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Abstract

Wounding is a key plant stress that results in a rapid, within seconds to a few minutes, release of 

ubiquitous stress volatiles and stored volatiles in species with storage structures. Understanding 

the timing and extent of wound-dependent volatile elicitation is needed to gain an insight into 

different emission controls, but real-time monitoring of plant emissions through wounding 

treatments has been hampered by the need to stop the measurements to perform the wounding, 

slow stabilization of gas flows upon chamber closure and smearing out the signal by large 

chambers and long sampling lines. We developed a novel leaf cutter that allows to rapidly perform 

highly precise leaf cuts within the leaf chamber. The cutter was fitted to the standard Walz 

GFS-3000 portable gas-exchange system leaf chamber and chamber exhaust air for analysis with a 

proton transfer reaction time-of-flight mass-spectrometer (PTR-TOF-MS) was taken right at the 

leaf chamber outlet. Wounding experiments in four species of contrasting leaf structure 

demonstrated significant species differences in timing, extent and blend of emitted volatiles, and 

showed unprecedently high emission rates of several stress volatiles and stored monoterpenes. In 

light of the rapid rise of release of de novo synthesized and stored volatiles, the results of this 

study suggest that past studies have underestimated the rate of elicitation and maximum emission 

rates of wound-dependent volatiles.
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Introduction

Leaf wounding is a frequent stress caused by chewing and piercing herbivores and by 

mechanical influences such as strong wind and falling debris. Plants respond to wounding by 

a fast release of a multitude of volatiles, including the release of methanol from cell wall 

pectins and lipoxygenase pathway volatiles from polyunsaturated fatty acids cleaved from 
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plant membranes by stress-activated phospholipases (Feussner and Wasternack, 2002; 

Hayward et al., 2017; Liavonchanka and Feussner, 2006). In addition, several species store 

terpenes in specialized storage structures such as oil glands and resin ducts (Copolovici and 

Niinemets, 2016), and leaf wounding leads to rapid release of terpenes from these storage 

structures (Litvak et al., 1999; Loreto et al., 2000).

The wounding-dependent release of volatiles plays important roles in within-plant, plant-to-

plant and plant-to-insect communication (Arimura et al., 2009; Arimura et al., 2011; 

Engelberth et al., 2004; Holopainen et al., 2013; Ton et al., 2007). Thus, understanding the 

timing, magnitude and composition of wound-elicited emissions is highly relevant to gain an 

insight into the potency and propagation of the wound-induced signal. Leaf cutting and 

punching experiments have been widely used to simulate the natural wounding stress and 

investigate the quantitative relationships between the severity of wounding and release of 

stress-elicited volatiles (Brilli et al., 2012; Brilli et al., 2011; de Gouw et al., 1999; Fall et 

al., 1999; Fall et al., 2001; Mithöfer et al., 2005; Portillo-Estrada et al., 2017; Portillo-

Estrada et al., 2015). Although there is a broad similarity in the spectrum of volatile 

compounds released upon wounding by different species, there are also important species 

variations in magnitude and timing of volatile release and in volatile mixing rations in the 

emission blends (Ping et al., 2001; Vivaldo et al., 2017). Furthermore, for a given species, 

the amount and blend of volatiles can vary for leaves of different age (Portillo-Estrada et al., 

2017) and for wounds through main veins and through intercostal leaf areas (Portillo-Estrada 

and Niinemets, 2018). So far, the biochemical basis for these differences in the emission of 

wound-induced volatiles is still not fully understood.

Understanding the elicitation of different biochemical processes requires continuous 

measurements through the wounding treatment using fast-response systems. However, many 

wounding experiments have been conducted with large leaf chambers with inherently slow 

response time (e. g., Brilli et al., 2012; Brilli et al., 2011; de Gouw et al., 1999; Fall et al., 

1999; Fall et al., 2001; Staudt et al., 2010). Furthermore, in most of the experiments, the 

wounding treatment has been done outside the leaf chamber. This approach is associated 

with several limitations including missing of a significant fraction of wounding-elicited 

emissions due to the time needed for leaf reinsertion and for stabilization of gas flows in the 

leaf chamber. The missing part of the emissions could be gap-filled, but assumptions are 

needed about the time of elicitation of specific volatiles and time-dependent changes in the 

emission rates (Portillo-Estrada et al., 2015). A symmetric time-dependent emission change 

has been used for gap-filling for all volatile species, assuming that the rise of emissions can 

be predicted on the basis of the decline of emissions at the later stages of the emission 

response (Portillo-Estrada et al., 2015). However, the shape of the initial rise depends on the 

relative share of the emission controls between substrate availability and enzymatic activity. 

In the case of lipoxygenase volatiles, it is typically assumed that there is a large constitutive 

activity of different lipoxygenases and hydroperoxide lyases (Andreou and Feussner, 2009; 

Gigot et al., 2010; Hayward et al., 2017). Thus, a rapid increase of the availability of the 

substrate, the free polyunsaturated fatty acids, can lead to a much faster development of 

emissions than expected for a symmetric response. This, in turn, implies that we may have 

strongly underestimated these emissions. Analogously, in the case of terpene-storing species, 

the initial burst of terpenes when the contents of storage structures become exposed to air 
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can be very high and these emissions cannot be predicted from the declining part of the 

emission response (e.g. Niinemets et al., 2011 for the initial rise of terpene release after 

damage of a conifer shoot or multiple shoots in a given tree; Ruuskanen et al., 2005).

The second limitation of temporary chamber opening for leaf cutting is that short-term 

exposure of the leaf to outside-chamber conditions with slightly different humidity, light, 

temperature and CO2 concentration can lead to alterations in leaf gas exchange rates. This in 

turn can alter volatile emissions, e.g. due to direct effects of photosynthesis on isoprene and 

monoterpene emissions in constitutive de novo emitters (Grote et al., 2013; Grote et al., 

2014) and due to effects of stomatal conductance on emissions of water-soluble volatile such 

as methanol and lipoxygenase pathway volatiles (Harley, 2013; Niinemets et al., 2014).

The aims of this study were to develop a methodology for rapid measurements of volatile 

emissions through the wounding treatment. We constructed a novel within-chamber leaf 

cutter that allows making leaf cuts of precisely defined length within the leaf chamber and 

further modified the sampling of volatile collection protocol to limit the measurement 

system delays due to tubing connecting the leaf chamber and the gas analyzers. The novel 

leaf cutting protocol was further used to compare the magnitude, timing and composition of 

emissions in four representative herbaceous and woody species. The fast measurements with 

the novel measurement system through wounding treatments in dicot herb Phaseolus 
vulgaris, monocot herb Zea mays, constitutive isoprene-emitting tree Populus tremula x P. 
tremuloides and isoprene-emitting and monoterpene-storing tree Eucalyptus globulus 
suggested that previous measurements of wound-dependent volatile release may have 

significantly underestimated the rate of elicitation of wound-dependent volatiles, and 

maximum rate and total amount of volatile release.

Material and methods

Construction of a within-chamber leaf cutter

For within-chamber leaf wounding experiments, a novel cutter was developed precisely 

matching the Walz GFS-3000 gas-exchange system (Walz GmbH, Effeltrich, Germany) 

standard 4 x 2 cm (inner measures) measurement head 3010-S (Fig. 1). The cutting end of 

the leaf cutter was made of a razor blade. The blade was silver-soldered to a rod made of 

stainless steel wire (1 mm diameter). The blade-holding rod was inserted into a stainless 

steel needle (outer diameter 1.6 mm) of a medical syringe. The ends of the syringe needle 

were closed with Teflon stoppers, forming a good seal, but also allowing for forceless 

rotation of the rod with the knife blade around its central axis. The blade-holding rod was 

finished with a turning knob (Fig. 1a, b).

To attach the cutter firmly to the leaf chamber, two supports made of springy brass sheet 

(thickness 0.2 mm) were soldered to the stainless steel syringe needle (Fig. 1a, b). The 

configuration of the cutter supports allowed for rapid and steady attachment of the cutter 

onto the lower half of the leaf chamber. To have a good seal and avoid the outer needle 

surface touching the leaf, a triangular cut was made in the lower gasket of the Walz 

GFS-3000 leaf chamber (Fig. 1c), and the point of cutter insertion was sealed with a low 
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emission sealing putty. The leaf was cut by turning the knife holder by 180 degrees around 

its axis. The knife blade length was chosen such that the cut length was 14 mm.

Testing for differences in volatile sampling methods

In the case of portable photosynthesis systems, the volatiles in leaf chamber exhaust air are 

typically sampled before passing the infrared CO2/H2O gas analyzers. Depending on the 

system, this can involve relatively long tubing as well as neoprene resin gaskets or O-rings 

along the air pathway. In the case of the standard sampling method with Walz GFS-3000 

system (e.g., Behnke et al., 2013; Heinz Walz GmbH, 2013; Portillo-Estrada et al., 2017; 

Portillo-Estrada et al., 2015; Portillo-Estrada and Niinemets, 2018), the total tubing length 

from the leaf chamber to the point of volatile sampling is 2.25 m (inner diameter 3 mm), 

giving a tubing volume of 15.9 cm3 and tube inner area of 0.212 m2. To minimize the 

sampling distance from the chamber, we added a Teflon T-piece right next to the chamber 

for sampling volatiles with a proton transfer reaction mass spectrometer (PTR-MS; Fig. 1c).

To compare the effect of different sampling designs on quantitative detection of volatiles and 

detection time kinetics, two different tests were conducted. In one, pure standard compounds 

(isoprene, Z-3-hexen-1-ol and α-pinene, Sigma-Aldrich Chemie GmbH, Munich, Germany) 

at ppb levels were individually tested, whereas in the other, a characteristic mixture of plant 

volatiles at ppb levels was used. To generate the plant volatile mixture, leaves of Eucalyptus 
globulus Labill. were cut into pieces by scissors in an illuminated desiccator. As E. globulus 
is both an isoprene and monoterpene emitter, protonated masses 69+ (isoprene and pentenol/

pentenone fragments) and 137+ (monoterpenes) were studied. In addition, mass 45+ 

(acetaldehyde) was incorporated as a representative lightweight oxygenated volatile. Pure 

standard compounds were also individually injected in the desiccator. The desiccator was 

hermetically sealed, and stabilized for 20 min. A gas sample of 1 ml was drawn with a gas 

sample syringe from the desiccator gas port and rapidly injected into the empty Walz 

GFS-3000 leaf chamber through the neoprene gaskets. The flow rate through the system was 

maintained at 750 μmol s-1 (33.5 cm3 s-1), and thus, this sample volume was small enough to 

inject rapidly, and the effect of injection to total Walz GFS-3000 air flow was minimal. In 

these experiments, the environmental conditions inside the leaf chamber were maintained as 

for the leaf measurements (see the section Set-up of representative leaf wounding 

experiments).

To compare different sampling methods, we used two PTR-MS instruments, one with a 

quadrupole mass spectrometer (PTR-QMS, high sensitivity version, Ionicon GmbH, 

Innsbruck, Austria) and the other with a time-of-flight mass spectrometer (PTR-TOF-MS 

8000, Ionicon GmbH, see below for the details of operation of both instruments). First, the 

two instruments were operated in parallel next to the leaf chamber head and sampled the 

same gas stream. After the injection of individual volatiles or eucalypt volatile mixture into 

the leaf chamber, the decay of volatile concentrations was continuously measured by both 

instruments. These parallel measurements were used to exactly cross-calibrate the two 

instruments for individual volatile parent ions and mass fragments. Then, for subsequent 

injections, PTR-TOF-MS was moved to the position of the standard sampling configuration 

and the injections were repeated again, allowing determination of the changes in the kinetics 
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of emission detection and the total amount of volatiles detected. The data for individual 

volatiles were ultimately normalized with respect to the maximum (peak) value of the PTR-

QMS measurements taken next to the leaf chamber. Three replicate injections with each 

individual compound and eucalypt leaf volatile mixture were made and averages were 

calculated. Because the minimum time resolution of PTR-QMS is 0.9 s, the exact sampling 

delay between the sampling positions cannot be worked out with this setup. We estimated 

the approximate sampling delay for isoprene by sampling simultaneously with the PTR-

TOF-MS instrument from the two sampling positions connected through a T-piece using 10 

Hz resolution. Such a setup resulted in a double-peaked volatile signal, and the tubing delay 

between the two positions was estimated as time difference between the two peaks. The 

delay in sampling of volatiles due to tubing was estimated to be about 1 s. This is consistent 

with the theoretical estimate of 0.9 s calculated for given volumetric flow rate and volume of 

tubing. Given the issues with synchronization and time resolution of the two instruments, 

and to better show differences among the two setups of sampling, the data of standard 

sampling were shifted to the right such that the time difference among the peaks was 0.9 s in 

the figures.

Plant material for leaf wounding experiments

Plants of common bean (Phaseolus vulgaris L. cv. Saxa), hybrid aspen Populus tremula L. × 
P. tremuloides Michaux. clone H200, Zea mays L. cv. Golden Bantam were grown in a 

FitoClima 600 growth chamber (Aralab, Rio de Mouro, Portugal) at day/night temperatures 

of 25/20 °C for 14 h photoperiod and at a quantum flux density of 500 μmol m−2 s−1. The 

relative humidity was set to 70% and the ambient CO2 concentration was between 390 and 

410 μmol mol−1. In experiments, young fully-mature leaves (less than 30 days old) were 

used.

The plants of Tasmanian blue gum (Eucalyptus globulus Labill.) were grown in a plant 

growth room at day/night temperatures of 26/23 °C for 12 h photoperiod and at a quantum 

flux density of 400 μmol m−2 s−1. The relative humidity was between 60 and 70% and the 

ambient CO2 concentration was between 390 and 410 μmol mol−1. (Kanagendran et al., 

2018 for details of plant growth). The plants were three years old at the time of the 

experiments. The experiments were carried out with non-senescent fully mature leaves.

Set-up of representative leaf wounding experiments

In these measurements, Walz GFS-3000 gas exchange system (Walz GmbH, Effeltrich, 

Germany) was used simultaneously with a proton transfer reaction time-of-flight mass-

spectrometer (PTR-TOF-MS 8000, Ionicon GmbH, Innsbruck, Austria). The Walz gas 

exchange system was fitted with the Standard Measuring Head 3010-S (4 x 2 cm), modified 

by including the leaf-cutting knife inside the chamber (Fig. 1). Light was provided by a 

LED-Array/PAM-Fluorometer 3055-FL (Walz GmbH). The port of PTR-TOF-MS sampling 

was placed as close to the leaf chamber as possible to minimize the sampling artefacts (Fig. 

1c).

The experiments were conducted with attached leaves. The leaf was enclosed in the 

chamber, and standard environmental conditions - light of 500 μmol m−2 s−1 (growth light), 

Rasulov et al. Page 5

Plant Sci. Author manuscript; available in PMC 2020 June 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



air flow rate of 750 μmol s-1, chamber humidity of 60%, and CO2 concentration of 400 μmol 

mol−1, and leaf temperature of 25 °C, were established. The leaf was kept under these 

conditions until stomata opened and steady-state rates of net assimilation and VOC emission 

were achieved, typically in 20-30 min after leaf enclosure. After stabilization, the cut was 

performed and leaf gas exchange and emission responses were registered for 30 min. Then 

the leaf was removed, its area was measured immediately and leaf dry mass after oven-

drying at 70 °C for 48 h, and leaf dry mass per unit area (LMA, g m-2) was estimated 

(average ± SE values obtained were 13.4 ± 1.5 for P. vulgaris, 25.7 ± 0.9 for Z. mays, 75.6 

± 5.6 for P. tremula x P. tremuloides and 73.8 ± 4.5 for E. globulus). Leaf net assimilation 

rate (A), and leaf conductance to water vapor were computed according to von Caemmerer 

and Farquhar (1981). Three independent replicate experiments were made with each species.

PTR-TOF-MS and PTR-QMS measurements

The settings of PTR-TOF-MS through the measurements were: the inlet and drift chamber 

temperature 60 °C, inlet flow 100 ml min-1, water vapor flow 5.0 ml min-1, ion current 4 

mA, drift chamber pressure 2.1 mbar, drift tube field density ratio (E/N ratio; E is the 

electric field strength and N the gas number density) 140 Td, and the pressure of the TOF-

MS module was 2.4.10-7 mbar. Source valve and all PTR-TOF-MS internal voltages were 

optimized for isoprene (mass 69 AMU) detection. To obtain best time/signal sensitivity 

ratio, the data were recorded with 1 Hz frequency and 400 picosecond sample interval. The 

settings for PTR-QMS used in comparing different sampling methods were: the inlet and 

drift chamber temperature 60 °C, inlet flow 100 ml min-1, water vapor flow 5.0 ml min-1, ion 

current 4 mA, drift chamber pressure 2.1 mbar, the detection pressure 1.6.10-5 mbar, and the 

data were recorded with 1 Hz.

The PTR-TOF-MS and PTR-QMS instruments were calibrated with a standard gas mixture 

in N2 that included key representatives of all plant VOC groups (1 ppm for each compound, 

Ionimed GmbH, Innsbruck, Austria) and a custom-made isoprene standard (3.43 ppm). The 

data were processed by Ionicon software PTR-MS Viewer 3.2.8 using factory certified mass 

transmission values, and emission rates were calculated according to Niinemets et al. (2011). 

Several plant volatiles or their fragments have the same protonated mass, whereas the 

possible overlap of different volatile parent masses and/or mass fragments is species-

dependent. In particular, the protonated mass 69+ corresponds to the parent ion of isoprene 

that is constitutively emitted in some species. This mass also corresponds to a pentenone and 

pentenol fragment that can be released upon wounding from any species (Brilli et al., 2012; 

Jardine et al., 2013; Karl et al., 2001). Analogously, the protonated mass 81+ corresponds to 

either a monoterpene fragment or a hexenal fragment (de Gouw et al., 2000; Karl et al., 

2005). Monoterpenes are constitutively emitted only in some species, and the induction of 

stress-dependent monoterpene induced emissions is time-consuming, typically taking 10-24 

h after stress application (Beauchamp et al., 2005; Jiang et al., 2017), while hexenal 

emissions are rapidly induced upon wounding (Brilli et al., 2012; Brilli et al., 2011; Portillo-

Estrada et al., 2015; Portillo-Estrada and Niinemets, 2018). Given that we were interested in 

the rapid emission responses right after cutting, but slower GC-MS-based methods with at 

best 10 min time resolution cannot be effectively used to identify the volatiles during the fast 

emission phase, we report the rates of emissions of the protonated VOC masses in the text. 
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However, based on previous studies (Beauchamp et al., 2005; Brilli et al., 2012; Brilli et al., 

2011; Davison et al., 2008; de Gouw et al., 2000; Fisher et al., 2003; Karl et al., 2005; 

Portillo-Estrada et al., 2015; Portillo-Estrada and Niinemets, 2018; Staudt et al., 2010; 

Steeghs et al., 2007), and our past experiments with simultaneous GC-MS and PTR-TOF-

MS measurements, the volatile masses were tentatively identified as M33+ - methanol; 

M45+ - acetaldehyde; M57+ - fragment of hexenals; M69+ - pentenol and pentanone 

fragment (after water abstraction); M81+ - fragment of hexenals and/or monoterpenes; M83+ 

- fragments of hexanal and hexenol isomers and 3-hexenyl acetate; M85+ fragment of 1-

hexanol, pentenol and pentenone), M95+ - fragment of monoterpenes; M99+ - hexenals; 

M137+ - monoterpenes.

For each protonated mass measured, we calculated the total amount of induced volatiles 

emitted during the 30 min measurement period after leaf cutting (integrated emission). The 

emission rate prior to cutting was used as the baseline. We report in the main text the results 

of representative individual experiments for each species (Fig. 3–6), and provide the results 

for the other replicate experiments in the Supplementary Material (Supplementary Figures 

S2-S9). For all species, average integrated emissions of individual masses were calculated 

for the three replicate experiments (Table 1).

Results

Novel cutter for within-chamber leaf wounding experiments

A within-chamber leaf cutter system consisting of a blade attached to a turnable stainless 

steel rod within a syringe needle was developed (Fig. 1). Experimentation with cutter 

prototypes indicated that main problems that could be encountered in the cutting 

experiments were shifting of the cutter during the cut and imperfect cuts through the leaf, 

especially in the case of tougher leaves, resulting in uneven cut margins, tearing the leaf or 

variable cut lengths. Ultimately, we have employed a very sharp and thin razor blade, and 

use of cutter supports allowed precise fixation of the cutter position in the leaf chamber (Fig. 

1). Thus, a highly constant cut length (14 mm) with even margins was achieved across the 

experiments independent of leaf toughness, allowing standardization of the measurements.

Effects of position of sampling on detection of volatile signals

Two different positions of sampling volatiles for PTR-MS measurements were compared by 

simultaneous measurements with two different PTR-MS instruments (PTR-TOF-MS and 

PTR-QMS). In the case of the standard sampling, the chamber exhaust air passed the 2.25 m 

tubing between leaf chamber and site of sampling. In the case of the modified sampling, a T-

piece for PTR-MS was added right after the leaf chamber for volatile collection (Fig. 1c). 

Individual volatiles (isoprene, Z-3-hexen-1-ol and α-pinene) and a mix of E. globulus 
volatiles obtained after leaf wounding were injected into the leaf chamber to test for 

differences among the two setups. The delay in sampling of volatiles due to tubing was 

minor, estimated to be about 1 s for isoprene. However, in all cases, the peak heights were 

lower for the standard sampling (Fig. 2 and Supplementary Fig. S1). The peak height was 

reduced only to a minor degree for acetaldehyde (mass 45+, Fig. S1a) and isoprene (mass 

69+, Fig. 2a for pure compound injections and S1b for injections of eucalypt volatile mix), 
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but the peak height was reduced by about 25% for pure Z-3-hexen-1-ol (detected as mass 

fragment 83+, Fig. 2b), and more than 3-fold for pure α-pinene (Fig. 2c) and almost five-

fold for the sum of all eucalypt monoterpenes (mass 137+, Fig. S1c). For the standard 

sampling, the integrated peak area relative to the peak area obtained by sampling right at the 

chamber outlet was between 0.96-0.98 for acetaldehyde, isoprene and Z-3-hexen-1-ol, but it 

was only 0.63 for α-pinene and 0.61 for total monoterpenes (eucalypt mix).

High-resolution real-time representative wounding responses in different species

Leaf cutting responses were broadly similar, but there were a number of important 

quantitative and qualitative differences among the four studied species (Fig. 3–6, 

Supplementary Figures S2-S9, Table 1). In Phaseolus vulgaris, methanol emissions (M33+, 

Fig. 3a, S2a and S3a) were elicited first, followed by elicitation of lipoxygenase pathway 

volatile emissions (M81+, M83+, M85+, M99+; Fig. 3a, b, S2a, b and S3a, b). In contrast, 

methanol emission was absent in Zea mays (Fig. 4, S4 and S5) and Eucalyptus globulus 
(Fig. 6, S8 and S9), whereas in Populus tremula x P. tremuloides, methanol emissions were 

induced at a low level after release of most LOX volatiles had been elicited (Fig. 5a, b, S6 

and S7, Table 1). In all species (Fig. 3–6, S2-S9, Table 1), the most abundant volatile LOX 

products were hexenals (characterized by mass 99+ in all species and mass 81+ in all except 

E. globulus). The rise and decay of hexenals were monophasic and took ca. 300-500 s in P. 
vulgaris, Z. mays and P. tremula x P. tremuloides (Fig. 3–5, S2-S7), but in E. globulus, the 

release of mass 99+ was biphasic, starting with a rapid rise, and followed by delayed decay 

of more than 1500 s (Fig. 6b, S8 and S9b). Phaseolus vulgaris (Fig. 3b, S2b and S3b), Z. 
mays (Fig. 4b, S4b and S5b) and E. globulus (Fig. 6a, S8a and S9a) were characterized by a 

rapid rise of mass 85+ that can be the fragment of 1-hexanol, and parent mass of pentenol 

and pentenone. Indeed the kinetics of M85+ and M69+ (fragment of pentenol and pentenone) 

were similar in Z. mays (Fig. 4b, S4b, S5b) and E. globulus (Fig. 6b, S8b, S9b), whereas in 

P. vulgaris, the major rise in M85+ occurred earlier than the rise in M69+ (Fig. 3b). In P. 
tremula x P. tremuloides, wounding did not have any effect on the release of M69+, 

suggesting that it was isoprene not LOX (Fig. 5a, S6a and S7a). Compared with other LOX 

volatiles, the release of M83+ (fragments of hexanal and hexenol isomers and 3-hexenyl 

acetate) was delayed in all species (Fig. 3–5, S2-S7), except for E. globulus, where M99+ 

continued for a longer period (Fig. 6b, S8b and S9b). The most conspicuous species-specific 

effects were the major wounding-dependent acetaldehyde emissions in P. tremula x P. 
tremuloides (Fig. 5a, S6a and S7a) and major monoterpene emissions in E. globulus (Fig. 

6a, S8a and S9a). Wounding-dependent monoterpene emissions exceeded the baseline-level 

emissions (average ± SE = 0.80 ± 0.37 nmol m-2 s-1 calculated from masses 137+ and 81+ 

using an experimentally estimated M81+/M137+ ratio of 2.0) by more than 1800 times at the 

emission peak (calculated from mass M81+ considering the contribution LOX volatiles to 

M81+, and the estimated M81+/M137+ ratio; Fig. 6a, S8a and S9a).

Within-chamber leaf wounding also allows for direct monitoring of foliage net assimilation 

rate and stomatal conductance. As right after leaf cutting, cellular contents at the cut surface 

become exposed to the ambient air, the estimation of stomatal conductance after the cut is 

biased due to water evaporation from the cut surface. Thus, we suggest that the rise of the 

estimated conductance in all species after cutting (Fig. 3c–6c and Fig. S2c-S9c) primarily 
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reflects additional evaporation from the cut surface. In most cases, the estimated net 

assimilation rate was initially unstable, characterized by a rapid increase, followed by a 

rapid decrease and further stabilization (Fig. 3c, 5c, 6c, S2c, S3c, S6c, S7c, S87, S9c). In a 

steady-state, net assimilation rate of wounded leaves was typically reduced by 5-15% 

compared to pre-wounding rate (Fig. 5c, 6c, S2c, S3c, S6c-S9c). However, in one replicate 

of P. vulgaris, the steady-state rate of net assimilation had even increased somewhat after 

cutting (Fig. 3c), and in Z. mays, the transient modifications in net assimilation rate were 

absent and changes in the steady-state net assimilation rate were minor (Fig. 4c, S4c, S5c).

Discussion

Real-time monitoring of volatile emissions and changes in photosynthetic characteristics 
after wounding

We developed a methodology that allowed for real-time measurement of volatile compound 

emissions and leaf gas-exchange characteristics through the wounding treatment. The key 

methodological developments were the construction of a novel within-chamber leaf cutter 

(Fig. 1) and improved volatile sampling at the chamber air exhaust (Fig. 1c, Fig. 2, Fig. S1). 

The novel cutter was constructed for the Walz GFS-3000 standard leaf chamber, but 

analogous cutters can be developed for other portable gas-exchange systems, including for 

instance, standard leaf chambers of Li-Cor 6400 and 6800 (Li-Cor, Inc.) or CIRAS-2 and 

CIRAS-3 (PP Systems International, Inc.) series. The only modifications needed are the 

adjustments of the dimensions of the blade-holding rod, rod housing needle and support 

positions. In particular, the dimensions should be selected such that the blade does not touch 

the leaf chamber thermocouple during cutting.

To our knowledge, there are only three studies that have applied mechanical stress within a 

leaf chamber or within a whole plant chamber. Mithöfer et al. (2005) used an automatic leaf 

punch to damage the leaves within a whole plant chamber, Brilli et al. (2011) cut leaves 

within a leaf chamber, and in the experiments described in Niinemets et al. (2011) the whole 

conifer tree enclosed in the chamber was shaken to induce mechanical stress. The automatic 

leaf punch used by Mithöfer et al. (2005) could be operated over a long period of time to 

create damage comparable to sustained herbivory feeding, but the wound edge was 

ultimately much more heterogeneous than in the case of caterpillar feeding. Brilli et al. 

(2011) used a knife attached to a Teflon ribbon and the wound was produced by pulling out 

the Teflon ribbon with attached knife from the chamber. However, the disadvantage of this 

method is that wounds with different length are produced (Brilli et al., 2011), and our 

experience in trying to apply their method was also that leaf lamina tended to fold away 

from the knife. Furthermore, the wounds produced often were not true cuts, but the wounds 

had ragged or irregular edges, making it difficult to quantitatively characterize the wounding 

stress. In addition, due to moving the Teflon ribbon between the sealing gaskets, it was 

difficult to maintain a good seal.

In addition, in all these experiments, relatively large chambers were used. Mithöfer et al. 

(2005), used a custom-made 500 ml plexiglass chamber, and sampled volatiles for 24 h in a 

closed-loop mode. Brilli et al. (2011) used the 200 ml conifer chamber of Li-Cor 6400 

photosynthesis system. This reflects the circumstance that pulling the knife inside the 
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chamber without touching and eventually damaging the thermocouple of Li-Cor 6400 

standard leaf chamber is very difficult. However, the use of large chambers has inherent 

disadvantages due to slow chamber air turnover time, resulting in a slow rise of the emission 

peak, and smearing out the signal in time (Niinemets, 2012 for discussion of chamber 

effects). Indeed, in Brilli et al. (2011), there was ca. 50 s delay in start of the raise of LOX 

volatile emissions, while no such delay was evident in our study (Fig. 3–6, S2-S9). 

Furthermore, Fall et al. (1999) used a 3 L Teflon bag in their leaf wounding studies, and no 

sharp LOX emission peaks were observed and the emissions were smeared out in time for 

20-30 min. since the wounding. Thus, appropriate chamber size for given air flow rate and 

turbulent air mixing within the chamber are needed to avoid artifacts in wounding-elicited 

volatile emission kinetics.

Comparison of two different approaches for volatile sampling indicated that the differences 

between the standard sampling through the long tubing and right at the chamber inlet (Fig. 

1c) were small for lightweight volatiles acetaldehyde and isoprene (Fig. 2a, S1a, b), but for 

monoterpenes, both the maximum peak height and peak area were strongly reduced (Fig. 3c,

1Sc). Thus, standard sampling significantly altered the kinetics and total amount of detected 

volatiles. The tubing effect likely reflects adsorption of the compounds on the tube surface, 

delaying the rate of compound passage through tubing, evening out the high concentration 

signal and smearing the signal in time. Net loss, however, might be indicative of terpene 

reactions on tube surface or irreversible adsorption (Niinemets et al., 2011 for a review). 

This evidence indicates that for accurate high-resolution measurements of terpene release 

kinetics, air sampling should be as close as possible to the leaf chamber.

Continuous monitoring of leaf gas exchange rates through the wounding treatment also 

highlighted interesting patterns in net assimilation rate and stomatal conductance right after 

wounding. The apparent rise of stomatal conductance immediately after wounding (Fig. 3c–

6c, S2c-S9c) results to a large degree from evaporation of free water from the wound 

surface. However, the rise in leaf water loss was also associated with instantaneous rise in 

net assimilation rate in P. vulgaris (Fig. 3c, S2c and S3c), P. tremula x P. tremuloides (Fig. 

5c, S6c and S7c) and E. globulus (Fig. 6c, S8c and S9c). This rapid rise suggests that 

stomatal openness did increase right after wounding, resulting in enhanced entry of CO2 into 

the leaf. Such a rapid response can be explained by a reduction in turgor of epidermal cells 

after wounding, leading to stomatal opening without any changes of guard cell osmotic 

relations (so-called Ivanov effect, Moldau et al., 1993). Alternatively, solubilization of 

chamber CO2 in the water released at the cut surface, especially from veins, could result in 

apparent artificial decrease in CO2 concentration, interpreted as changes in net assimilation 

rate. As the released water evaporates, CO2 is released again, leading to a rapid reduction in 

apparent net assimilation rate as was observed in our experiments (Fig. 3c, 5c, 6c, S2c, S3c, 

S6c-9c). This alternative explanation is plausible as in the parallel-veined Z. mays, where 

the cuts were performed parallel to the major veins and the release of water from the wound 

surface was likely less than in the other species, the transient changes in net assimilation rate 

were absent. However, due to lack of vein damage, anomalous behavior of Z. mays might, 

however, also reflect different behavior of turgor pressure after leaf cutting.
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Capacity to detect rapid changes in water release and evaporation is relevant as it could also 

partly explain some of the kinetics of volatile release after wounding. In particular, water-

soluble volatiles such as short-chained oxygenated compounds can accumulate in leaf liquid 

phase and increases in stomatal conductance will lead to a rapid release of these volatiles 

from the aqueous pools (Niinemets and Reichstein, 2003a; Niinemets and Reichstein, 

2003b). Analogous changes are expected upon evaporation of dissolved volatiles from the 

water released at the cut surface. In our study, part of the rapid rise of M69+ and M99+ (the 

initial rapid rise) in E. globulus (Fig. 6b) could have resulted from changed stomatal 

conductance after wounding.

Volatile release in wounding experiments: we have underestimated the maximum 
emissions as well as the rate of induction

Most previous studies on the induction of leaf volatiles by wounding have first made the cut 

outside the leaf chamber and then enclosed the cut leaf in the chamber to measure leaf 

volatile emissions. Due to time needed to make the cut, leaf insertion and stabilization of the 

gas flows after leaf enclosure, this results in partial loss of the signal, typically for the first 

5-10 min. (Portillo-Estrada et al., 2015). As our results indicate (Fig. 3–6, S2-S9), this is a 

critical period during which there are major changes in the emission rate of most key emitted 

volatiles.

The high-resolution wounding experiments in representative herbaceous dicot (P. vulgaris, 

Fig. 3, S2 and S3) and monocot (Z. mays, Fig. 4, S4 and S5) species, in woody isoprene-

emitting species P. tremula x P. tremuloides (Fig. 5, S6 and S7) and in isoprene-emitting and 

monoterpene-storing species E. globulus (Fig. 6, S7 and S8) indicated broad similarities in 

induced emission responses as well as multiple species-specific differences in kinetics of 

emission of induced volatiles and differences in the emission blend. As the key features of 

the emissions in all species, we observed the start of the immediate rise of LOX volatiles, in 

particular, hexenals (masses 99+ and 81+ in non-monoterpene emitting species; Fig. 3–6, S2-

S9) right after cutting. In addition, rapid emissions of masses 85+ and 69+ putatively 

attributed to C5 LOX volatiles were observed in herbaceous species P. vulgaris (Fig. 3, S2 

and S3) and Z. mays (Fig. 4, S4 and S5), indicating a large constitutive activity of 

lipoxygenases (Andreou and Feussner, 2009; Feussner and Wasternack, 2002). Furthermore, 

methanol emissions started even earlier than LOX emissions in P. vulgaris (Fig. 3a, S2s and 

S3a), whereas methanol emissions were induced after induction of LOX emissions in P. 
tremula x P. tremuloides (Fig. 5b, S6b and S7b), and were not induced in Zea mays (Fig. 4a, 

S4a and S5a) and E. globulus (data not shown). Typically, abiotic and biotic stresses first 

impact cell walls and lead to activation of pectin methylesterases and release of methanol, 

and this is followed by the activation of membrane-level processes, and release of LOX 

products (Beauchamp et al., 2005; Jiang et al., 2017; Li et al., 2017) as was observed for P. 
vulgaris in this study (Fig. 3a, S2a and S3a). The reason why the cell wall specific response 

was delayed or absent in the other species studied is unclear. As cuts though major veins 

lead to much greater release of stress-volatiles than cuts through intercostal areas (Portillo-

Estrada and Niinemets, 2018), lack of induction of methanol emission in the case of Z. mays 
might reflect the circumstance that no veins were severed in these experiments. 

Nevertheless, this explanation does not clarify why enhancement of methanol emissions was 
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not observed in the other two species. Identification of such species differences highlights 

the importance of kinetic studies spanning the whole wounding treatment from cutting to 

cessation of induced emissions.

The most conspicuous wounding response in this study was the massive release of 

monoterpenes in monoterpene-storing species E. globulus (Fig. 6a, S8a, S9a). The baseline-

level monoterpene emissions in this species on the order of 1 nmol m-2 s-1 were similar to 

the emissions observed in other studies (He et al., 2000; Kanagendran et al., 2018), 

reflecting slow diffusion of monoterpenes out of the terpene-storing oil glands (Niinemets, 

2018). These low baseline emissions were hugely enhanced upon wounding, resulting in 

peak emission rates as high as 1500-4000 nmol m-2 s-1 (Fig. 6a, S8a and S9a; calculated 

monoterpene emission rate considering the fragmentation of parent mass 137+ during PTR-

TOF-MS analysis). To our knowledge, such high emission rates have never been 

experimentally observed before. In fact, much of this initial terpene emission burst would 

have been left unnoticed by using larger chambers, long tubing and opening the leaf 

chamber for making the wound.

In addition to timing of emissions and maximum emissions, another important aspect to 

consider is the shape of the emission response after wounding. A slow rise of emissions after 

wounding could be indicative of gradual increase of substrate availability and/or enzyme 

activity as well as transport of systemically-induced compounds from other parts of the leaf 

(e.g. Matsui et al., 2012 for transport of lipoxygenase volatiles within the leaf). A fast initial 

rise can occur when there is a large constitutive enzymatic activity and a rapid release of 

substrate after wounding. For non-enzymatic volatile release, a rapid release of volatiles is 

expected from the storage pools, expected to result in a strongly asymmetric emission 

response. Such a release from the storage pools is expected to be particularly prominent for 

species with specialized storage structures such as resin ducts and oil glands, destruction of 

which leads to major terpene emissions (Loreto et al., 2000), but as noted above, plants can 

also store non-specifically water-soluble compounds such as methanol, potentially leading to 

a significant rise of the emissions once the leaf is cut (Harley et al., 2007; Hüve et al., 2007). 

Large-chamber measurements have suggested that the rise and decline of emissions are 

symmetrical (Fall et al., 1999), and in experiments where the wounding was done outside the 

chamber, the initial missing part of the emission when the leaf was outside the chamber has 

been gap-filled assuming a symmetric emission response (Portillo-Estrada et al., 2015). 

However, the rapid measurements through the wounding treatment demonstrated that the 

wounding-dependent emissions are often strongly asymmetric (Fig. 3–6, S2-S9). In 

particular, the release of hexenals (M81+ and M99+) rises very rapidly, indicating large 

constitutive activity of lipoxygenases, hydroperoxide lyases and rapid release of substrates 

(Fig. 3a–5a, 6b, S2a-S7a, S8b and S9b). Also, methanol emission in P. vulgaris was elicited 

very rapidly (Fig. 3a, S2a and S3a), suggesting fast activation of pectin methylesterases. In 

contrast, methanol emissions raised slowly in P. tremula x P. tremuloides (Fig. 5b, S6b and 

S7b), indicating slower enzymatic activation. Among LOX volatiles, the raise of mass 83+ 

was also slow in all species (Fig. 3b–5b and S2b-S7b, except for a fast initial raise in E. 
globulus, Fig. 6b, S8b and S9b). The mass fragment 83+ can either come from 1-hexenols 

and hexenyl acetate downstream of hexenals (synthesized from linolenic acid) or from 

hexanal (synthesized from linoleic acid). In the first case, this slow raise can be indicative of 
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a slower activation of corresponding aldehyde dehydrogenase and alcohol acyltransferase 

(Gigot et al., 2010; Hayward et al., 2017; Salas et al., 2013). In the second case, the slow rise 

might be indicative of a slower release of linoleic acid from membranes. Clearly these 

differences in the shape of the kinetics of emission response provide additional insight into 

the underlying biochemical controls, further underscoring the importance of obtaining the 

full time series of emissions after leaf wounding.

Conclusions

Leaf wounding has been a difficult stress to study due to lack of tools to perform precisely 

defined leaf damage treatments within the leaf chamber. A novel cutter and improved 

volatile sampling approach developed in this study make it possible to monitor the release of 

wounding-induced emissions in real time. Experiments with representative herbaceous and 

woody species demonstrated that with the developed protocol, the timing of different 

emissions, the maximum emission rates and the shape of the emission response through the 

elicitation to cessation of different compounds can be precisely estimated, allowing gaining 

an insight into biochemical controls on wounding stress response. The study demonstrates 

that past measurements of wounding-elicited emissions have likely underestimated the rate 

of emission development and maximum emissions due to use of slower-response systems 

that smear the volatile signal in time, and in case the wounding was performed outside the 

chamber, due to missing the initial emission burst. A particularly high emission burst of 

monoterpenes was observed upon cutting the leaves of monoterpene-storing eucalypt. The 

huge peaks of monoterpene emission resulting from breakage of oil glands would be missed 

when the chamber had to be opened for performing the leaf cuts.

Our analysis further demonstrated a plethora of species-specific differences in timing and 

composition of wounding emissions. We observed that the wounding-dependent emissions 

are often highly asymmetric in time, contrary to the kinetics observed in experiments using 

slower-response systems where the peak emissions are not accurately recorded. The shape of 

time-dependent emissions provides important insight into the enzyme activity vs. substrate-

level controls of emissions. The evidence obtained in this study indicates that there are broad 

similarities in the share of different emission controls across species, but also that emissions 

of several key wound-induced volatiles are controlled differently in different species.
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Fig. 1. 
The construction scheme of the novel leaf cutter for leaf wounding stress experiments (a, all 

measures in mm), image of the cutter (b) and image of the Walz GFS-3000 portable gas-

exchange system standard leaf chamber with the leaf cutter attached (c). The leaf cutter was 

primarily made of stainless steel components (see Material and methods for details of 

construction) and hermetically attached to the leaf chamber. The novel cutter allows leaf 

wounding within the chamber without the need to open the chamber for wounding stress 

application. Panel (c) also shows modifications in standard configuration of the volatile 

collection that allowed sampling volatiles as close to the leaf chamber as possible (Fig. 2 for 

differences between the novel setup and standard setup).
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Fig. 2. 
Comparison of methods for volatile collection using the Walz GFS-3000 portable gas-

exchange system. In the standard method, the chamber exhaust air is taken just before 

entering the infrared CO2 and H2O analyzers and has to pass through 2.25 m (3 mm i.d.) 

tubing with 0.212 m2 surface area, while in the second method, the sample is taken right 

after existing the chamber as shown in Fig. 1c. To compare the methods, empty leaf chamber 

was used and individual pure compounds were injected into the leaf chamber through the 

leaf chamber gaskets using a gas syringe. The chamber flow rate was maintained at 750 
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μmol s-1. After injection, the volatiles in the chamber exhaust air were detected continuously 

with two proton transfer reaction mass spectrometers (PTR-MS). One, a proton transfer 

reaction quadrupole mass spectrometer (PTR-QMS), was connected next to the leaf 

chamber, and the other, a proton transfer reaction time-of-flight mass spectrometer (PTR-

TOF-MS), was connected at the standard sampling position. Both PTR-MS systems were 

exactly cross-calibrated for all individual volatiles as explained in the Material and Methods. 

The compounds injected were (a) isoprene (M69+), (b) Z-3-hexen-1-ol (detected as the main 

fragment ion M83+) and (c) α-pinene (M137+). The data for individual compounds were 

normalized with respect to the maximum (peak) value detected By PTR-QMS sampling 

right next to the chamber. Three replicate injections were made and average time courses are 

shown. To better show the differences among the curve shapes, the data for the standard 

sampling were shifted to the right by 0.9 s (time difference between the peaks). 

Representative experiments showing injections with the mixture of emissions from cut 

leaves of Eucalyptus globulus leaves are shown in the Supplementary Figure S1.
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Fig. 3. 
Changes in (a) dominant masses M33+, M81+ and M99+ and (b) second more abundant 

masses M69+, M83+ and M85+ and (c) net assimilation rate and apparent leaf conductance 

to water vapor following leaf cutting in Phaseolus vulgaris. At time t = 200 s, the leaf was 

cut with the novel within-chamber leaf cutter (Fig. 1) that produced a cut length of 14 mm. 

Volatile release by a proton transfer reaction time-of-flight mass-spectrometer (PTR-TOF-

MS) and leaf gas exchange rates by Walz GFS-3000 infrared gas analyzers were 

continuously measured through the experiment. Different detected volatile masses were 
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tentatively identified as: M33+ - methanol; M69+ - pentenol and pentanone fragment (after 

water abstraction); M81+ - fragment of hexenals, M83+ - fragments of hexanal and hexenol 

isomers and 3-hexenyl acetate; M85+ - 1-hexanol fragment, pentenol and pentenone; M99+ -

hexenals. The mass M69+ is typically attributed to isoprene, but P. vulgaris does not emit 

isoprene both under non-stressed and stressed conditions. The integrated wound-dependent 

emissions are reported in Table 1. Data for two additional replicate experiments are shown in 

Fig. S2 and S3.
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Fig. 4. 
Leaf wounding experiment conducted with a representative leaf of Zea mays. Experimental 

conditions, mass identification and data presentation as in Fig. 3. The leaves were cut 

parallel to the major veins of leaves. Table 1 provides the integrated wound-dependent 

emissions. Data for two additional replicate experiments are demonstrated in Fig. S4 and S5.
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Fig. 5. 
Leaf wounding experiment conducted with a representative leaf of hybrid aspen (Populus 
tremula × P. tremuloides). Experimental conditions and data presentation as in Fig. 3. 

Differently from P. vulgaris and Z. mays, P. tremula x P. tremuloides is a strong constitutive 

isoprene emitter, and the mass M69+ was primarily attributed to isoprene. In addition, 

masses M45+ (acetaldehyde) and M57+ (fragment of hexenals) were abundant in hybrid 

aspen. Integrated emissions after wounding are reported in Table 1. Figures S6 and S7 show 

data for two additional replicate experiments.
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Fig. 6. 
Leaf wounding experiment conducted with a representative leaf of Tasmanian blue gum 

(Eucalyptus globulus). Experimental conditions and data presentation as in Fig. 3. Like P. 
tremula x P. tremuloides, E. globulus is a moderately strong constitutive isoprene emitter, 

and the baseline mass M69+ emission was primarily attributed to isoprene. In addition, E. 
globulus is a low-level monoterpene emitter, but major monoterpene emissions occur when 

the oil glands are broken. Thus, the mass fragments 81+ and 95+ were primarily attributed to 

monoterpenes in this species. Table 1 provides the integrated estimate of the emissions 
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following leaf wounding. Figures S8 and S9 demonstrate data obtained in two additional 

replicate experiments.
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Table 1
Average integrated emission bursts of volatiles after leaf cutting in four species with 
contrasting leaf structure.

Protonated Average (± SE) integrated emission bursts after cutting (μmol m-2)

mass Phaseolus vulgaris Zea mays Populus tremula x P. tremuloides Eucalyptus globulus

M33+
4.1 ± 0.7

* 1.03 ± 0.26

M45+ 7.0 ± 1.9 2.2 ± 0.7

M57+ 0.352 ± 0.050 0.075 ± 0.023 0.78 ± 0.20 0.71 ± 0.16

¥
M69+ 0.175 ± 0.045 0.0308 ± 0.0049 0.46 ± 0.09

§
M81+ 3.2 ± 0.8 0.85 ± 0.25 8.9 ± 2.2 46 ± 11

M83+ 0.71 ± 0.16 0.128 ± 0.039 1.03 ± 0.16 1.7 ± 0.6

M85+ 0.063 ± 0.009 0.032 ± 0.012 0.033 ± 0.008 0.086 ± 0.016

M95+ 1.75 ± 0.41

M99+ 0.81 ± 0.24 0.19 ± 0.06 1.75 ± 0.45 1.53 ± 0.39

M137+ 19.7 ± 5.0

The leaves were cut with a within-chamber leaf cutter (cut length 14 m) and volatiles were measured from elicitation to cessation of the emissions. 
The wounding experiments were replicated thrice for each species (n = 3). Species-specific time-courses of emissions after wounding are shown in 
Figs. 3-6 and S2-S9.

The volatile compound parent and their fragment masses were tentatively assigned as: M33+ - methanol; M45+ - acetaldehyde; M57+ - fragment 

of hexenals; M69+ - pentenol and pentenone fragment (after water abstraction), isoprene; M81+ - fragment of hexenals and/or monoterpenes; 

M83+ - fragments of hexanal and hexenol isomers and 3-hexenyl acetate; M85+ fragment of 1-hexanol, pentenol and pentenone, M95+ - fragment 

of monoterpenes; M99+ - hexenals; M137+ - monoterpenes.

*
as the wounding-dependent rise of methanol had not ceased by the end of the experiment (Fig. 3a, S2a and S3a), the emission above the baseline 

emission before the cutting (1.77 ± 0.18 nmol m-2 s-1) was integrated for the period of 1100 s since the cutting.

¥
M69+ can come from both isoprene and lipoxygenase (LOX) pathway products pentenol and pentanone. Only P. tremula x P. tremuloides and E. 

globulus are isoprene-emitters, but the baseline-level M69+ was almost independent of wounding in these species (Fig. 5, 6, S6-S9), suggesting that 

the wound-dependent M69+ reflected induced C5 LOX emissions.

§
M81+ can come from both monoterpenes and hexenals, the C6 LOX products. Only E. globulus was emitting monoterpenes in this study 

(presence of the parent mass 137+ in the emissions, Fig. 6). Thus, in this species mass 81+ primarily reflected monoterpene emissions.
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