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Summary

Carotenoids constitute a major target of chloroplastic photooxidative reactions, leading to the 

formation of several oxidized derivatives and cleavage products, some of which are volatile 

(VCCPs). Among them, β-cyclocitral (β-CC), at least, is a retrograde signaling molecule that 

modulates the activity of many key physiological processes. In the present work, we aimed to 

study whether β-CC and other VCCPs are released into the atmosphere from photosynthetic 

tissues. To overcome stomatal limitations, the foliose chlorolichen Lobaria pulmonaria was used as 

the model system, and the emissions of biogenic volatiles, induced by heat and wounding stresses, 

were monitored by proton-transfer reaction time-of-flight mass-spectrometry (PTR-TOF-MS) and 

gas-chromatography (GC-MS). Prior to stress treatments, VCCPs were emitted constitutively, 

accounting for 1.3 % of the total volatile release, with β-CC being the most abundant VCCP. Heat 

and wounding stresses induced a burst of volatile release, including VCCPs, and a loss of 

carotenoids. Under heat stress, the production of β-CC correlated positively with temperature. 

However the enhancement of production of VCCPs was the lowest among all the groups of 

volatiles analyzed. Given that the rates of carotenoid loss were three orders of magnitude higher 

than the release rates of VCCPs and that these compounds only represent a minor fraction in the 

blend of volatiles, it seems unlikely that VCCPs might represent a global stress signal capable of 

diffusing through the atmosphere to different neighboring individuals.
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1 Introduction

Chlorophyll (Chl) is a double-edged sword for plants. This molecule is capable of harvesting 

sunlight, initiating the process of photosynthesis, but it also involves an unavoidable risk of 

photooxidation. Thus, a certain proportion of the photons absorbed by Chl cause the 

generation of reactive oxygen species (ROS), which bring about oxidative damage in lipids, 

pigments and proteins (Mitler 2002). One of the most harmful ROS is the singlet oxygen 

(1O2), which is generated by the transfer of excitation energy from triplet excited 

chlorophyll (3Chl*) to ground triplet oxygen (3O2) (Krieger-Liszkay 2005). This process can 

be exacerbated by environmental factors that reduce photosynthetic efficiency and hence 

affect the balance between energy absorption and use, leading to the over-reduction of the 

electron transport chain and the accumulation of 3Chl* (Munné-Bosch et al. 2013).

To counteract ROS formation, plants possess a plethora of defense mechanisms. Among 

them, carotenoids play a pivotal role, being able to prevent 1O2 formation by direct 

quenching of 3Chl* and/or by deactivation of 1O2 (Triantaphylidès and Havaux 2009). 

Direct quenching of 3Chl* requires physical proximity and is unlikely to occur in the 

reaction center because of the distance between β-carotene (β-Car) and Chl. Thus, the main 

function of β-Car in reaction centers is to quench the 1O2generated by 3Chl* (Telfer 2002). 

Quenching of 1O2 by β-Car may occur through a physical or chemical interaction, the latter 

involving the oxidation of β-Car (Ramel et al. 2012a). Oxidation of β-Car by 1O2 generates 

an array of different cleavage products (apocarotenoids), most of them aldehydes of varying 

chain length (Ramel et al. 2012a). Among these compounds, those with short chain length 

are volatile (VCCPs): β-cyclocitral (β-CC, C10), β-ionone, α-ionone (both C13) and 

dihydroactinidiolide (dhA, C11) (Ramel et al. 2012a).

Two of the VCCPs, β-CC and dhA, have been identified recently as being involved in the 

transcriptional modulation of a large set of genes, most of them responsive to 1O2 (Ramel et 

al. 2012b; Shumbe et al. 2015). These changes in gene expression are associated with an 

enhancement of tolerance to photooxidative stress. This observation, together with the fact 

that the generation of volatile β–CC, dihydroactinidiolide and other VCCPs is faster in 

plants exposed to high light (Ramel et al. 2012b), has led researchers to propose their role as 

stress-signaling molecules. β-CC has been also considered as a candidate for retrograde 

(chloroplast control over nuclear gene expression) signaling, capable of crossing cell 

membranes and diffusing from its site of formation in chloroplasts to other organelles, 

thanks to its lipid-soluble and volatile character (Ramel et al. 2013, Estavillo et al. 2013). A 

likely mechanism for the regulatory effect of β-CC is through its reaction with thiol groups 

of proteins leading to regulation of gene expression through the activation of multiple 

transcription factors (Havaux et al. 2013).

When released into the atmosphere, all these volatile apocarotenoids add to the blend of 

inducible volatiles produced by plants (Holopainen 2004). Apart from their potential role in 

stress-signaling, β-CC and other VCCPs have been shown to play significant roles in biotic 

interactions as allelochemicals (Ikawa et al. 2001, Kato-Noguchi and Seki 2010) or chemical 

attractants to pollinators (Simkin et al. 2004a, Guédot et al. 2008), grazer repellents (Jüttner 

et al. 2010) and olfactory signals to birds with carotenoid-colored plumage (Senar et al. 
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2010). Recent studies also suggest that thanks to their ability to overcome restrictions 

imposed by vascular system, VCCPs may be involved in long-distance signaling (Carmody 

et al. 2016).

Overall, VCCPs, especially β-CC, are firm candidates for being involved in stress signaling 

and acclimation. Since these molecules are lipid-soluble and volatile, they may diffuse 

through membranes, escape the chloroplast and assist in communication between different 

organelles within the cell. For the same reason, they can leave the cell, and eventually the 

photosynthetic organ. Once in the atmosphere, uptake of these compounds by surrounding 

organisms is possible depending upon the physicochemical characteristics of the interaction 

(Niinemets et al. 2004, 2014). Considering the implications of the bidirectional exchange of 

signaling molecules such as β-CC, in the present study, we hypothesized that photosynthetic 

organisms under stress conditions can behave as emitters of β-CC and other VCCPs that can 

further be involved in long-distance signaling. To address this point we have used the foliose 

lichen Lobaria pulmonaria as the model system. We have chosen such a model and not a 

vascular plant to simplify the pathway between the thylakoids and the open atmosphere. 

Previous studies have detected the presence of β-CC in dried leaves (Nezhadali and 

Nezhadai Bagham 2011) or in leaf extracts (Priestap et al. 2003, Ramel et al 2012b, 

Shibamoto et al. 2007). In the present study, we demonstrate that β-CC and other VCCPs 

can be emitted in vivo from an intact photosynthetic organism.

2 Methods

2.1 Sampling and preservation of Lobaria pulmonaria thalli

Lobaria pulmonaria is a tripartite symbiosis formed by a fungus and two photobionts: a 

cyanobacterium Nostoc and a green alga Dyctiochloropsis. Among them, the second is 

quantitatively the dominant in terms of total biomass and it forms a continuous 

photosynthetic layer, while Nostoc only occurs in isolated cephalodia (Schofield et al. 2003; 

Cornejo and Scheidegger 2013). As a consequence, the photosynthetic responses observed 

in this species are mostly generated by the green algal layer. Lobaria pulmonaria is a 

threatened species in several western and central European countries, where is considered as 

an old-growth forest indicator. This is not the case of northern Spain where L. pulmonaria is 

frequent in most beech and oak forests. In the present study, to affect as less as possible 

sampled populations, the collection of thalli was limited to a small number of specimens and 

when possible, the specimens were collected from recently fallen trees or branches. The 

possibility of using pure algal cultures was rejected because of possible interactions of 

volatiles with the growth media, and their artificial character that impedes any extrapolation 

to intact photosynthetic tissues.

Thalli of L. pulmonaria were collected in an holm oak (Quercus ilex) forest in northern 

Spain (lat 42° 52' N long 3° 4' W, elevation 800 m a.s.l). Samples were dried under room 

conditions, and once dried, stored a maximum of two weeks at a relative humidity (RH) of 

less than 10 % and air temperature of 4 °C until use. No loss of vitality (measured as the 

dark-adapted maximum chlorophyll fluorescence yield Fv/Fm) was detected after this period 

in reactivated specimens. After storage, the thalli were re-moistened in contact with a moist 

paper tissue and preconditioned for 48 h at 100 % RH, 23 °C and dim light (12 h day/night), 
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similarly to Gauslaa et al. (2012). For online volatile emissions, intact thalli were used, 

while for pigment determination, 12 mm discs were cut from the thalli.

2.2 Stress treatments

First, the emission of VCCPs was checked by qualitative assays by enclosing the intact thalli 

in a 10 x 10 cm ovenproof polyethylene terephthalate bag (Stewart-Jones and Poppy, 2006; 

Niinemets et al., 2011). Prior to trapping of volatiles, the bag with thalli was conditioned at 

20 °C (control) and 33 °C (moderate heat stress treatment) for 20 min under a quantum flux 

density of 1000 μmol m−2 s−1.

For quantitative analyses, heat stress was induced by immersing each intact thallus into a 

bath of water for five minutes as described in Copolovici et al. (2012). Four temperature 

treatments were used: 23 °C (control), 37 °C, 46 °C and 51 °C (heat stress). These 

temperatures were chosen as 40 °C is the temperature threshold at which heat-induced 

damage, i.e. enhanced cellular ion leakage, is elicited in L. pulmonaria thalli (Shirazi et al. 

1996). Immediately after the heat treatment, the thalli were incubated for 10 min beneath a 

sun simulation lamp (SOL 500, UV-A+VIS+IR (320-3000 nm), Dr. Hoenle, Germany) 

supplying a quantum flux density of ca. 350 µmol m-2 s-1. For pigment analysis, five discs 

were exposed at each temperature following the same protocol described before and 

collected after 10 min of light exposure. Samples were frozen in liquid nitrogen and stored 

at -80 °C until analysis. Additionally, and for comparative purposes, a parallel set of samples 

was subjected to an intensive wounding (approximately a total of 0.5 m of parallel linear 

cuts per sample performed with a razor blade).

2.3 Collection of volatiles in qualitative experiments

A solid-phase microextraction (SPME) fiber of 65 μm of polydimethyl siloxane/divinyl 

benzene (PDMS/DVB, Supelco, Bellefonte, PA, USA) was inserted in the bag for sampling 

the lichen volatiles for 20 min. After removing the SPME-fiber from the bag, it was 

immediately transferred to the injector port of the gas-chromatograph mass-spectrometer 

(GC-MS; 2010 Plus, Shimadzu Corporation, Kyoto, Japan). Emission of volatiles of an 

empty bag was considered when identifying the volatiles released by the thalli L. 
pulmonaria.

2.4 Incubation chamber for quantitative emission of volatiles

After heat shock treatments, excess water was gently removed from the thalli between two 

tissue papers and then transferred to an illuminated (light intensity of 350 µmol m-2 s-1 at the 

surface of the thalli) incubation glass chamber (0.5 L) in order to monitor the volatile 

emissions. Chamber flow was maintained at 1 L min-1 at lab conditions (25 °C, 101 kPa) 

with volatile-free air obtained by passing the air entering the cuvette through a catalytic 

scrubber heating the air at 350 °C and efficiently removing VOCs (GCU, Ionimed, 

Innsbruck, Austria). All the tubing was PTFE. The outlet of the chamber was diverted to a 

proton-transfer reaction time-of-flight mass-spectrometer (PTR-TOF-MS), which sampled 

the air exiting the chamber at a rate of 0.1 L min-1 to analyze the concentrations of volatiles. 

Prior to measurements, empty cuvette measurements were done and the signal of volatiles 

was subtracted from the data recorded during the experiment. The volatile emissions of thalli 
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that did not undergo the heat shock treatment were measured and considered as pre-stress 

controls. Wound-induced volatile emission was also analyzed in the thalli subjected to the 

wounding treatment.

2.5 GC-MS analyses

Volatiles collected with the SPME fiber were analyzed with the Shimadzu GC-MS system 

equipped with a GC column of ZB5-MS (0.25 mm i.d. x 30 m, 0.25 μm film Zebron, 

Phenomenex, Torrance, CA, USA). Volatiles were separated with the following temperature 

program: 40 °C for 1 min, ramp of 10 °C min-1 to 220 °C followed by a 5 min hold. The 

mass spectrometer operated in electron-impact mode at 70 eV and in the m/z scan range of 

30 to 400 amu. The temperature of the transfer line was set at 240 °C and the ion-source was 

operated at 150 °C.

Volatiles were identified by analyzing the hydrocarbon standard of C8-C20 with GC-MS at 

the same conditions as SPME analyses. Finally, mass spectra and retention indices (RIs) of 

lichen volatiles on ZB5-MS were compared to the mass spectra and RIs of commercially 

available standards (Figure 1), and the spectra published in the NIST library (National 

Institute of Standards and Technology), or in the catalogue of essential oil components 

(Adams 2004) or in publications of other research groups (Gómez et al. 1993, Larsen and 

Frisvad 1995, Rana and Blazquez 2009, Rostad and Pereira 1986). All reference compounds 

were purchased from Sigma-Aldrich (St. Louis, MO, USA) at the highest purity available (> 

98%).

2.6 PTR-TOF-MS analytical procedures

The emission of volatile organic compounds was measured with a PTR-TOF-MS (Model, 

Ionicon, Austria) in real-time. Continuous measurements were performed during 2-3 

minutes accounting for a total of 150 to 200 individual measurements. Principles of PTR-

TOF-MS technique are described in Portillo-Estrada et al. (2015). The air sample underwent 

proton reactions with the hydronium ions (H3O+) produced within the discharge ion source. 

Subsequently, the resulting protonated ions passed through a drift tube operated at 600 V, 2.3 

mbar pressure and 60 °C temperature, resulting in a field density ratio (E/N) of ≈130 Td. 

The ions were extracted from the drift tube and pulsed every 32 μs to the orthogonal time-of-

flight chamber and separated by their m/z ratio. The ions were detected by a multi-channel-

plate and a time-to-digital converter (Burle Industries Inc., Lancaster, PA, USA). The data 

was recorded at 1 s time resolution, being the average of 31250 spectra ranging from m/z of 

0 to 316.

The raw spectra were acquired by TofDaq software (Tofwerk AG, Switzerland). The PTR-

TOF-MS instrument has lower sensitivity for ions of smaller mass. The sensitivity of our 

PTR-TOF-MS instrument to the volatiles measured was derived from the reaction rate 

constant calculated from a gas mixture containing eight pure compounds ranging from m+/z 
21 to 181 with known concentrations (Ionimed GmbH, Innsbruck, Austria).

The data post-processing by routine functions was done in PTR-MS Viewer v3.1 (Tofwerk 

AG, Switzerland). Mass calibration of the spectra was performed by identifying ions of 

known exact mass. Additionally, 1,3-diiodobenzene (protonated parent mass at m/z 330.85 
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and fragments at m/z 203.94 and 204.94) was continuously permeated into the air sample to 

improve the mass calibration. Then, the position of each protonated compound in the spectra 

was identified by their exact mass. The concentration of each protonated compound was 

calculated by correlating the integrated peak area and the concentration of primary ion H3O+ 

(using the isotopomer H3
18O+, m/z 21.0221) through the built-in software tools. A software 

built-in tool resolving multi-peaks in the spectrum was needed to accurately calculate the 

signal corresponding to β-CC and other lichen compounds. The presence of β–CC peak in 

the spectrum was identified by its time of flight from the pulser to the detector (proportional 

to the molecular mass) compared to the time performed by known standard compounds. 

Protonated β-CC (m/z 153.128) peak sits among (C8H8O3)H+ (m/z 153.055), (C12H8)H+ 

(m/z 153.070) and (C9H16N2)H+ (m/z 153.139), thus the tail of the peaks overlapped in 

some cases. The identification of other volatiles not present in the standard gas mixture was 

done similarly by inter- and extrapolation of the time of flight. Each individual peak of the 

multi-peak system was fitted to a Gaussian function by providing the exact mass of each 

peak center and the standard deviation of the Gaussian function. The fitting parameters 

could be tuned until the modeled multi-peak signal fitted to the measured signal. The 

software tool then derived the individual signal of each peak in every spectrum according to 

the parameterized model.

2.7 Pigment analysis by HPLC

The frozen samples, stored at -80 ºC until use, were homogenized with a mortar in pure 

acetone solution buffered with CaCO3. The extracts were centrifuged at 16100 g for 20 min, 

and supernatants were filtered with 0.2 μm PTFE filters (Teknokroma, Spain). Pigment 

separation was performed by HPLC with a reverse phase C18 column (Waters Spherisorb 

ODS1, 4.6 x 250 mm, Milford, MA, USA) and pigments were detected by a photodiode 

array (PDA) detector, following the method of (García-Plazaola and Becerril 1999) with the 

modifications included by Garcia-Plazaola and Esteban (2012). This method allows for 

separation and quantification of all major leaf carotenoids: neoxanthin (Neo), antheraxanthin 

(Ant), violaxanthin (Vio), lutein (Lut), zeaxanthin (Zea) and β-carotene (β-Car).

2.8 Statistical analyses

The relationships between (i) volatiles and temperature, (ii) β-CC and other volatiles, (iii) 
carotenoid degradation and VCCPs, and (iv) VCCPs and carotenoids (data not shown) were 

assessed by Pearson correlation coefficients, after checking for homocedascity of the data. 

When significant correlations were found, fit of data to a linear regression model was 

additionally tested.

Differences in pigment contents after temperature and light treatments were tested using 

one-way ANOVA with Duncan post hoc tests. All statistical analyses were performed with 

SPSS statistical package, v22, and significant differences considered at P<0.05.
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3 Results

3.1 Identification of carotenoid oxidation products by GC-MS

According to qualitative SPME analyses, the bouquet of a control and heat stressed thalli 

consisted of lipoxygenase chain oxidation products (LOXs) such as 1-pentanol, hexanal, 1-

hexanol and (Z)-3-hexenol and isoprenoids including non-oxygenated monoterpenes (α-

pinene, β-pinene, limonene, β-phellandrene) and sesquiterpenes (α-cubebene, α-

longipinene, (E)-β-caryophyllene, γ-muurolene, α-amorphene and germacrene D) (Figure 1, 

Supplementary Table 1). SPME analyses also showed that non-stressed and stressed thalli 

released several oxygenated monoterpenes (iso-menthone, menthol, dihydrocarvone and 

carvone), benzenoids (methoxybenzene, phenol and 1,3-dimethoxybenzene), other volatiles 

including those of low molecular mass and finally VCCPs: β–CC and β-ionone (Figure 1, 

Supplementary Table 1). In fact, in the SPME analyses, β–CC and β-ionone were the only 

VCCPs identified and their occurrence was proven by comparing their mass spectra in lichen 

samples with the spectra of purchased standards (Figure 2).

3.2 Quantitative characterization of volatiles in non-stressed thalli

The emission rates of volatiles identified by SPME analyses were quantified by PTR-TOF-

MS. Qualitatively, PTR-TOF-MS confirmed the emission of 35 different volatiles from non-

stressed thalli (Table 1). These compounds were grouped in five major categories: VCCPs, 

LOXs, isoprenoids, benzenoids, and lightweight oxygenated compounds (LOCs). PTR-TOF-

MS detected also peaks with masses corresponding to those of β-CC, dihydroactinidiolide, 

hydroxycyclocitral, ionene, hydroxyionone and ionol (Table 1).

In non-stressed (untreated) thalli of Lobaria pulmonaria, total volatile emission amounted to 

approximately 530 pmol m-2 s-1 (Table 1), being dominated by low molecular weight 

oxygenated hydrocarbons (LOCs) that represented 44 % of the total. A minor fraction (1 %) 

of the total volatiles constitutively emitted by the lichen, was due to the emission of VCCPs. 

Among VCCPs, β-CC was the main component of VCCPs blend (34 %), followed by 

hydroxycitral (18 %).

3.3 Effects of heat stress and wounding on volatile release

Heat shock resulted in a dramatic enhancement of the total volatiles emission (8 to 17-fold 

higher), which was particularly noticeable for acetaldehyde and methanol. The enhancement 

of volatile emission was temperature-dependent for acetaldehyde, methanol and some 

benzenoids such as the ethyl salicylate, but not for the other compounds analyzed (Table 1). 

Generally, the total emission of LOXs and LOCs increased linearly along with the stress 

temperature, while the emission of monoterpenoids increased abruptly after heat stress 

(Table 1, Figure 3). SPME analyses revealed that the increase of monoterpenoids was caused 

in part by the increased emission of α-pinene, limonene and especially of β-pinene (Figure 1 

and Supplementary Table 1), which was present in trace amounts in the emissions of non-

stressed thalli (Figure 1 and Supplementary Table 1). In addition, heating of thalli at 33 °C 

also increased the emission of β–CC (Figure 2) and induced the release of β-ionone (Figure 

2), which began to co-elute together with γ-muurolene (Supplementary Figure 1, 

Supplementary Table 1). Increased emission of VCCPs after heat shock was also found in 
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PTR-MS-TOF analyses (Figure 3). Yet, quantitatively, the enhancement of VCCPs was the 

lowest among all groups of volatiles analyzed (a maximum of 3-fold compared to 6-fold for 

LOXs, 7-fold for terpenoids, 7-fold for benzenoids or 29-fold for LOCs). Furthermore, it 

was basically independent of the severity of stress. As a consequence of the lower sensitivity 

of VCCPs emission rate to stress, its contribution to total volatiles released by the lichen, 

decreased to only 0.17 % when the thalli were exposed to the most acute heat stress.

When each individual VCCP was considered separately, their emission also increased with 

stress, but this enhancement was basically independent of stress intensity for each compound 

detected. In the case of the most abundant, β-CC, its release correlated to a great extent with 

the total emissions of monoterpenes and VCCPs (Figure 4), but it did not relate to the 

release of other groups of volatiles.

Volatile production after wounding, a well-characterized factor that induces massive volatile 

release, was also analyzed. The production of groups of volatiles increased after stress, 

acetaldehyde and methanol being the main compounds emitted under these conditions 

(increased by 31 and 135-fold, respectively) (Table 1). Increased emission of VCCPs after 

wounding, including β-CC, was also found in PTR-MS-TOF analyses (Figure 3).

3.4 Pigment changes

Heat shock caused carotenoid degradation, decreasing their content to a higher extent than 

that of chlorophylls. Besides, response patterns differed among carotenoids, with 

xanthophylls being more sensitive to heat shock than carotenes (Figure 5).

At 23 °C and 37 °C, the xanthophyll cycle was active and Vio was enzymatically 

transformed into Zea upon illumination (Figure 5). However, at higher temperatures the 

reaction stopped. The other xanthophylls (Lut and Neo) also decreased progressively with 

temperature. In contrast, β-Car was more stable in non-illuminated thalli, decreasing with 

light exposition, particularly at 46 °C. At this temperature, 13 % of the β-Car pool was lost 

during 15 min of illumination, while at 51 °C, β-Car loss accounted for 6 % of the β-Car 

pool existing prior to illumination.

When VCCPs emission rates were compared with the total changes in carotenoid pool 

induced by the illumination period (Figure 6), the rate of carotenoid degradation and VCCPs 

release correlated positively for β–CC and the other confirmed VCCP (β-ionone). Besides, 

positive relationships were obtained between changes in the pools of individual carotenoid 

and release of VCCPs, in particular, between β–CC and Lut (r2=0.84) or β-Car (r2=0.83) 

(Suppl Table 2). No significant correlations were observed between any other VCCPs and 

carotenoid changes. Despite the correlation between carotenoid degradation and emission of 

VCCPs from stressed thalli, it should be noted here that when expressed on an area basis, 

the rates of carotenoid degradation were on average three orders of magnitude higher than 

those of emission of VCCPs.
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4 Discussion

Biogenic emissions of VCCPs have rarely been considered a part of the blend of volatiles. 

However, it has been known for more than a decade that these volatile compounds can be 

formed enzymatically in fruits and flowers through the action of specific carotenoid cleavage 

dioxygenases (CCDs) (Simkin et al. 2004b), by exposure to UV light (Lamikanra et al. 

2002) or by fungal pathogens (Zorn et al. 2003). More recently, it has been demonstrated 

that in photosynthetic tissues, generation of VCCPs can occur after oxidative damage to 

carotenoids (Havaux 2013) and it has been hypothesized that thanks to the capacity of 

volatiles to overcome vascular restrictions, VCCPs may be involved in long-distance 

communication (Carmody et al. 2016). The present study shows that several VCCPs, 

particularly β-CC, were constitutively released from lichen thalli, even under non-stressed 

conditions, together with other volatiles (Table 1). However, the actual emission of VCCPs 

only represents a minor fraction (1 %) of the total volatiles blend emitted by the lichen 

(Table 1).

Constitutive emission of VCCPs may be related to the continuous enzymatic degradation of 

carotenoids, which has been estimated to represent 15 % of the total carotenoid pool (in 24 

hours) in Lemna plants treated with norflurazon (an inhibitor of phytoene desaturase that 

prevents carotenoid formation) (García-Plazaola et al. 2002). In another study with 14C 

labeling it has been shown that there is a rapid turnover of β-Car even under non-stressed 

conditions (Beisel et al. 2010), suggesting a continuous degradation of β-Car by chemical 

quenching or by the action CCDs that cleave the polyene chromophore of β-Car (Bouvier et 

al. 2005). Considering the estimated turnover rate (15 % in 24 h) and the fact that the 

carotenoid content of thalli is roughly 60 µmol m-2 (Figure 5), and assuming that all 

products of carotenoid degradation may potentially be transformed into volatile metabolites 

(1 or 2 VCCPs per carotenoid molecule) and released into the atmosphere, a maximum 

potential for generation of VCCPs can be estimated in the range of 100-200 pmol m-2 s-1. 

However, actual emission rates of VCCPs under steady-state conditions were approximately 

20-fold lower than this maximum potential, a value that is, furthermore, far below the level 

of other volatiles (Table 1). It implies that degradation either occurs through pathways that 

produce non-volatile metabolites, therefore, not involving generation of VCCPs; or that the 

VCCPs produced are bound to volatiles of fungal cell walls or extracellular matrix 

(including lichenic compounds) that act as sinks for these compounds, decreasing their 

release into the atmosphere.

Heat shock and wounding usually involve extensive damage to cellular structures and the 

release of volatiles from the lipoxygenase pathway (LOX products) (Copolovici et al. 2012, 

Portillo-Estrada et al. 2015) as well as LOCs such as methanol and acetaldehyde (Loreto et 

al. 2006). In L. pulmonaria, both stress types resulted in enhanced emission rates of all 

volatiles, including VCCPs (Table 1). However, the increase in VCCP emissions was the 

lowest among all the groups of volatiles (2 to 3-fold enhancement compared to 3 to 29-fold 

in the other groups) and it was basically independent of stress severity and type (Figure 3).

The comparatively low rate of VCCP emissions is surprising, as temperatures above 40 °C 

trigger a progressive deactivation of PSII reaction centers (Marutani et al. 2012, Yamamoto 

García-Plazaola et al. Page 9

Environ Exp Bot. Author manuscript; available in PMC 2018 February 05.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



et al. 2008), leading to a massive degradation of photosynthetic components. Furthermore, 

recent studies also show that heat stress itself triggers singlet oxygen production though a 

light-independent mechanism (Prasad et al. 2016, Mor et al. 2014). Thus, heat-induced 

photosynthetic damage should imply the oxidation of β-Car in the reaction centers, but also 

the release of antennae xanthophylls. Furthermore, oxidative damage should be exacerbated 

by the denaturation of the enzymes involved in the photoprotective xanthophyll cycle at 

temperatures higher than 36 °C, which is shown by the absence of Zea formation after 46 °C 

and 51 °C treatments (Figure 6). The absence of a massive release of VCCPs indicates that, 

xanthophylls and β-Car are either protected by other antioxidants such as tocopherols 

(Trebst 2003), or their oxidation does not generate VCCPs, or, once VCCPs are generated, 

they are not able to cross the different barriers between the thylakoid and the open 

atmosphere.

In the particular case of heat shock, enzymatic deactivation may also contribute to 

decreasing VCCP emissions by blocking the activity of carotenoid cleavage enzymes (Nisar 

et al. 2015), preventing the metabolic generation of VCCPs. This may justify why, in the 

experimental treatments reported here, the highest rates of VCCPs release were not observed 

at the highest temperature of 51 °C, but at 46 °C.

Despite their low rate of constitutive production of VCCPs, their generation cannot be 

neglected, and their well-proven role as infochemicals and allelopathics, should be 

considered. Thus, hydroxyl-β-ionone produced by the moss Rhynchostegium pallidifolium 
exerts allelopathic effects on the growth of vascular plants (Kato-Noguchi and Seki 2010) 

and β-ionone has a well-contrasted antimicrobial activity (Anzaldi et al. 1999) and it also 

shows lytic activity against cyanobacteria (Harada et al. 2009). In fact, the induction of 

VCCPs production has been proposed as an alternative to increasing disease resistance in 

crops (Lamikanra et al. 2002). On the other hand, ionone and β-CC are capable of inhibiting 

the growth of Chlorella (Ikawa et al. 2001) and the presence of β-CC around cyanobacteria 

colonies (Microcystis) has been identified as a repellent of the grazing behavior of Daphnia 
(Jüttner et al. 2010). As β-CC was generated basically by the damage to Microcystis mats, 

these authors hypothesized that β-CC may be an indicator of a low-quality food source. In 

terrestrial environments, the role of β-CC and α-ionone as repellents has also been identified 

for arthropods such as ticks (Lwande et al. 2009). Furthermore, the external application of 

VCCPs may be used to improve nutritional quality and stress resistance in crops. This is 

because carotenoid composition is under feedback control by carotenoid-derived compounds 

(Fanciullino et al. 2014). In fact, VCCPs may be the signal generated by photooxidative 

stress that is transmitted from leaves to nearby fruits (Poiroux-Gonord et al. 2013).

Overall, the present work shows that VCCPs are produced constitutively and released from 

the thalli of L. pulmonaria. However, although VCCP emissions from photosynthetic tissues 

might, potentially, serve similar functions as other well-recognized volatile infochemicals 

(LOX products, methyl salicylate, methyl jasmonate) that act as cues in biocommunication 

and plant signaling, low emission rates of VCCPs, and the absence of quantitative 

relationship with stress intensity, suggests that it is unlikely that these volatiles play such a 

role in the studied lichen species.
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Abbreviations

β-Car β-carotene

β-CC β-cyclocitral

Chl chlorophyll

dhA dihydroactinidiolide

GC-MS gas-chromatograph mass-spectrometer

LOCs lightweight oxygenated compounds

LOXs lipoxygenase chain oxidation products

Lut lutein

Neo neoxanthin

PTR-TOF-MS proton-transfer reaction time-of-flight mass-spectrometer

RH relative humidity

ROS reactive oxygen species

SPME solid-phase microextraction

VCCPs volatile carotenoid cleavage products

Vio violaxanthin

Zea zeaxanthin
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Figure 1. 
Volatiles of a heat-stressed Lobaria pulmonaria at 33 °C trapped with 65 µm polydimethyl 

siloxane / divinyl benzene (PDMS/DVB) fiber (Supelco, Bellefonte, PA, USA). 1 1-

pentanol, 2 hexanal, 3 1-hexanol, 4 α-pinene, 5 β-pinene, 6 3-octanone, 7 3-octanol, 8 

limonene, 9 iso-menthone, 10 1,3-dimethoxybenzene, 11 menthol, 12 β-cyclocitral, 13 

carvone, 14 α-cubebene, 15 α-longipinene, 16 (E)- β-caryophyllene, 17 geranyl acetone, 18 

γ-muurolene co-eluting with β-ionone. Volatiles were identified by comparing their mass 

spectra and retention indices (RIs) on ZB5-column to the ones of standards (Figure 2) and to 

the ones available in databases and literature (Supplementary Figure 1, Supplementary Table 

1).
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Figure 2. 
Identification of β-cyclocitral and β-ionone in the emission of L. pulmonaria by comparing 

the mass spectra of retention areas of β-cyclocitral (D) and β-ionone (G) in control analysis 

(A) or mass spectra of retention areas β-cyclocitral (E) and β-ionone (H) in heat stress 

analysis (B) to the ones (F and I) in a mixture of respective standards (C).
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Figure 3. 
Temperature (empty circles) and wounding (solid circles) effects on the emission of the main 

groups of volatiles and volatile carotenoid derivatives identified by GC-MS (bottom row). 

Linear relationships between temperature and emissions were tested and calculated P values 

and regression lines are indicated on the figures whenever significant at P < 0.05. The values 

represent the averages of three independent replicates ± SE (error bars are shown when 

larger than symbols).
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Figure 4. 
Relationship between the emission of β-CC and that of the main groups of volatiles. Linear 

relationships between temperature and emissions were tested and calculated P values and 

regression lines are indicated on the figures whenever significant at P < 0.05. Data 

presentation and statistics as in Figure 3. The values represent the averages of three 

independent replicates ± SE (error bars are shown when larger than symbols).
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Figure 5. 
Carotenoid contents (expressed on a chlorophyll basis) of thalli exposed to different 

temperatures before (solid bars) and after (empty bars) illumination. Average (± SE) pre-

stress chlorophyll and carotenoid contents were 180.1 ± 6.0 µmol m-2 and 58.3 ± 1.6 µmol 

m-2, respectively. The bars indicate SE (n = 5). Letters above the bars indicate significant 

differences in the carotenoids content between temperature and light treatments (P<0.05).
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Figure 6. 
Relationship between total carotenoid degradation and the emission of main volatile 

carotene derivatives (VCCPs) confirmed by GC-MS. Negative values of carotenoid 

degradation indicate higher ratios of carotenoids per chlorophyll. Data presentation and 

statistics as in Figure 3.
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Table 1

Emissions in pmol m-2 s-1 of selected biogenic volatile organic compounds (BVOCs) analysed by a proton-

transfer-reaction time-of-flight mass spectrometer (PTR-TOF-MS) during heat shock and thallus wounding 

experiments in L. pulmonaria samples. MVK stands for methyl vinyl ketone, MACR stands for methacrolein. 

Values represent the average of 3 independent experiments ±SE.

Most probable 
compound name Protonated compound (MW) Pre-stress level

Heat shock 
at 37 °C

Heat shock 
at 46 °C

Heat shock 
at 51 °C Leaf wounding

VCCPs

β–CC + dihydrocarvone (C10H16O)H+ (153.128) 1.75±0.24 3.13±0.51 5.12±0.42 5.34±0.71 5.94±0.42

Hydroxycyclocitral (C10H16O2)H+ (169.122) 0.81±0.10 1.56±0.19 1.95±0.10 3.12±0.43 3.30±0.28

Ionene (C13H18)H+ (175.148) 0.70±0.11 0.68±0.03 0.80±0.10 0.73±0.15 0.67±0.08

Dihydroactinidiolide (C11H16O2)H+ (181.122) 0.36±0.03 0.80±0.10 0.96±0.04 0.95±0.12 0.75±0.10

Ionone (C13H20O)H+ (193.159) 0.26±0.05 2.73±0.16 2.99±0.08 2.42±0.36 1.54±0.13

Geranyl acetone (C13H22O)H+ (195.174) 0.40±0.03 0.42±0.05 0.43±0.01 0.55±0.10 0.42±0.10

Hydroxyionone (C13H20O2)H+ (209.154) 0.24±0.02 0.57±0.08 0.77±0.01 0.81±0.11 0.56±0.09

Ionol (C15H24O)H+ (211.190) 0.57±0.03 0.53±0.08 0.48±0.04 0.41±0.06 0.45±0.04

LOXs

Hexenols (frag) + 
hexanal (frag) (C6H10)H+ (83.086) 15.7±1.7 18.4±0.6 28.0±3.7 56.3±7.8 68.6±15.9

Pentenone + pentenal (C5H8O)H+ (85.065) 6.00±0.64 9.74±1.83 19.5±1.5 63.7±8.4 61.7±12.2

Hexanol (frag) (C6H12)H+ (85.101) 1.85±0.16 6.77±0.51 5.77±0.65 6.09±0.97 7.57±1.05

Pentanol (C5H12O)H+ (87.080) 7.15±0.46 54.6±4.2 65.3±1.6 101.7±14.4 83.2±20.1

Hexenal (C6H10O)H+ (99.080) 4.25±0.64 7.19±1.98 6.61±0.16 10.0±1.9 8.84±1.31

Hexanal + hexenols (C6H12O)H+ (101.096) 3.52±0.65 6.26±0.36 7.22±0.64 18.4±2.3 18.9±3.4

Hexanol (C6H14O)H+ (103.112) 0.27±0.04 0.27±0.6 0.33±0.03 0.52±0.06 0.46±0.05

Hexenyl acetate (C8H14O2)H+ (143.107) 7.35±1.02 7.76±1.41 12.1±1.1 17.5±2.5 20.5±1.4

Hexyl acetate (C8H16O2)H+ (145.122) 1.20±0.18 2.63±0.29 2.65±0.18 3.12±0.47 2.96±0.54

Isoprenoids

MVK + MACR (C4H6O)H+ (71.049) 11.5±1.1 34.7±7.7 44.9±3.4 96.9±14.1 82.9±18.4

Monoterpenes (frag) + 
hexenal (frag) (C6H8)H+ (81.070) 5.31±0.81 13.0±1.4 19.7±0.9 17.5±3.1 16.5±3.0

Monoterpenes (frag) (C7H10)H+ (95.086) 20.4±2.4 304.0±45.3 218.2±20.8 114.8±20.0 94.1±4.5

Monoterpenes (C10H16)H+ (137.133) 5.68±0.74 8.22±1.55 11.46±1.20 7.42±1.28 7.46±0.24

Carvone (C10H14O)H+ (151.112) 0.91±0.09 0.64±0.05 0.77±0.08 1.05±0.16 0.54±0.11

Menthone (C10H18O)H+ (155.143) 2.18±0.48 2.28±0.39 3.95±0.33 4.40±0.61 6.37±0.87

Menthol+Decanal (C10H20O)H+ (157.159) 6.67±1.06 6.46±0.91 7.28±0.34 7.02±1.14 7.07±0.56

Sesquiterpenes (C15H24)H+ (205.195) 2.21±0.19 2.58±0.39 4.22±0.51 2.18±0.29 2.31±0.12

Benzenoids
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Most probable 
compound name Protonated compound (MW) Pre-stress level

Heat shock 
at 37 °C

Heat shock 
at 46 °C

Heat shock 
at 51 °C Leaf wounding

Benzene (C6H6)H+ (79.054) 20.2±2.0 27.0±6.1 23.6±1.8 33.6±5.1 27.1±1.4

Phenol (C6H6O)H+ (95.049) 140.6±22.4 1840±140 1198±120 554.7±91.8 383.4±31.4

Benzaldehyde (C7H6O)H+ (107.049) 4.81±0.54 21.7±2.2 27.8±0.3 102.9±15.4 92.9±6.24

Xylene (C8H10)H+ (107.086) 0.70±0.03 1.87±0.12 2.09±0.17 2.78±0.38 3.36±0.33

Methoxybenzene (C7H8O)H+ 109.065 4.32±0.37 21.9±5.4 17.8±1.2 17.3±2.1 15.3±0.8

Benzoic acid (C7H6O2)H+ (123.044) 2.12±0.11 2.95±0.37 2.15±0.09 7.33±1.34 6.44±1.21

Dimethoxybenzene (C8H10O2)H+ (139.075) 14.3±2.7 53.4±5.6 17.2±0.9 18.4±2.6 13.5±0.6

Ethyl salicylate (C9H10O3)H+ (167.070) 0.78±0.05 2.12±0.55 2.82±0.27 8.25±1.01 9.16±1.63

Other VOCs

Methanol (CH4O)H+ (33.034) 10.2±0.3 187.2±20.1 713.0±14.4 1261±179 1373±119

Acetaldehyde (C2H4O)H+ (45.034) 124.6±25.0 1230±158 1697±39 5839±789 3883±697

Ethanediol (C2H6O2)H+ (63.044) 46.6±7.0 471.4±28.8 429.6±17.3 1308±216 1022±146

Propanediol (C3H8O2)H+ (77.060) 15.3±3.4 30.0±1.1 33.3±2.5 53.4±9.1 43.1±6.0

Ethylene carbonate (C3H4O3)H+ (89.023) 19.4±1.7 36.4±3.7 33.2±1.6 46.1±6.2 37.7±3.1

Octadiene (C8H14)H+ (111.117) 17.8±0.4 46.5±3.7 46.8±2.8 30.6±6.1 41.9±4.4

Heptenal (C7H12O)H+ (113.096) 6.33±0.92 9.85±1.63 14.4±0.9 32.9±4.5 49.4±4.5

Octane (C8H18)H+ (115.148) 0.79±0.16 0.82±0.11 0.67±0.06 0.99±0.11 1.17±0.11

Methylpentanoate (C6H12O2)H+ (117.091) 3.60±0.45 2.99±0.43 3.36±0.33 4.92±0.81 2.13±0.61

Cyclooctanone (C8H14O)H+ (127.112) 8.35±0.85 24.4±1.5 20.9±1.4 31.4±5.9 40.9±3.1

Met heptanoate + 
octanol (C8H16O)H+ (129.127) 42.0±8.5 46.1±6.27 61.4±2.7 23.7±3.1 19.6±2.0
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