbivore L. dispar is quantitatively
associated with the degree of damage, in particular, that the
infection leads to a major decline in leaf photosynthetic activity
and isoprene emissions and a modest increase in induced
emissions.

2. Materials and methods

2.1. Plant material

The field measurements were performed in Lipova forest at
Arad county, Romania (46� 503000N, 21� 4103000E) in May 2014. The
site supports a broad-leaved deciduous forest that is mainly
dominated by Quercus robur (canopy height 4–5 m), whereas Q.
petraea, Alnus glutinosa, and Q. rubra are minor canopy compo-
nents. The forest expands more than 6300 ha and more than half of
the trees (51%) were infected at the time of the study. The infection
was spatially highly heterogeneous, and forest patches with
infested (more than 50 different patches with most trees infected
observed) and non-infested patches with almost all trees lacking
herbivores were interspersed. The weather conditions at the time
of measurements were: average air temperature of 26 � 2 �C,
relative humidity of 62% and atmospheric pressure of 102.4 kPa.
The plants of Q. robur included for measurements were 10–12 years
old and 4–5 m tall. At the time of the measurements, the length of
L. dispar larvae was about 30–40 mm. We took all measurements
with control leaves from the clean plots with healthy trees. These
control leaves were further checked for presence of eggs and small
larvae, and discarded if there was evidence of biotic interactions.
As all experiments were performed in natural conditions, the past
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and current larval damage as well as the actual number of
herbivores that had been feeding in the leaf could not be
controlled. Therefore, we only report the relationships of leaf
physiological traits with the degree of leaf damage.

2.2. Photosynthetic measurements

Foliage photosynthetic characteristics during larval feeding
were determined in the field with a portable gas exchange system
GFS-3000 (Waltz, Effeltrich, Germany) as in Niinemets et al.
(2010b), except for minor modifications in environmental con-
ditions as stated below. This system has an environmental-
controlled cuvette with 8 cm2 window area and a full-window leaf
chamber fluorimeter for sample illumination and fluorescence
measurements. Each time, a leaf fully filling the cuvette area was
enclosed and standard measurement conditions (light intensity of
1000 nmol m�2 s�1, leaf temperature of 25 �C, chamber air humidi-
ty of 70%, and CO2 concentration of 385 mmol mol�1) were
established. The leaf was stabilized under the standard conditions
until stomata opened and steady-state CO2 and water vapor
exchange rates were reached. Steady-state values of net assimila-
tion (A) and transpiration (E) rates, and stomatal conductance to
water vapor (gs) were calculated according to von Caemmerer and
Farquhar (1981).

2.3. Volatile sampling and GC–MS analyses

Volatile organic compounds (VOC) were sampled via the outlet
of the gas-exchange cuvette at a flow rate of 200 ml min�1 for
20 min with a constant flow air sample pump 210-1003MTX (SKC
Inc., Houston, TX, USA). The leaf chamber air was drawn through a
multibed stainless steel cartridge (10.5 cm length, 4 mm inner
diameter, Supelco, Bellefonte, USA) filled with Carbotrap C 20/
40 mesh (0.2 g), Carbopack B 40/60 mesh (0.1 g) and Carbotrap X
20/40 mesh (0.1 g) adsorbents (Supelco, Bellefonte, USA) to
quantitatively sample all volatiles in C5–C15 range (Kännaste
et al., 2014). Volatiles were also collected using L. dispar larvae
without plants in the laboratory conditions using a 3 l glass
chambers with a flow rate of 2 l min�1 similarly as in Copolovici
et al. (2011). To estimate the background VOC concentrations
(blank samples), air samples were taken from empty chambers
before and after enclosure of leaves or larvae.

The adsorbent cartridges were analyzed for volatile lipoxyge-
nase (LOX) pathway products (also called green leaf volatiles, GLV),
terpenes and methyl salicylate using a Shimadzu TD20 automated
cartridge desorber integrated with a Shimadzu 2010 Plus GC–MS
instrument (Shimadzu Corporation, Kyoto, Japan) according to the
method of Toome et al. (2010) and Kännaste et al. (2014). Briefly,
for tube desorption, He purge flow was set at 40 ml min�1, primary
desorption temperature at 250 �C, and primary desorption time
was 6 min. The mass spectrometer was operated in electron-
impact (EI) mode at 70 eV, with the transfer line temperature set at
240 �C and ion-source temperature at 150 �C. The identification of
terpenes, green leaf volatiles and isoprene was done using NIST
spectral library ver. 14 and authentic standards (Sigma-Aldrich,
Taufkirchen, Germany). The absolute concentrations of com-
pounds were calculated based on an external authentic standard
consisting of known amount of VOCs as described in full detail in
Kännaste et al. (2014). Briefly, 1 ml of calibration sample has been
injected into the multi-bed tube followed by passing a nitrogen gas
at 300 ml min�1 through the tube for 5 min in order to evaporate
the solvent and trap the volatiles on the adsorbent. Finally, the tube
has been analyzed in GC–MS using the same program as for the
samples. The background (blank) VOC concentrations were
subtracted from the concentrations with leaf samples and volatile
emission rates were calculated according to Niinemets et al. (2011).
2.4. Leaf pigment analysis

Pigment extraction was performed according to the method of
Opris et al. (2013) with minor modifications. Briefly, leaf samples of
4 cm2 were taken after leaf gas-exchange measurements and
volatile sampling and immediately frozen in liquid nitrogen. The
pigments were extracted in ice-cold 100% acetone with calcium
carbonate (Sigma-Aldrich, Steinheim, Germany), and centrifuged
with a Hettich centrifuge (Hettich 320 R Universal, Hettich GmbH,
Tuttlingen, Germany) at 0 �C and 9500g for 3 min. Then the
supernatant was decanted, and the extraction was repeated till the
supernatant remained colorless, but at least three times. The
extracts were pooled and brought to a final volume of 10 ml and
then filtered through a 0.45 mm PTFE membrane filter (VWR
International, Radnor, PA, USA). The obtained extracts were
analyzed for carotenoid and chlorophyll pigments by a high
pressure liquid chromatograph (HPLC–MS Shimadzu 2010, Kyoto,
Japan) equipped with a diode array detector (DAD) according to
Niinemets et al. (1998) using a Lichrosorb1 RP-18 column (length
125 mm, inner diameter 4 mm, film thickness 5 mm; Hichrom, UK).
The column temperature was maintained at 10 �C and the flow rate
at 1.5 ml min�1. The solvents used for the chromatographic elution
consisted of ultra-pure water (A) and HPLC grade acetone (B)
(Sigma-Aldrich, Steinheim, Germany). The chromatographic elu-
tion was started by isocratically running a mixture of 25% A and
75% B for the first 7.5 min, followed by a 9.5 min linear gradient to
100% B, which was run isocratically for 3 min. Further, the eluent
was changed to the initial composition of 25% A and 75% B by a
2 min linear gradient. The HPLC was calibrated using commercially
available chlorophyll a, chlorophyll b, and b-carotene standards
(Sigma-Aldrich, Steinheim, Germany), and the calibration curves
were developed at corresponding spectral maxima (430 nm for
chlorophyll a, and 455 nm for chlorophyll b and b-carotene).

2.5. Estimation of the degree of leaf damage

The leaves were scanned at 200 dpi, and the total leaf area and
the leaf area damaged by L. dispar larvae were estimated with the
“Leaf Area Measurement” software (www.plant-image-analysis.
org). Leaf dry mass was estimated after oven-drying at 70 �C, and
leaf dry mass to leaf area was calculated. Foliage photosynthetic
rates, volatile emissions and pigment contents per unit leaf area
were estimated after correction for the consumed leaf area.

2.6. Statistical analysis and data handling

All measurements have been done in triplicates and data points
correspond to averages of three replicate leaves in each individual
plant (�SE). The data were analyzed by linear and non-linear
regression analyses, and the herbivory treatment effect at a certain
level of damage severity relative to non-infected leaves was also
tested by ANOVA. All statistical analyses were conducted with
ORIGIN 10.0 (OriginLab Corporation, MA, USA) and the statistical
tests were considered significant at P < 0.05.

3. Results

3.1. Effects of herbivory on foliage photosynthetic characteristics

Herbivore feeding by L. dispar reduced leaf net CO2 assimilation
rate (A), and even a moderate feeding, ca. 10% of leaf area removed,
resulted in ca. 12% reduction of net assimilation rate, i.e. resulting
in values of about 10 mmol m�2 s�1 (Fig. 1a). Net assimilation rate
decreased with further increases in insect feeding, reaching values
of 1–2 mmol m�2 s�1 in leaves with ca. 50% of leaf area eaten
(Fig. 1a).

http://www.plant-image-analysis.org
http://www.plant-image-analysis.org


Fig.1. Foliage net assimilation rate (a), stomatal conductance to water vapor (b) and
intracellular CO2 concentration per unit projected leaf area in Quercus robur plants
in relation to the degree of damage by the larvae of the lymantriid moth Lymantria
dispar (percentage of leaf area consumed). Data points correspond to averages of
three replicate leaves in each individual plant (�SE). Data were fitted by linear (a)
and non-linear regression in the form y = abx (b).
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Fig. 2. Emissions rates of isoprene (a), green leaf volatiles (b; GLV, volatiles of
lipoxygenase pathway, LOX volatiles) and monoterpenes (c) from Q. robur leaves
with different degrees of feeding by L. dispar larvae (replicates and data
presentation as in Fig. 1). Total LOX product emission was calculated as the sum
of emissions of 1-hexanol, (Z)-3-hexenol, (Z)-2-hexenal, and (Z)-3-hexenyl acetate
and the total monoterpene emission as the sum of emissions of a-pinene, b-pinene,
camphene, limonene, D-3-carene, p-cymene, and b-phellandrene. Data were fitted
by non-linear regressions in the form of y = abx.
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Differently from A, the stomatal conductance to water vapor (gs)
was only moderately affected by larval feeding (Fig. 1b). In fact, the
average (�SE) gs of 109 � 20 mmol m�2 s�1 for strongly damaged
leaves with 30–35% leaf area eaten was not different from the
average gs in non-damaged leaves (141 �6 mmol m�2 s�1; P = 0.18
for the comparison among the means; Fig. 1b). Nevertheless, the
regression analysis indicated that through the entire damage range
of 0–50%, gs was reduced by ca. 30%. Given the smaller gs than A
response to herbivory, the intercellular CO2 concentration (Ci)
increased with increasing the degree of herbivory damage (Fig. 1c).

3.2. Elicitation of volatile emissions in herbivory-infected leaves

Constitutive isoprene emission in herbivore-fed leaves was
reduced from 30.3 � 0.7 nmol m�2 s�1 (average � SE) in healthy
leaves to 4–5 nmol m�2 s�1 in heavily infected leaves (40–50% of
leaf area eaten by insects), and a strong negative correlation
between isoprene emission rate and percentage of leaf area eaten
was observed (Fig. 2a). Larval feeding induced emissions of green
leaf volatiles [GLV; primarily, (Z)-3-hexenol, (E)-2-hexenal, (Z)-3-
hexenyl acetate and 1-hexanol), Fig. 2b], that increased with the
degree of damage, reaching very high values of 3.0–4.4 nmol m�2

s�1 (sum of all GLV) in heavily eaten leaves (Fig. 2b). Herbivory also
induced emissions of ubiquitous monoterpenes (a-pinene, cam-
phene, D-3-carene, limonene and b-phellandrene) and typical
stress-marker monoterpenes such as (E)-b-ocimene and linalool
(Table 1). The total emission rate of monoterpenes increased with
the degree of leaf damage from close to zero level in control leaves
to values as high as ca. 5.3 nmol m�2 s�1 in strongly infected leaves
(Fig. 2c). Herbivory feeding also led to low-level emissions of the
benzenoid methyl salicylate (MeSA) and the homoterpene (3E)-
4,8-dimethyl-1,3,7-nonatriene (DMNT), whereas the emission
rates increased curvilinearly with the percentage of leaf damage
to maximum values of 0.17 nmol m�2 s�1 for MeSA and 0.08 nmol
m�2 s�1 for DMNT (Fig. 3).

3.3. Responses of foliage chlorophyll and b-carotene contents to
herbivory

Both chlorophyll a and b contents decreased strongly with the
area eaten by the larvae, e.g., the average chlorophyll a content
decreased from 231 � 2 mg m�2 in non-infected leaves to 95 � 3



Table 1
Average � SD emission rates (nmol m�2 s�1) of different volatiles released from leaves of Q. robur in response to insect damage.

Compound Control Average (�SD) degree of damage (%)

12.2 � 0.6 18.6 � 1.0 38.4 � 9.9

(Z)-3-hexenol nd 0.107 � 0.005 0.213 � 0.007 0.90 � 0.13
(E)-2-hexenal nd 0.100 � 0.003 0.320 � 0.010 0.82 � 0.17
(Z)-3-hexenyl acetate nd 0.054 � 0.007 0.080 � 0.010 0.223 � 0.023
1-hexanol nd 0.223 � 0.022 0.454 � 0.017 1.84 � 0.33
isoprene 30.3 � 3.2 19.1 � 3.4 14.0 � 1.7 3.9 � 1.4
a�pinene 0.0092 � 0.0012 0.622 � 0.011 0.848 � 0.027 1.58 � 0.11
camphene nd 0.033 � 0.002 0.043 � 0.001 0.111 � 0.010
D-3-carene 0.011 � 0.006 0.504 � 0.004 0.663 � 0.009 1.07 � 0.07
limonene 0.0094 � 0.003 0.305 � 0.032 0.412 � 0.008 1.02 � 0.05
b-phellandrene 0.0106 � 0.007 1.12 � 0.14 1.09 � 0.13 0.98 � 0.15
(E)-b-ocimene nd 0.052 � 0.001 0.098 � 0.001 0.297 � 0.044
linalool nd 0.029 � 0.001 0.053 � 0.002 0.128 � 0.024
DMNT nd 0.007 � 0.002 0.021 � 0.006 0.068 � 0.015
methyl salicylate nd 0.034 � 0.006 0.045 � 0.011 0.145 � 0.021

nd = not detected.
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Fig. 3. Emissions of the benzenoid methyl salicylate (MeSA) and the homoterpene
(3E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) from leaves of Q. robur in relation to
the degree of herbivory by L. dispar larvae. Data presentation and replication as in
Fig. 1. The relationships were fitted by linear regressions.
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mg m�2 in leaves with 30–50% damage (Fig. 4). The chlorophyll a/b
ratio was on average 2.48 � 0.26 and did not depend on the degree
of leaf damage (r = 0.5, P > 0.05). b-Carotene content did not
significantly correlate with the degree of larval damage (Fig. 4).

3.4. Negative scaling among constitutive and induced isoprenoids

Through different damage severities, foliage net assimilation
rate scaled negatively with the emissions of induced volatiles
(Fig. 5a for total monoterpenes, 5b for isoprene and 5c for total
Fig. 4. Effects of feeding by the larvae of L. dispar on the contents of chlorophyll a
and b, and carotene in Q. robur leaves. Statistical replicates and data presentation as
in Fig. 1. Data were fitted by linear regressions.
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Fig. 5. Correlations of net assimilation rate (a), isoprene emission rate (b) and
chlorophyll (a + b) content (c) with monoterpene emission rate in Q. robur leaves
with different degrees of damage by L. dispar larvae (Figs. 1 a, 2 a,c and 4 for the
correlations of given traits with the degree of damage). Data were fitted by non-
linear regressions.



L. Copolovici et al. / Environmental and Experimental Botany 138 (2017) 184–192 189
chlorophylls, r = 0.83, P < 0.01 for GLV; r = 0.89, P < 0.01 for MeSA;
r = 0.87, P < 0.01 for DMNT, for linear regression used). Constitutive
isoprene emissions were negatively correlated with induced
emissions (r = 0.97, P < 0.001 for total monoterpenes; r = 0.88,
P < 0.01 for GLV; r = 0.93, P < 0.01 for MeSA; r = 0.91, P < 0.01 for
DMNT).

4. Discussion

4.1. Changes in photosynthetic function in leaves infected by large
larvae

Plant photosynthetic responses to biotic stresses such as
herbivory can range from stimulating effects, no effect or even
significant impairment (Attaran et al., 2014; Gog et al., 2005;
Nabity et al., 2009, 2013; Roslin et al., 2006; Zhou et al., 2015).
Especially, colonization by solitary small herbivores can lead to
compensatory enhancement of photosynthesis in remaining leaf
parts (Copolovici et al., 2014a, 2011; Delaney et al., 2008). In
Quercus robur in our study, we observed a drastic, disproportionate
reduction in net assimilation rate (Fig. 1a), consistent with the
hypothesis that herbivory by large larvae capable of biting through
and consumption of also major veins can seriously impair
photosynthesis. Yet, stomatal conductance was surprisingly little
affected, seemingly inconsistent with this hypothesis (Fig. 1b).
However, the low change in calculated stomatal conductance
might be an artifact due to evaporation of water from free water
surfaces generated upon herbivory, as well as due to transient
increases in stomatal conductance upon relaxation of epidermal
tension due to damage and concomitant opening of stomata (so-
called Ivanov’s effect, Moldau et al., 1993).

On the other hand, longer-term reductions in photosynthesis in
herbivore-fed leaves have also been associated with impaired
electron transport rate (Nabity et al., 2013). In our study, the
chlorophyll content decreased with leaf damage severity (Fig. 4).
Such a reduction has been observed in some studies looking at
diffuse massive leaf infection, e.g. mustard (Brassica juncea) leaf
infection by phloem-sucking mustard aphid (Lipaphis erysimi)
(Rehman et al. (2014) and tomato (Solanum lycopersicum) infection
by cotton mealybug (Phenacoccus solenopsis) (Huang et al. (2013)),
but not necessarily upon infection by tissue-removing herbivores.
However, damage of major veins and concomitant reduction in
water availability of isolated mesophyll areas can well lead to the
start of senescence processes (Munné-Bosch, 2007, 2008). Given
the reduction of leaf pigment content (Fig. 4), changes character-
istic to programmed cell death such as inhibition of photosynthetic
electron transport and reductions in the amount or activity of
photosynthetic rate-limiting enzymes were also likely responsible
for reduction in net-assimilation rate in larval-eaten leaves.

In contrast, b-carotene content was weakly affected by larval
feeding (Fig. 4). Differently from chlorophylls, b-carotene primari-
ly functions as antioxidant and its sustained level might serve
protective function. Although carotenoids can be destroyed under
severe abiotic stress conditions (Ashraf and Harris, 2013),
carotenoids are maintained longer than leaf chlorophylls in leaf
tissues though senescence Niinemets et al., 2012).

4.2. Modification of constitutive isoprene emissions by herbivory

Concomitant reductions of net assimilation rates and constitu-
tive isoprene emissions as observed in herbivore-fed leaves in our
study (Fig. 1b) have been reported in several other herbivory
studies (Laothawornkitkul et al., 2008; Loivamaeki et al., 2008;
Loreto et al., 2014) as well as in fungal-infected leaves (Copolovici
et al., 2014b; Jiang et al., 2016). Such a simultaneous reduction
might indicate that limited plastidic carbon availability or delayed
activation of alternative carbon sources can have resulted in the
reduction of the pool size of the immediate isoprene precursor,
dimethylallyl diphosphate (DMADP) in chloroplasts (Rasulov et al.,
2011, 2009), thereby reducing the emission rate. In addition,
simultaneous reduction of isoprene synthase activity and isoprene
emission can indicate overall decreases in foliage primary
metabolism and constitutive isoprene synthesis in non-consumed
leaf areas. Such a reduction is supported by significant declines in
foliage chlorophyll contents in infected leaves (Fig. 4).

On the other hand, chloroplastic isoprene and monoterpene
syntheses rely on the same plastidic DMADP pool, but the in vivo
effective Michaelis-Menten constant for DMADP (Km) is much
smaller for monoterpenes than for isoprene (Rasulov et al., 2014).
Lower Km for monoterpene synthesis implies that the competition
for DMADP is one-sided, and thus, elicitation of monoterpene
synthesis upon herbivory feeding, can also partly explain the
decline in isoprene emission rates (Fig. 5b).

4.3. Induction of green leaf volatile emissions in larval-eaten leaves

As a result of an attack by insects, specific elicitor molecules are
generated by chemical or physical damage to plant membranes
(Heil, 2014). Our study demonstrated elicitation of all key stress-
induced volatile compound classes, green leaf volatiles (GLV),
mono- and sesquiterpenes, homoterpenes and methyl salicylate in
herbivory-infected leaves (Table 1). GLV are synthesized in a
process where free octadecanoid fatty acids (linoleic acid = 18:2
and linolenic acid = 18:3) are released from plant membranes by
phospholipases. Upon release of these free fatty acids, lip-
oxygenases (LOX) then produce 9- or 13-hydroperoxylinoleic or
–linolenic acid or a mixture of both (Matsui, 2006). A hydroperox-
ide lyase further catalyzes the breakdown of 13-hydroperoxylinole
(n)ic acid to a C6-compound, (Z)-3-hexenal, and a C12-product (12-
oxo-(Z)-9-dodecenoic acid). (Z)-3-Hexenal can further give rise to
(Z)-3-hexenol, (E)-2-hexenol, (E)-3-hexenol or (E)-2-hexenal in
consequent reactions (Feussner and Wasternack, 2002; Matsui,
2006). The emission of green leaf volatiles is a reliable marker of
oxidative stress and membrane-level damage (Porta and Rocha-
Sosa, 2002). GLV are rapidly released upon herbivory feeding due
to constitutive activity of LOX, and their almost immediate release
has been typically associated with mechanical damage upon
wounding (Matsui et al., 2012; Portillo-Estrada et al., 2015; Scala
et al., 2013). In our study, we observed a strong correlation
between the emissions of green leaf volatiles and the percentage of
leaf area damaged (Fig. 2b). Similarly to our study, increases in the
emission of GLV with the degree of herbivore feeding were also
observed in experiments with Caberia pusaria feeding on grey alder
(Alnus incana) (Copolovici et al., 2011) and in experiments with
Epirrita autumnata feeding on hybrid aspen (Populus tremula x P.
tremuloides) (Schaub et al., 2010). Given that in these studies and in
our study, the degree of damage quantified as the percentage of
leaf area removed includes both fresh and somewhat older
damage, the question is how such a correlation can occur if GLV
release is exclusively associated with immediate damage. Howev-
er, conversion of (Z)-3-hexenal to more reduced and less toxic
volatiles can also occur in non-impacted leaf areas (Matsui et al.,
2012), and GLV release can continue for a certain period of time
after the immediate biotic impact (Copolovici et al., 2011; Jiang
et al., 2016). Thus, scaling of GLV emissions with the degree of
damage (Fig. 2b) might be explained by the sustained GLV release
from non-impacted leaf areas.

There is evidence that GLV release is higher upon damage of
veins than upon damage of intercostal tissues (Portillo-Estrada
et al., 2015). Interestingly, the increase of GLV release with the
degree of damage in leaves with minor to moderate damage of 5–
20% was much less than in leaves with moderate to extensive
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damage of 20–50% (Fig. 2b). Such a difference might reflect the
circumstance that in leaves with 5–20% damage, there was limited
big vein severance by herbivores, while herbivores also bit through
major veins in leaves with extensive damage. This result is in a
marked contrast with the linear relationship of GLV release vs. leaf
area damage in the study with small herbivores Caberia pusaria
(Copolovici et al., 2011) and Monsoma pulveratum (Copolovici et al.,
2014a) that are incapable of biting through major veins.

4.4. Elicitation of emissions of terpenoids and MeSA

As a widespread consensus, isoprene and monoterpenes are
thought to be synthesized via 2-C-methyl-D-erythritol 4-phos-
phate (MEP) pathway in plastids (Copolovici et al., 2014a; Fineschi
et al., 2013; Vranova et al., 2012) and sesquiterpenes via
mevalonate (MVA) pathway in cytosol (Lombard and Moreira,
2011), although there is recent evidence of possible monoterpene
synthesis in cytosol depending on substrate availability (Pazouki
and Niinemets, 2016). DMNT is synthesized from the sesquiter-
pene (E)-nerolidol likely in the cytosol (Baldwin et al., 2006; Tholl
et al., 2011). Although present in different cellular compartments,
both isoprenoid synthesis pathways are upregulated upon
herbivory stress and several terpene synthase genes involved
have already been identified (Arimura et al., 2000a, 2000b;
Baldwin et al., 2006; Loreto et al., 2014). Thus, elicitation of
emissions of mono-, sesqui-, and homoterpenes has been found in
different deciduous trees under herbivore stress (Stam et al., 2014;
Zhu et al., 2014 for reviews). The interplay between different
terpene synthase pathways is still somewhat unclear, especially
given that different compounds serve different ecological func-
tions. In Q. robur infected by the moth Tortrix viridana, Giraldo et al.
(2012) demonstrated that the larvae were attracted to the plants
releasing higher amounts of homoterpene DMNT and monoter-
pene (E)-b-ocimene, while sesquiterpenes a-farnesene and
germacrene D acted as a repellent.

We observed that the monoterpene emission rate increased
with increasing leaf damage (Fig. 2c), indicating that the activity of
monoterpene synthases increased upon herbivore feeding. In
addition, as discussed above, monoterpene synthesis could have
been further favored by greater competitive capacity for chloro-
plastic DMADP compared with isoprene synthesis (Fig. 5b) and
inhibition of pigment synthesis as evident in the reduction in leaf
pigment content (Fig. 5c). Scaling of mono- and sesquiterpene
emissions with the degree of damage has been observed in several
experiments looking at lepidopteran larval feeding effects on
volatile release (for example Copolovici et al., 2014a, 2011). As we
hypothesized, there was evidence of leveling off of monoterpene
and DMNT vs. damage severity relationships at higher severity of
damage (Figs. 2 c, 3). In fact, the ratios of monoterpene to GLV
emissions and DMNT to GLV emissions decreased with increasing
the degree of damage, indicating that the induction response was
relatively less prominent in more severely damaged leaves
compared with the immediate stress response (or with the rapidly
induced stress response). This is different from infection by small
larvae (Copolovici et al., 2014a, 2011) or from infection by slowly
developing biotic stresses such as fungal infections (Copolovici
et al., 2014b; Jiang et al., 2016), where GLV and monoterpene and
GLV emissions are almost proportional.

The emission of shikimate pathway derived compound, methyl
salicylate (MeSA), is typically observed for sap-sucking herbivores
such as aphids or whiteflies (Li et al., 2006; Zarate et al., 2007) and
is not usually considered as part of chewing herbivore response.
However, as in our study, several previous studies have demon-
strated the release of methyl salicylate upon chewing herbivore
attacks (Cardoza et al., 2002; Dicke et al., 1999), indicating a
complex interplay between jasmonate- and salicylate-dependent
signalling pathways upon herbivore infestations.

5. Conclusions

The results of the current study highlight a major negative
scaling of foliage photosynthetic rates and constitutive isoprene
emissions, and concomitant increase in induced volatile emissions
upon feeding by large herbivore larvae (Fig. 1,2,5). While the
damage-dependent increase of green leaf volatiles was dispropor-
tionately greater in leaves with extensive degree of damage than in
moderately damaged leaves (Fig. 2b), emission rates of terpenoids
leveled off at higher degrees of leaf damage (Fig. 2c). This suggests
that faster and more severe damage, especially major vein
severance by large herbivores can much more strongly influence
foliage physiological activity than feeding by smaller herbivores.
These contrasting herbivore responses need consideration in
modeling herbivore elicited emissions in large-scale biosphere-
atmosphere models.
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2-(2-(2,6-dichlorophenylamino)phenyl)acetic acid
(Diclofenac) (scheme 1) is one of the most popular non-
steroidal anti-inflammatory drugs along with ibuprofen,
aspirin, acetaminophen, ketoprofen, naproxen [1], and
subject of a lot of studies  [2-5].

Diclofenac Influence on Photosynthetic Parameters and Volatile
Organic Compounds Emission from Phaseolus vulgaris L. Plants

LUCIAN COPOLOVICI1, DANIELA TIMIS1, MONICA TASCHINA1, DANA COPOLOVICI1*, GABRIELA CIOCA2*, SIMONA BUNGAU3
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treatment plants [7]. The medium concentration in
German rivers for examples has been determined at 0.15
µg/L but concentration of 1.2µg/L has been determined
[29]. It has been demonstrated that living organisms could
be affected by pharmaceutical contamination [30] but they
could be used as phyto-indicators [31]. Diclofenac has also
been shown to induce cytological changes in rainbow and
brown trout tissues after 21 days of exposure at 50 µg/L
diclofenac [32]. Furthermore, mussels could accumulate
diclofenac from the water if they are exposed even at small
concentrations [33]. The number of the studies regarding
the diclofenac effects on the plants is very low. It has been
demonstrated that diclofenac reduces the seedlings growth
and determined the increasing of enzymatic activity in
three leguminous plants (lupin, pea, lentil) [34] but this
compound has less phytotoxic effect than different
antibiotics. Biochemical processes of duckweed plants
have been affected even at a very low concentration (10
µg/L) of diclofenac [35].

In the present study we observed the influence of
diclofenac on bean (Phaseolus vulgaris L.) as a model plant.
Consequently, we determined the photosynthetic
parameters, the emission of volatile organic compounds
and concentration of pigments of bean in the presence of
diverse concentrations of diclofenac.

Experimental part
Materials and methods

All commercial chemicals and solvents are reagent
grade and were used without further purification. Acetone
was purchased from Merck-Schuchardt, Germany.

Bean plants (Phaseolus vulgaris L.) var. Ecaterina,
Agrosel, Campia Turzii, Romania, were seeded in 3 L pots
and grown for 3 weeks under artificial light at a rate of 300
µmol m-2 s-1. The light / dark period was 12-12 h and
temperature was 25°C. The plants were watered every

It is used to reduce pain, fever and inflammation, being
sold without prescription in many countries worldwide [6].

In general, annual pharmaceuticals consumption could
arrive at an average of 150 g per capita in many
industrialized countries [7]. Diclofenac is prescribed as oral
tablets, topical gel, or suppositories, being sold under
different trade names. The total consumption of diclofenac
is almost impossible to be determined, but Intercontinental
Marketing Services (IMS) health data have been estimated
that around 940 tons of diclofenac is consumed in one
year. Even more, the total sale of diclofenac in 2011 has
been around 1.5 billion dollars [8]. According to IMS health
data around 1500 tons of diclofenac is consumed globally
only for human medicine [9]. In Europe, the most usage of
diclofenac has been reported in Germany with around 86
tons in 2001 [10], while in England the total consumption
has been 26.13 tons per year [11].

Medicines are polluting the environment  [12-15], mainly
water sources  [16-22] and soil  [23-28], and affect the
plants growth and development. Studies regarding the
medicines concentrations that reach into the soil and their
impact on plants is scary. The main sources of diclofenac
pollution are the human and veterinary routes from which
diclofenac ends up in landfills or in the wastewater

Scheme 1. Structure of Diclofenac
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second days. Four different diclofenac solution were used
for plant treatment: 0.1 g/L, 0.2 g/L, 0.3 g/L and 0.4 g/L.

A portable gas exchange system GFS-3000 (Waltz,
Effeltrich, Germany) has been used for photosynthesis
measurement at following parameters: .air flow into the
cuvette - 750µmol/s, CO2  -  385 ppm,  PARtop  1000  mol
m-2 s-1, relative humidity 65%, leafs temperature 25oC.

A part of the flow from the gas exchange system cuvette
has been deviated via a T tube and sampled in a tube filled
with adsorbent as described in [36].

Tubes were desorbed using a TD 20 thermodesorber
(Shimadzu, Japan) and injected in a gas chromatograph
coupled with mass spectrometer (Shimatzu 2010 plus,
GCMSTQ8040, Japan). The carrier gas was helium and a
capillary column (1 Accent MS column OPTIMA Germany)
(50 m × 0.2 mm, film thickness 0.33 µm) has been used
for separation of the compounds. The program used to
separate the volatile compounds is: 40 °C for 1 min-1, 9°C
min -1 at 120°C, 2 °C min -1 at 190°C, 20°C min -1 at 240°C,
240°C for 5 min.

The mass spectrometer was operated in electron-
impact mode (EI) at 70 eV, in the scan range m/z 48–400,
the transfer line temperature was set at 250 °C and ion-
source temperature at 200 °C. The compounds have been
identified using their mass spectra by comparison with
the mass spectra from database (NIST 14.0).

For the pigments analysis we used the same method as
described in [37].

Results and discussions
The influence of diclofenac on photosynthetic parameters

Net assimilation rates and stomatal conductance to
water vapors are significant different relative to control for
plants treated even with 0.1 g/L diclofenac. For both
parameters a linear decrease has been observed (fig. 1).

Such behavior of assimilation rate and stomatal
conductance indicated that the potential of photosynthetic
activity of the plants decreased in all treatments compared
to control. Kummerova et al. have been shown the same
behavior in Lemna minor plants treated with 0.1 mg
diclofenac [35]. They have been demonstrated that values
of non-photochemical quenching (NPQ) are increasing
until more than 60 % relative to control for plants treated
with diclofenac. Such behavior indicates an excess-radiant
energy dissipation to heat in photosynthetic system II (PSII)
antenna complexes during light-adapted state.

Volatile organic compounds emission
Emission rates of lipoxygenase pathway volatiles

(named green leaf volatiles) and monoterpenes were
analyzed in order to show the effects of diclofenac on bean
plants. The green leaf volatiles are emitted by plants in
case of different abiotic or biotic stresses (see for review
[38]). Phaseolus vulgaris L. leaves emitted (Z)-3-hexenol
(scheme 2) as a response of diclofenac stress. Even more,
the emission rates are scaling up with diclofenac
concentrations as this compound could be used as stress
marker. Our results are in good correlation with other
published papers which have been shown that different
C6 aldehydes emission from tomato leaves scale increase
with stress temperatures [39].

Fig. 1. Changes in net assimilation rate and, stomatal conductance
to water vapor per unit projected leaf area in Phaseolus vulgaris L.

cv. Ecaterina plants treated with diclofenac

Fig. 2. Emissions of
(Z)-3-hexenol from

Phaseolus vulgaris L.
cv. Ecaterina plants in

response to
diclofenac treatments

The emission of 3 different monoterpenes (α-pinene,
camphene and 3-carene) was found in case of diclofenac
stress. Phaseolus vulgaris L. is not a constitutive
monoterpene emitter under non-stressed conditions,
monoterpenes emission being typically induced in response
to abiotic or biotic stresses [40, 41].

The α-pinene and camphene (scheme 2) emissions
are statistically significant higher than control but there is

Scheme 2. Structures of volatile organic
compounds emitted in case of diclofenac

stress on Phaseolus vulgaris L.:
1) 3-hexenol, 2) α-pinene, 3) camphene,

and 4) 3-carene

Fig. 3. Emissions of monoterpenes from Phaseolus vulgaris L. cv.
Ecaterina plants in response to diclofenac treatments
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no statistical difference in the emission in case of all 4
treatments with diclofenac. In contrast, 3-carene emission
is increasing with diclofenac soil concentrations. The fact
could be explain by the disturbance in methylerythritol
phosphate pathway (MEP) in plastids due to diclofenac.

Changes in chlorophylls and β-carotene composition
The roles of the carotenoids are to protect against

oxidative damage and from photo inhibition but due to
oxidative severe stress conditions they could be rapidly
destroyed [42]. The chlorophyll a and b concentrations
decrease for plants leaves treated with diclofenac as can
be seen in figure 4.
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Fig. 4. Effects of treatments with diclofenac on the chlorophyll a
and b and β-carotene contents of Phaseolus vulgaris L. cv.

Ecaterina plants

It has been demonstrated that chlorophyll fluorescence
is not influenced by the very low concentration of diclofenac
(less than 0.1 mg/L) but for concentrations higher than 0.1
g/L both pigments concentration decreased, which means
that there are exhibited important effects on PSII.

The presence of diclofenac influences the β-carotene
content in the bean leaves. Even those carotenoids play an
important role in photo protection of photosynthetic
apparatus, in the presence of diclofenac their function is
not exhibited very clear.

In some of our previous studies we have shown the
same moderate effect on photosynthetic pigments of
antibiotics and textile days [37, 41, 43]

Conclusions
It has been shown that diclofenac could affect the plants

photosynthetic parameters and could influence the
metabolic pathways. Green leaf volatiles are scaling up
with the diclofenac concentration and could be used as a
stress signals.

The results attained in the study help us to better
estimate the influence of medicines on plants.
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Abstract 

This study investigated the influence of paracetamol as a pollutant from wastewater on the beans plant (Phaseolus vulgaris L.). 
We used a portable gas exchange system to determine the photosynthetic parameters, gas chromatography-mass spectrometry 
(GC-MS) technique to determine the volatile organic compounds (VOC) produced by plants, and ultra-high performance 
liquid chromatography (UHPLC) to analyse the plants pigments (chlorophylls and β-carotene). The plants were grown in pots 
and treated with diverse concentrations of paracetamol. The residual concentration of paracetamol from the environment can 
be detrimental to the growth and development of the plants. Paracetamol influences the photosynthetic parameters (net 
assimilation rate and stomatal conductance), the emission rate of (Z)-3-hexenol, the concentration of 3-carene (one out the 3 
monoterpenes identified in plant emission besides α-pinene and camphene), and β-carotene on Phaseolus vulgaris L. 
Chlorophyll was not influenced by paracetamol concentration. 
 
Rezumat 

Acest studiu a investigat influența paracetamolului ca poluant din ape reziduale asupra plantei Phaseolus vulgaris L. Am 
utilizat un sistem portabil de schimb de gaze pentru a determina parametrii de fotosinteză, tehnica de cromatografie de gaze-
spectrometrie de masă (GC-MS) pentru a determina compușii organici volatili (COV) ai plantelor și cromatografia de lichide 
de ultra înaltă performanță (UHPLC) pentru analiza pigmenților (clorofile și β-caroten). Plantele au fost crescute în ghivece și 
tratate cu soluții apoase cu diferite concentrații de paracetamol. Concentrația reziduală a paracetamolului din mediul 
înconjurător poate fi în detrimentul creșterii și dezvoltării plantelor. Paracetamolul influențează parametrii de fotosinteză 
(rata netă de asimilare și conductivitatea stomatală), rata de emisie a (Z)-3-hexenolului, concentrația 3-carenului și 
concentrația β-carotenului la Phaseolus vulgaris L. Clorofilele nu au fost influențate de concentrațiile de paracetamol. 
 
Keywords: acetaminophen (paracetamol), Phaseolus vulgaris L., photosynthetic parameters, volatile organic compounds, pigments 
 
Introduction 

Acetaminophen (paracetamol) is an antipyretic and 
analgesic medicine, mostly used for mild to moderate 
pain and to reduce the fever. Paracetamol is the most 
commonly prescribed drug for patients in case of 
moderate fever [2, 21] and the first choice analgesic 
including oral diseases [8, 13]. Due to the fact that 
paracetamol is one of the most recommended over-
the-counter (OTC) drug, its market was valued at 
around 801.3 million USD in 2014 and is expected 
to reach 999.4 million USD in 2020 [33]. It has been 
shown in a report that in the U.S. 36.5% of the inter-
viewed population had used paracetamol in two 
weeks [3], while in Germany 5.2% of a consulted 
population used it in 7 days [31]. In Sweden, one 
study reported that more than 70% of the population 
had used paracetamol during three months [20]. In 
Romania, studies showed that self-medication 
administrated by 46.6% from the interviewed 

population used paracetamol during six months [5, 
32]. 
A great concern about the influence of different 
pharmaceutical products and also of their metabolites 
on the environment has been rising due the fact that 
different antidepressants, antibiotics, antihistamines, 
analgesics have been found in surface, ground, and 
drinking waters [6, 7, 12, 14, 15, 24, 27, 29]. The 
concentrations of paracetamol in River Doubs and 
the River Lounge have been found to be 273 and 
158 ng/L, respectively, being one of the most critical 
pollutant after sulfamethoxazole and ofloxacine 
[9]. Previous studies have found paracetamol at 
concentrations above 65 µg/L in the Tyne River, 
UK [30]. In a recent study there were observed 
concentrations of 12.42 µg/L paracetamol in the 
waste water treatment plants influents of several 
rivers from Romania [17]. The ecological influence 
of paracetamol has been demonstrated on bivalve as 
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Corbicula fluminea, crustaceans (Daphnia magna) 
or fish (Oncorhynchus mykiss and Anguilla anguilla) 
[16]. Paracetamol induced oxidative stress in the 
amphipod species of Hyalella Azteca [18]. The 
published studies related to the influence of paracetamol 
on plants are scarce. Anyway, the inhibition of Triticum 
aestivum seedlings growth and changes in photo-
synthetic pigments in the presence of paracetamol 
has been demonstrated [1]. The researchers have 
shown that chlorophyll synthesis in wheat leaves 
has been inhibited by an exposure of 14 days at 
2.8 mg/L paracetamol. Soluble protein peroxidase 
and superoxide dismutase in wheat seedlings have 
been affected only by exposure to a very high 
concentration of paracetamol. In another study, the 
total polyphenols content has been increased for 
Lemna minor plants treated with very low paracetamol 
concentration (0.1 mg/L) [23], the polyphenols as 
well as other active substances content of different 
plants varying obviously depending on a number of 
other factors [4, 28]. In the present study we examined 
the influence of paracetamol on bean (Phaseolus 
vulgarisL.) as a model plant. 
 
Materials and Methods 

All commercial chemicals and solvents were of 
reagent grade and were used without further 
purification. Acetone and paracetamol were purchased 
from Merck, Germany. 
Plant material 
Bean plants (Phaseolus vulgaris L.) var. Odir, GBBR, 
Bekescsaba Hungary were seeded in 3 L pots and 
grown for 3 weeks under artificial light at a rate of 
300 µmol/m2·s. The light/dark period was 12/12 
hours. The temperature was 25°C. The plants were 
watered every two days. Four different paracetamol 
aqueous solutions were used for plant treatment: 1 
g/L, 2 g/L, 3 g/L and 4 g/L. 
Photosynthestic parameters determination 
Photosynthesis measurements were conducted with 
a portable gas exchange system GFS-3000 (Waltz, 
Effeltrich, Germany). The system has an environmental-
controlled cuvette with 8 cm2 window area. Each 
time, a leaf fully filling the cuvette area was enclosed. 
The following measurement parameters that have been 
set were kept constant during the measurements as 
follows: air flow into the cuvette: 750 µmol/s, CO2: 
385 ppm, PARtop 1000 µmol/m2·s, relative 
humidity 65%, cell temperature 25°C. The bean 
leaves were stabilized under the standard conditions 
until stomata opened and steady-state CO2 and 
water vapour exchange rates were reached. 
Volatile organic compounds (VOC) sampling and 
GC–MS analysis 
VOC sampling was performed on adsorbent cartridges 
via the outlets of each cuvette, using steel tube with 
size ¼ filled with adsorbent [22]. A part of the flow 

from the cuvettes has been deviated via a T tube 
and sampled in the tube.  
The air flow rate was 200 mL/min and the adsorption 
time was 20 minutes for each sample. The carbotrap 
tubes were initially conditioned with helium for 60 
minutes to remove possible contaminants. After 
sampling, the tubes were stored at -24°C until analysis. 
Tubes were desorbed using a TD 20 thermodesorber 
(Shimadzu, Japan). A gas chromatograph coupled 
with mass spectrometer (Shimadzu 2010 plus, 
GCMSTQ8040, Shimadzu, Japan) was used for 
determination. The carrier gas was helium. VOCs 
were separated using a capillary column (1 Accent 
MS column OPTIMA, Germany) (50 m × 0.2 mm, 
film thickness 0.33 µm). The program used to separate 
the volatile compounds was: 40°C for 1 min, 9°C/min 
at 120°C, 2°C/min at 190°C, 20°C/min at 240°C, 
240°C for 5 min. The mass spectrometer was operated 
in electron-impact mode (EI) at 70 eV, in the scan 
range m/z 48 - 400, the transfer line temperature 
was set at 250°C and ion-source temperature at 
200°C. For the identification of the compounds in 
the samples, standard solutions and the mass spectra 
from NIST 14.0 database were used. 
Pigments analysis 
Bean leaf samples of 4 cm2 were frozen in liquid 
nitrogen. The pigments were extracted in ice-cold 
acetone (100%) in the presence of calcium carbonate. 
Then the extract was centrifuged with a Hettich 
380R Universal centrifuge (Hettich GmbH, Germany) 
at 0°C and 9500 g for 3 minutes. The supernatant 
was removed and the extraction was repeated till 
the supernatant became colourless. The pooled 
supernatant was reduced to 1 mL volume and filtered 
through a 0.45 mm PTFE membrane filter (PALL, 
USA). The UHPLC (NEXERA8030, Shimadzu, Japan) 
was calibrated using: chlorophyll a, chlorophyll b, and 
β-carotene. The extracts were analysed for these 
pigments by using a NUCLEOSIL 100-3 C18 
reversed-phase column (Macherey-Nagel AG, Germany) 
and the method described in literature by Opriș et 
al. [26]. 
Statistics 
All experiments were performed in triplicates with 
independent samples of plants. The means were 
statistically compared with ANOVA and then post 
hoc Tukey’s test was applied using ORIGIN8 (Origin 
Lab Corp., Northampton, MA, USA). All statistical 
tests were considered significant at p ˂ 0.05. 
 
Results and Discussion 

The influence of paracetamol on photosynthetic 
parameters 
Net assimilation rates and stomatal conductance to 
water vapours were not significant different relative 
to control for plants treated with 1 g/L paracetamol. 
Assimilation rate decreased with more than 20% in 



FARMACIA, 2017, Vol. 65, 5 

 711 

case of the plants treated with 2 g/L paracetamol. 
The same trend has been observed for stomatal 
conductance to water vapour, but in this case there 

were no significant differences between plants treated 
with higher concentration than 2 g/L paracetamol 
(Figure 1). 

 

 
Figure 1. 

Changes in net assimilation rate and stomatal conductance to water vapour per unit projected leaf area in 
Phaseolus vulgaris L. cv. Odir plants treated with paracetamol 

 
Such behaviour of assimilation rate and stomatal 
conductance indicates that the potential photosynthetic 
activity of the plant decreased in all treatments 
compared to control. Our results are consistent with 
literature [23] which has shown a decrease in the 
ratio of chlorophyll fluorescence for plants treated 
with paracetamol. 
Volatile organic compounds emission 
To gain further into the effects of paracetamol on 
plants, emission rates of green leaf volatiles (known as 
lipoxygenase pathway products) and monoterpenes 
were analysed. The green leaf volatile compound 
emitted by Phaseolus vulgaris L. leaves identified 
in the samples was (Z)-3-hexenol (Figure 2). As well, 
three monoterpenes: α-pinene, camphene and 3-
carene (Figure 2) were also found in the emission. 

 

 
Figure 2. 

Chemical structures of the three monoterpenes 
found: 3-hexenol (a), α-pinene (b), camphene (c), 

and 3-carene (d) 
  
Anyway, the concentrations of all emitted compounds 
were very low in the control plants. The stressed 
plants with low paracetamol concentrations exhibited 
a very low emission (Figure 3), while the high 
concentration of paracetamol induced quite high 
concentration emission of green leaf volatile. 
However, the emission rate for this lipoxygenase 
pathway product increased linearly with the 
concentration of the stress. 
Bean is not a constitutive monoterpene emitter under 
non-stressed conditions. Furthermore, monoterpenes 
are typically induced in response to abiotic or biotic 
stresses [10, 11, 12]. 

 

 
Figure 3. 

Emissions of (Z)-3-hexenol from Phaseolus 
vulgaris L. cv. Odir plants in response to 

paracetamol treatments 
 

 
Figure 4. 

Emissions of monoterpenes from Phaseolus 
vulgaris L. cv. Odir plants in response to 

paracetamol treatments 
 
In the present study, very low emissions of three 
monoterpenes have been found: α-pinene, camphene 
and 3-carene (Figure 4). From them, only in the 
case of 3-carene there were different emissions for 

0 1 2 3 4
0

1

2

3

4

5

6

cbc
b

a

	

	

N
et
	a
ss

im
ila

tio
n	
ra
te

(µ
m
ol
	m

-2
	s

-1
)

P a racetamol	concentra tion	(g /L )

a

0 1 2 3 4
0

20

40

60

80

bb
ab

ab

	

	

S
to
m
at
al
	c
on

du
ct
an

ce
	

to
	w

at
er
	v
ap

ou
r

(m
m
ol
	m

-2
	s

-1
)

P a racetamol	concentra tion	(g /L )

a

 

(a)
OH

H3C

 (b)   (c)   (d)   

	

0 1 2 3 4
0.00

0.01

0.02

0.03

0.04

0.05
	

	

(Z
)-
3-
he

xe
no

l	e
m
is
si
on

	r
at
e

(n
m
ol
	m

-2
	s

-1
)

P a racetamol	concentra tion	(g /L )

r	= 	0.946

	

0 1 2 3 4
0.000

0.005

0.010

0.015

0.020

0.025
	

	

E
m
is
si
on

	r
at
e

(n
m
ol
	m

-2
	s

-1
)

P a racetamol	concentra tion	(g /L )

	a lpha -pinene
	camphene
	3-ca rene



FARMACIA, 2017, Vol. 65, 5 

 712 

increasing stress concentrations. For α-pinene and 
camphene the pathway flux going to monoterpene 
synthesis was not disturbed. 
Changes in chlorophylls and β-carotene composition 
Carotenoids can be rapidly destroyed by oxidative 
severe stress conditions therefore are no longer 
available to protect against oxidative damage and 
from photoinhibition [25]. In our study, paracetamol 
did not influence significantly the chlorophyll 
concentrations (Figure 5). 

 

 
Figure 5. 

Effects of treatments with paracetamol on the 
chlorophyll a and b contents of Phaseolus vulgaris 

L. cv. Odir plants 
  
The β-carotene content in the bean leaves was 
significantly influenced by the concentration of 
paracetamol (p < 0.05) (Figure 6). We observed a 
decreased quantity of β-carotene with more than 
20% in the case of plants treated with 2 g/L 
paracetamol and significant decreases at higher 
concentration of paracetamol (p < 0.05). 
  

 
Figure 6. 

Changes in β-carotene content in Phaseolus 
vulgaris L. cv. Odir plants in response to treatments 

with paracetamol 
 

The same effect on photosynthetic pigments of 
antibiotics and textile dyes has been found in 
previous studies [10, 26]. 

The present study revealed the influence of low 
concentrations of paracetamol on growth and 
development of bean plant that is an important food 
product. Nowadays, there are scarce information 
about the influence of long-term exposure of small 
concentrations of pharmaceuticals on both plant 
and human health and development. There is an 
actual need for studies that approach the long-term 
effects of low doses of medicines and their 
degradation products (from the environment and 
food products exposed to them) on human health. A 
more challenging study will include the behaviour 
of mixtures of medicines and also the interactions 
of mixtures of drugs with other pollutants from the 
environment on human health. 
 
Conclusions 

Paracetamol is influencing the growth and development 
of bean plant (Phaseolus vulgaris L.). Our data 
have shown that photosynthetic parameters, such as 
net assimilation rate and stomatal conductance, 
decreased when higher concentrations than 2 g/L of 
paracetamol were used. We have also determined that 
the emission of green leaf volatile scale strengthens 
with the stress (paracetamol concentration), while 
monoterpenes emission is not affected by paracetamol. 
Even more, β-carotene concentrations decrease with 
the drug concentrations. 
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a b s t r a c t

Diterpenoids constitute an important part of oleoresin in conifer needles, but the environmental and
genetic controls on diterpenoid composition are poorly known. We studied the presence of diterpenoids
in four pine populations spanning an extensive range of nitrogen (N) availability. In most samples, iso-
abienol was the main diterpenoid. Additionally, low contents of (Z)-biformene, abietadiene isomers,
manoyl oxide isomers, labda-7,13,14-triene and labda-7,14-dien-13-ol were quantified in pine needles.
According to the occurrence and content of diterpenoids it was possible to distinguish ‘non diterpenoid
pines’, ‘high isoabienol pines’, ‘manoyl oxide e isoabienol pines’ and ‘other diterpenoid pines’. ‘Non
diterpenoid pines’, ‘high isoabienol pines’ and ‘other diterpenoid pines’ were characteristic to the dry
forest, yet the majority of pines (>80%) of the bog Laeva represented ‘high isoabienol pines’. ‘Manoyl
oxide e isoabienol pines’ were present only in the wet sites. Additionally, orthogonal partial least-
squares analysis showed, that in the bogs foliar nitrogen content per dry mass (NM) correlated to
diterpenoids. Significant correlations existed between abietadienes, isoabienol and foliar NM in ‘manoyl
oxide e isoabienol pines’, and chemotypic variation was also associated by population genetic distance
estimated by nuclear microsatellite markers. Previously, the presence of low and high D-3-carene pines
has been demonstrated, but the results of the current study indicate that also diterpenoids form an
independent axis of chemotypic differentiation. Further studies are needed to understand whether the
enhanced abundance of diterpenoids in wetter sites reflects a phenotypic or genotypic response.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Conifer trees, including the extremely wide-spread Scots pine
naste), lauri.laanisto@emu.ee
), lucian.copolovici@emu.ee
uhorut�senko), mazeemfsd@
), akbk@kth.se (A.-K. Borg-
(Pinus sylvestris L.), have characteristically high longevity, which is
associated with multiple traits, in particular, with presence of
oleoresin in their woody tissues and leaves (Lewinsohn et al.,
1991a,b). Oleoresin is contained in the resin ducts and it protects
trees against a wide range of herbivores, fungal and bacterial
pathogens, providing a very successful broad-spectrum defense
system (Croteau et al., 1987; Lewinsohn et al., 1991a,b; Phillips and
Croteau,1999). The biosynthetic pathways of oleoresin constituents
have been widely investigated (Bohlmann and Keeling, 2008;
Keeling et al., 2010; Memari et al., 2013; Rosenkranz and
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Schnitzler, 2013). Oleoresin is composed of turpentine fraction
consisting of mono- and sesquiterpenoids and rosin fraction con-
sisting of diterpenoids and their derivatives, in particular diterpe-
noid acids (Phillips and Croteau, 1999). Oleoresin can effectively
seal the injuries resulting from direct mechanical stresses such as
wind damage, but also from browsing by large herbivores, from
insect feeding and pathogen damage (Phillips and Croteau, 1999;
Loreto et al., 2000).

Diterpenoids are toxic to microorganisms and arthropods, and
thus play an important role in plant defense (Bailey et al., 1974;
Ulubelen et al., 1994; Jasinski et al., 2001; Falara et al., 2010;
Koutsaviti et al., 2011; Chaturvedi et al., 2012). For example,
labdane-type diterpene (11E,13E)- labda-11,13-diene-8a,15-diol
named as WAF-1 contributes to the activation of pathogen- or
wound-induced reactions in tobacco leaves (Seo et al., 2003).
Additionally, labdane-type diterpenoids (Fig. 1) participate in the
biosynthesis of diterpenoid acids, also called resin acids (Phillips
and Croteau, 1999; Lee et al., 2001; Keeling and Bohlmann, 2006),
composition of which is significantly modified by biotic stress
(Kainulainen et al., 1993; Miller et al., 2005). Due to their toxicity,
resin acids inhibit mycelial growth of pathogenic fungi carried by
bark beetles (Kopper et al., 2005). In Sitka spruce (Picea sitchensis),
accumulation of dehydroabietic acid is associated with tree resis-
tance against white pine weevil (Pissodes strobe) (Robert et al.,
2010). Hence, obtaining detailed insight about the factors control-
ling the content and composition of diterpenoids in oleoresin will
help to understand the overall role of diterpenoids in induced de-
fense reactions in gymnosperms.

Pinus species are widely known for their extensive genetic
variance (Dering et al., 2017). For example, pines of D-3-carene, a-
pinene (Hiltunen et al., 1975; Sj€odin et al., 1996, 2000; B€ack et al.,
2012; K€annaste et al., 2013) and isoabienol chemotypes (Gref,
1981) are known. Moreover, the resin composition of pines is
strongly influenced by environmental factors (Hiltunen et al., 1975;
Taft et al., 2015), especially due to the variability in timing and
Fig. 1. Molecular structures of diterpenoids quantified in Pinus sylvestris L. needles.
severity of simultaneous abiotic stressors in different ecosystems
(Niinemets, 2010). Although the genetic variability within and
among pine populations has been studied to some extent (Pazouki
et al., 2016; Dering et al., 2017), our understanding of the associa-
tion between chemotypes and environment of pine populations is
still limited (K€annaste et al., 2013; Pazouki et al., 2016). Pinus spe-
cies including P. sylvestris can occupy highly varying habitats
including fertile well-drained mineral soils, excessively drained
sandy soils or infertile waterlogged peat soils. Given this high
plasticity in coping with habitat conditions, it is surprising that the
environmentally-driven variations in key stress-dependent
specialized metabolites have been poorly examined across pine
populations (Hornoy et al., 2015). Understanding such associations
is particularly relevant as long-term stress-induced changes at the
molecular level can lead to formation of novel pine chemotypes
(phenotypes with different chemical composition) (Jablonka,
2013). To our knowledge, chemotypic differences associated with
stress-dependent changes in diterpenoids have been only studied
in Norway spruce (Picea abies) clones exposed to ozone stress
(Kainulainen et al., 1995).

Although there are basic controls on specialized metabolism,
pathway fluxes to different terpenoid classes are often regulated
differently (Dudareva et al., 2004; Tholl, 2006; Chen et al., 2011).
This is particularly true for differences among cytosol-synthesized
sesquiterpenoids and plastid-synthesized mono- and diterpe-
noids, but even within plastids, mono- and diterpene biosynthesis
can be differently controlled by the availability of C10 substrate
geranyl diphosphate (GDP) and C20 substrate geranylgeranyl
diphosphate (GGDP) (Orlova et al., 2009; Rajabi Memari et al.,
2013). In our previous study, which was based on pines from
three wet sites and one dry site, we reported a large variation in
mono- and sesquiterpenoid signatures over short spatial distances
in P. sylvestris populations spanning wet organic soils and dry
mineral soils (K€annaste et al., 2013). Specifically, D-3-carene was
the main monoterpene effectively differentiating the populations
(K€annaste et al., 2013). To further differentiate among the
P. sylvestris chemotypes, we studied here the content and compo-
sition of diterpenoids in the same four populations dispersed over a
large gradient of soil conditions (K€annaste et al., 2013). We hy-
pothesized that in addition to D-3-carene, diterpenoids form an
additional axis of chemical differentiation for P. sylvestris pop-
ulations. Based on the nutrient-dependent variation in mono- and
sesquiterpenoid content across the sites (K€annaste et al., 2013), we
suggested that diterpenoid contents in pine needles scale nega-
tively with site N availability. In addition, given that the genetic
distance among the studied populations has been estimated on the
basis of microsatellite markers (Pazouki et al., 2016), we further
hypothesized that chemotype-level differentiation is associated
with genetic distance among the studied pine populations.

2. Results and discussion

2.1. Variations of diterpenoid contents and compositions

Diterpenoids were present in more than 90% of 218 analyzed
samples (Table 1). High isoabienol content was characteristic to the
majority of pine samples. Moreover, isoabienol contents were
similar in the bog samples, but foliage isoabienol content was
greater in dry forest samples than in bogs Laeva and Parika (Fig. 2).
Isoabienol has been previously found in the needles of Juniperus
communis (Adams et al., 2010) and in thewood of Cunninghamia ko
nishii (Cheng et al., 2012); but also in P. sylvestris samples from
Sweden and Finland (Gref, 1981; Manninen et al., 2002). In the
Finnish and Swedish samples, it was only found in a few cases (Gref,
1981; Manninen et al., 2002). Thus, widespread and high rate of

http://en.wikipedia.org/wiki/Cunninghamia_konishii
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Table 1
Distribution of non- and diterpenoid containing Pinus sylvestris L. samples across the sites.

Population Number of samples Non-diterpenoid pinesa

(%)
Diterpenoid containing pines (%)

‘Manoyl oxide - isoabienol pines’b

(%)
‘High isoabienol pines’b

(%)
‘Other diterpenoid pines’b

(%)

Laeva (L) 69 4 6 81 9
Parika (P) 47 2 26 53 19
Kakaerdaja (K) 70 7 17 61 15
M€anniku (M) 32 341 0 44 22

The first three sites are temperate raised bogs, while the M€anniku site is a dry pine forest on sandy soil.
a Samples were grouped according to the presence of diterpenoids to either `non-diterpenoid pines’ or ‘diterpenoid-containing pines’.
b According to the content of isoabienol and manoyl oxide pines grouped as follows: needle extracts of ‘manoyl oxide - isoabienol pines’ contained 8.9 ± 1.3 mg g�1 of

isoabienol; needle extracts of ‘high isoabienol pines’ contained 27.3 ± 2.1 mg g�1 of isoabienol; finally ‘other diterpenoid pines’ contained isoabienol at very low level of
0.068 ± 0.026 mg g�1 (average ± SE).

Fig. 2. Total contents of isoabienol and other diterpenoids (mg g�1, mean ± SE) in
P. sylvestris needles of Parika (P), Kakerdaja (K), Laeva (L) and M€anniku (M) populations
(Table 3 and Fig. S1 for the sites). Lowercase letters indicate significant differences
across the sites (P < .05 according to one-way ANOVA followed by a Tukey's test).
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this diterpenoid in Estonian samples was surprising.
Besides isoabienol, P. sylvestris foliage contained abietadiene,

abieta-8(14),13(15)-diene, (Z)-biformene, labda-7,14-dien-13-ol,
labda-7,13,14-triene, manool, manoyl oxide and 13-epi-manolyl
oxide (Fig. 1). The total content of these diterpenoids remained
below 1 mg g�1 (Fig. 2). Generally, diterpenoids are not routinely
analyzed together with mono- and sesquiterpenoids in conifer
studies. This is partly because of different extraction procedures
required for diterpenoids, and thus, diterpenes not normally pre-
sent in the essential oil fraction obtained by steam distillation
(Orme~no et al., 2011), and also because different GC-MS analysis
conditions required for diterpenes. We argue that future studies
should also include detailed analysis of all fractions of conifer
oleoresin.

Diterpenoids with similar molecular structures (Fig. 1) may be
biosynthesized via the common pathway. In addition to the total
contents of diterpenoids, it was possible to evaluate the total leaf
dry mass investment in diterpenoids biosynthesis (Table 2, Figs. 3
and 4). Correlation analyses (Table 2) demonstrated strong co-
variances between isoabienol and (Z)-biformene contents per dry
mass (r ¼ 0.81, P < .001), isoabienol and labda-7,14-dien-13-ol
(r ¼ 0.71, P < .001), (Z)-biformene and labda-7,14-dien-13-ol
(r ¼ 0.61, P < .001), abieta-8(14),13(15)-diene and labda-7,13,14-
triene (r ¼ 0.62, P < .01), labda-7,13,14-triene and manoyl oxide
(r ¼ 0.62, P < .01), and manool and 13-epi-manoyl oxide (r ¼ 0.81,
P < .05). The change from isoabienol synthesis to labda-7,14-dien-
13-ol or vice versa seems to be related to hydration/dehydration of
the respective diterpenoid (Fig. 1). In fact, biochemical hydration/
dehydration would also explain high correlation values between
isoabienol and (Z)-biformene (Table 2).

The coexistence of isoabienol and manoyl oxide revealed two
different positive correlations among these compounds (Fig. 3). The
first correlation (Fig. 3A) was characteristic only to ‘manoyl oxide e

isoabienol samples’ from thewet sites (r¼ 0.62, P < .001), while the
second correlation appeared within ‘high isoabienol samples’ from
both the wet sites and the dry forest (r ¼ 0.89, P < .001) (Fig. 3B,
pine chemotypes discussed below). Hence, manoyl oxide and iso-
abienol may be biosynthesized via different pathways. Cyclization/
decyclization would explain high correlation values between iso-
abienol and manoyl oxides. However, in the perfume industry,
ambreinolide, which has similar structure as manoyl oxide, is
synthesized via oxidation of isoabienol (Kukovinets et al., 2001).
Moreover, in a recent genetic engineering study, the diterpenoid
profile was shown to depend on the substrate. For example, the
combination of Z-abienol synthase NtABS from Nicotiana tabacum
(Sallaud et al., 2012) and copalyl diphosphate synthase from Salvia
fruticosa yielded (Z)-biformene, while the combination of NtABS
and 8-hydroxy copalyl diphosphate synthase from Cistus creticus
yielded ( Z)-abienol (Ignea et al., 2015). A recent review demon-
strates that the capacity for multi-substrate use is widespread
among species (Pazouki and Niinemets, 2016).
2.2. Separation of pines according to diterpene profiles

Isoabienol and manoyl oxide were the dominant diterpenoids,
which affected the grouping of pines into clusters. Hence, based on
the isoabienol and manoyl oxide contents per needle dry mass, the
‘diterpenoid containing pines’ were, in turn, classified into ‘manoyl
oxide e isoabienol pines’, ‘high isoabienol pines’ and ‘other diter-
penoid pines’ in PCA plots (Fig. 4A and B). Normalization of diter-
penoid contents per total diterpenes showed that the cluster of
‘other diterpenoid pines’ consisted of ‘abieta-8(14),13(15)-diene e

manoyl oxide pines’ (Fig. 5A) and ‘abietadiene pines’ (Fig. 5B).
‘Manoyl oxide e isoabienol pines’ contained on average 93% of
isoabienol and 6% of manoyl oxide (Fig. 5C), but among ‘high iso-
abienol pines’ it was again possible to distinguish two different
chemotypes (Fig. 5D and E). Both chemotypes were dominated by
isoabienol, and the content of manoyl oxide remained below 1%.
Nevertheless, the diterpenoid profiles of those chemotypes differed
considerably (Monte Carlo test, P < .05).
2.3. Diterpenoids profiles in relation to site

In our previous study (K€annaste et al., 2013) the distribution of
pine chemotypes according to the presence or absence D-3-carene



Table 2
Correlation coefficients between diterpenoids (mg g�1) in P. sylvestris samples.

Diterpenoids Diterpenoids

Abietadiene Abieta-8(14),13(15)-
diene

(Z)-
Biformene

Isoabienol Labda-7,14-dien-
13-ol

Labda-7,13,14-
triene

Manool Manoyl
oxide

13-epi-Manoyl
oxide

Abietadiene 1 0.43** 0.49** 0.47*** 0.40** 0.006 0.70 0.18 0.51***
Abieta-8(14),13(15)-

diene
1 0.50** 0.20 0.26 0.62** e 0.045 0.17

(Z)-Biformene 1 0.81*** 0.61*** �0.14 �0.12 0.33** 0.40**
Isoabienol 1 0.71*** 0.002 0.36 e 0.40***
Labda-7,14-dien-13-ol 1 0.18 0.36 0.12 0.33*
Labda-7,13,14-triene 1 0.54 0.62*** 0.20
Manool 1 �0.30 0.81*
Manoyl oxide 1 0.13
13-epi-Manoyl oxide 1

Level of significance at P-value of 0.05 (*), 0.01 (**) or 0.001 (***).

Fig. 3. Correlation between isoabienol and manoyl oxide expressed per unit dry mass
in P. sylvestris samples of ‘manoyl oxide - isoabienol pines’ and ‘high isoabienol pines’.
Correlation was significant at level of P < .001 (***).

Fig. 4. Loading-plot (A) and score-plot (B) of PCA analysis based on the diterpenoids
per dry mass (mg g�1) in the needles of P. sylvestris called ‘high isoabienol pines’
(yellow circle), ‘manoyl oxide e isoabienol pines’ (pink circle) and ‘other diterpenoid
pines’ (green circle) (see Table 1). In the score plot, each symbol represents one sample
of one tree of Parika (triangle symbols), Laeva (diamond symbols), Kakerdaja (circle
symbols) and M€anniku (red star symbols) sites. In the loading plot the quantified
amounts of diterpenoids (see Table 4) increase with the distance from the origin of the
coordinate system. In total nearly 100% of data variance was explained by the first and
the second principal components (PCA 1 97%, PCA 2 2.9%).
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was not related to the provenance of samples, although across the
bogs monoterpenoid profiles from Laeva samples differed consid-
erably from those fromKakerdaja and Parika (K€annaste et al., 2013).
In the present study, majority of bog samples contained high
amounts of isoabienol (Table 1, Fig. 5) and were classified either as
‘manoyl oxide e isoabienol pines’ or ‘high isoabienol pines’
(Table 1). Conifer resin composition is mainly controlled geneti-
cally, but it is also influenced by environmental factors (Hiltunen
et al., 1975; Holliday et al., 2010; Taft et al., 2015). Pazouki et al.
(2016) concluded that the high genetic variation in pines was
related to pollen dispersal in bogs. However, based on nuclear
microsatellite markers (nSSR markers), pines samples from dryer
and wetter areas of various bogs clustered differently (Pazouki et al.
(2016). Moreover, Mantel test based on nSSR markers (Pazouki
et al., 2016) and diterpenoid contents per dry mass (Mantel test
(r ¼ 0.49, P < .05, Fig. 6) showed that the distribution of pines'
samples across the sites (Table 1) could be related to the high
acclimatization ability of pines to local environment via epigenetic
factors (Bussotti et al., 2015). According to Baradat and Yazdani
(1988) and Taft et al. (2015) the impact of environmental factors
on terpenoids is selective. Hence, taking into account the age of
trees, site differences (see K€annaste et al., 2013), and the results of
earlier genetic studies (Baradat and Yazdani, 1988; Jablonka, 2013;
Hornoy et al., 2015; Taft et al., 2015; Pazouki et al., 2016), we
conclude that the genetic factors have been involved in pine
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chemotype diversification (Table 1, Fig. 5) by either suppressing or
upregulating the biosynthesis pathways of diterpenoids (Table 2,
Figs. 3e5).

In wet sites nitrogen (N) availability is one of the main stress
factors (Niinemets and Lukjanova, 2003; Portsmuth et al., 2005;
Niinemets, 2010; K€annaste et al., 2013). It is well known, that
limited N availability slows down the normal growth of plants
(Ingestad and K€ahr, 1985; Kainulainen et al., 2000), but N fertil-
ization increases the amount of resin cells and the content of resin
acids in the mature needles of P. sylvestris (Kainulainen et al., 1996).
When the relationships between foliar diterpenoids (mg g�1) and
NM (%) were evaluated (Orthogonal partial least-squares (OPLS)
algorithm, Fig. 7), the R2Y- and Q2Y-values (model fitting co-
efficients indicating it’s predictive performance) for each bog were
above 0.9 (Fig. 7). Additionally, the impact of NM on diterpenoid
content was tested with Pearson correlation. In ‘manoyl oxide e

isoabienol pines’ from Kakerdaja and Parika, NM correlated nega-
tively with the sum of abietadiene and abieta-8(14),13(15)-diene
(r ¼ �0.79, P < .01, n ¼ 11); and positively with isoabienol
(r ¼ 0.49, P < .05, n ¼ 13). In previous studies, NM correlated also
with foliar mono- and sesquiterpenoids (Kainulainen et al., 2000;
K€annaste et al., 2013). In addition, Laeva samples had the lowest
NM and the lowest content of other diterpenoids (Fig. 2), while the
dry forest samples contained the highest amount of isoabienol
(Fig. 2) and NM (K€annaste et al., 2013).

Finally, abietadienes, manoyl oxide and isoabienol may play
essential role in pine defense reaction (Figs. 2 and 5) and their co-
existence may be even synergistic (Fig. 2). For example, isoabienol
is an antimicrobial (Koutsaviti et al., 2011) and antifungal agent
(Cheng et al., 2012). In plant leaves infected by fungi, dehy-
droabietinal, which may originate from abietadiene (Keeling and
Bohlmann, 2006), activates a systemic acquired resistance mecha-
nism (Chaturvedi et al., 2012; Dempsey and Klessig, 2012). In co-
nifers, the quantity of abietic acid, which is biosynthesized from
abietadiene (LaFever et al., 1994; Phillips and Croteau, 1999), de-
termines the tree ability to overcome the mass-attack of mountain
bark beetles (Dendroctonus ponderosae) (Boone et al., 2013).

The induction of manoyl oxide may be partly related to the fact
that diterpenoid is the precursor of forskolin (Garcia-Granados
et al., 2007; Pateraki et al., 2014). The latter metabolite increases
the content of intracellular cyclic adenosine monophosphate
(cAMP), which in turn is known to be associated with a group of
root pathogen induced resistance genes involved in the defense
mechanism of Norway spruce (Jøhnk et al., 2005). In higher plants
cAMP controls Kþ-flow in the mesophyll protoplasts (Gehring,
2010). In flooded areas the ability of plants to keep Kþ-flow under
control is essential in order to survive (Wang et al., 2013).
2.4. Conclusion

Isoabienol dominated in the needles of P. sylvestris, although the
blends of diterpenoids varied strongly across pine chemotypes.
Similarly to mono- and sesquiterpenoids (K€annaste et al., 2013),
variations in diterpenoid profiles were related to foliar NM content.
Additionally, distribution of pine chemotypes across the sites re-
flected significant environmental plasticity. Taken together, based
on earlier studies (Baradat and Yazdani, 1988; Jablonka, 2013;
Fig. 5. Diterpenoid profiles (%, mean ± SE) in the needles of P. sylvestris of ‘abieta-8(14),
13(15)-diene e manoyl oxide type’ (A), ‘abietadiene type’ (B), ‘manoyl oxide e iso-
abienol type’ (C) and ‘high isoabienol type’ (D and E). On PCA plot ‘abieta-8(14),13(15)-
diene e manoyl oxide pines’ and ‘abietadiene pines’ formed a single cluster called
‘other diterpenoid pines’ (see Table 1 and Fig. 4A and B). The diterpenoid profiles of
‘high isoabienol pines’ (D and E) differed considerably (Monte Carlo permutation test,
p < .05).



Fig. 6. Relationship between genetic and chemical distances according to nSSR
markers and diterpenoids (mg g�1). Relationship was significant at P < .05 (*).

Fig. 7. OPLS model based on foliar diterpenoids (mg g�1) and nitrogen contents (%) of
P. sylvestris samples of bog Kakerdaja.

Table 4
Diterpenoids in P. sylvestris samples.

No Diterpenoid Retention index

RI RIc

1 Abietadiene 2088 a 2102
2 Abieta-8(14),13(15)-diene 2154 a 2160

2152 b

3 (Z)-Biformene 1988 b 1942
4 Isoabienol 2124 b 2121
5 Labda-7,14-dien-13-ol 2096 b 2097
6 Labda-7,13,14-triene 1978 b 1983
7 Manool 2057 a 2064

2070 b

8 Manoyl oxide 1998 a 2009
2007 b

9 13-epi-Manoyl oxide 2017 a 2030
2023 b

a Retention indices according to Adams (2001).
b Retention indices according to software MassFinder 3 library.
c Retention indices calculated by injecting the hydrocarbon standard of C7 to C30

(Sigma- Aldrich, St Louis, MO, USA) to GC-MS.
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Hornoy et al., 2015; Taft et al., 2015; Pazouki et al., 2016), we sug-
gest that the growth environment of pines plays essential role in
Table 3
Location, tree characteristics and flora at sites of studied populations of P. sylvestris.

Population Altitude
(m)

Growth conditions GPS
coordinates

Characteris

height
m

Laeva (L) 44 transition mire/raised
bog

N 58 26.102 1.4e6
E 26 16.124

Parika (P) 46 raised bog N 58 30.091 0.8e6.5
E 25 46.823

Kakaerdaja
(K)

80 raised bog N 59 11.321 0.4e4.5
E 25 30.613

M€anniku
(M)

57 dry forest/heath N 59 21.555 8e15
E 24 42.605
the adaptation of pines to local environment by developing unique
diterpenoid profiles.

3. Experimental

3.1. GC-MS analysis

Diterpenoids were quantified with a b-DEX 120 (0.25 mm
i.d. � 30 m, film thickness 0.25 mm, Supelco, Bellefonte, PA, USA)
chiral columnwith the following GC oven program: 60 �C for 5 min,
5 �C min�1 to 80 �C for 20 min, 2 �C min�1 to 200 �C for 1 min, and
10 �C min�1 to 220 �C for 10 min. The MS operated in electron-
impact mode (EI) at 70 eV, and in the mass scan range of m/z
33e400 in total ion currant (TIC) mode. Transfer line temperature
was set at 240 �C and ion-source temperature at 150 �C (K€annaste
et al., 2013).

3.2. Identification and quantification of diterpenoids

Due to the high content in pine needles (Fig. S1) isoabienol was
tics of trees Flora

stem diameter
cm

3e20.5 tree layer e P. sylvestris, Betula pubescens;
shrub/dwarf-shrub layer characteristic to
transitional bog - Salix lapponum, Oxycoccus
palustris; shrub/dwarf-shrub layer
characteristic to raised bog- Chamaedaphne
calyculata and Ledum palustre; grass/moss
layer- Phragmites communis, Eriophorum
vaginatum, Carex spp and various Sphagnum spp

3e17 tree layer e P. sylvestris, B. pubescens, Betula
nana; shrub/dwarf-shrub layer e O. palustris,
Empetrum nigrum and Andromeda polifolia;
grass/moss layer - Eriophorum spp., Carex spp.
and Sphagnum spp.

3.5e20 tree layer - P. sylvestris; shrub/dwarf shrub layer
- E. nigrum, A. polifolia and L. palustre; grass/
moss layer - Scheuchzeria palustris, Rubus
chamaemorus and various Sphagnum spp.

9e40 tree layer - P. sylvestris and Picea abies; shrub
layer - Sorbus aucuparia and Frangula alnus;
grass/moss layer - Calluna vulgaris, Thymus
serpyllum, Pleurozium schreberi
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extracted and identified by NMR analysis (see supporting
information). Other diterpenoids (Table 4) were identified by
analyzing the needle extracts and a C7 - C30 hydrocarbon standard
(Sigma Aldrich. St. Louis, MO, USA) with GC-MS using a ZB5-MS
column (0.25 mm i.d. � 30 m, 0.25 mm film Zebron, Phenomenex,
Torrance, CA, USA). The GC oven programwas: 40 �C for 1 min, 5 �C
min�1 to 220 �C for 5 min. The use of the hydrocarbon standard
enabled the calculation of retention indices (RIs), which were
compared to published data (Adams, 2001; NIST library and
MassFinder 3 database) in addition to the mass spectrums of
diterpenoids (Fig. S2).

Isoabienol was used as a diterpenoid standard for calibrating the
GC-MS. Calibration samples were prepared by diluting known
quantities of isoabienol in hexane, then analyzing 1 ml of each
sample to create a calibration factor that was used for quantifying
the peak areas of diterpenoids in pine samples. Contents of diter-
penoids were calculated according to the linear regression
(y ¼ 18,897,009 x) by dividing the peak areas of diterpenoids with
the calibration factor and dry weight of pine needles. Detection
limit of diterpenoids was 10 pmol/ul and the linear range of the MS
detector was up to 100 mg.

3.3. Study sites

The study was conducted in four naturally-regenerated
P. sylvestris dominated sites in Estonia. Pine samples from the
bogs of Parika, Kakerdaja, and Laeva were compared to the ones
from the dry forest of M€anniku (Table 3). Location of populations, as
well as tree characteristics and main floral species at tree-, shrub-
and grass layer are shown in Table 3. For a detailed overview about
the sites together with soil pH-values is presented in our previous
study (K€annaste et al., 2013).

3.4. Foliage collection for chemical analyses

The sampling in all sites was conducted during June 2e25, 2010.
Sampled trees were chosen randomly. Samples were collected not
further than 50 m from the trajectory (Fig. S3). In the bog sites,
sampling started from the drier and less acidic edges, and pro-
gressed towards the wetter and more acidic bog interior in equi-
distal intervals. In the bogs of Kakerdaja and Parika sampling
stopped near bog lakes (Fig. S3). In the Laeva bog, the transition
mire gradually transformed into raised bog between samples 45
and 60 (Fig. S3). In the dry forest, the samples were taken randomly.

Terminal branches were taken from open-growing trees on the
southern side of the crown. One-year-old foliage from multiple
shoots was collected. Finally, one pine sample analyzed by GCMS
corresponded to one pine tree. 32 Samples from dry forest of
M€anniku to 70 samples from bog of Kakerdaja were collected from
each site. The plant material was placed in sealed plastic bags and
kept in an ice-box until transported to the laboratory (within 2 h
after collecting). The samples for terpene analyses were kept at e
80 �C until analyzed.

3.5. Sample homogenization for diterpenoid analyses

For each chemical analyses, a sample of 140 ± 20 mg of fresh
plant material from randomly chosen needles was weighted into a
2 ml tube with 2.8 mm stainless steel beads (Bertin Technologies,
Aix-en-Provence, France).

The tubes filled with liquid nitrogen and plant material were
immediately homogenized with Precellys 24 homogenizer (Bertin
Technologies, Aix-en-Provence France) at 6500 rotation per minute
for three 60 s periods at 20 �C. After homogenization, 1 ml of GC-
grade hexane (Sigma Aldrich. St. Louis, MO, USA) was added and
mixed, then left at 6 �C for extraction (K€annaste et al., 2013). The
extraction protocol was optimized by extracting the diterpenoids
for 1, 3, 5, 24 and 48 h (Fig. S2). The analysis showed, that the
content and composition of diterpenoids did not alter during the
sub-sample removal and rapid determination of needle mass for
analyses (Fig. S4). Hence, diterpenoids were extracted by following
an extraction protocol of 3 h.

After the extraction procedure supernatant was immediately
injected into Shimadzu QP2010 Plus (GC-MS) using an auto-
injector AOC-20i (Shimadzu Corporation, Kyoto, Japan). Samples
were analyzed with a split ratio of 5:1. Repeated analyses of
different replicates taken randomly from the same samples
demonstrated that the variation among diterpenoid concentrations
caused by within-sample variability and slight inaccuracies during
the extraction (mass determination, imperfect extraction, potential
loss of sample during the extraction) was less than 10%.

3.6. Molecular analysis

Details of nSSR analysis are described in a previous study
(Pazouki et al., 2016).

3.7. Foliar N analysis

The needle N content per dry mass was estimated with Vario
MAX CNS analyzer (Elementar Analysensysteme GmbH, Hanau,
Germany).

3.8. Data handling and statistical analysis

The composition of diterpenoids in pine samples was evaluated
by principal component analysis (PCA) (Wold et al., 1987), where
the diterpenoid dataset was mean-centered and log-transformed.
The differences in diterpenoid profiles were tested by Monte-
Carlo permutation test and redundancy data analysis (RDA).
Multivariate analyses were conducted by Canoco 5.0 software (ter
Braak and Smilauer, Biometris Plant Research International, The
Netherlands). All statistical tests were considered significant at
P < .05.

Mantel test with 1000 random permutations was carried out for
studying the correlation between the matrix of pairwise genetic
differentiation and a matrix of diterpenoid distance using GenAlEx
v6 (Peakall and Smouse, 2006).

In Pearson correlation analyses diterpenoid contents per dry
weight were used to gain insights on the relationships among
diterpenoids (F€aldt et al., 2003; Semiz et al., 2007; K€annaste et al.,
2013). These analyses were conducted with R (R Foundation for
Statistical Computing, Vienna, Austria). Additionally, orthogonal
partial least-squares (OPLS) analysis (Trygg and Wold, 2002) was
used to analyse the relationship between diterpenoids and NM.
OPLS allows to model separately the variations of the predictors
correlated and orthogonal to the response (Th�evenot et al., 2015).
OPLS analysis was carried out using ropls R package, function ‘opls’
(Th�evenot et al., 2015).
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