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Summary 

Isoprenoids represent the dominant compound class of biogenic volatile organic 

compounds emitted by plants. Isoprene and monoterpenes have profound effects on at-

mospheric chemistry and shape the chemical landscape of many ecosystems and plant-

environmental interactions therein. The accuracy of global estimates of emission devel-

opment in regard to a changing climate and increasing drought frequency is limited by 

our understanding of the fundamental processes driving emission and biosynthesis of iso-

prenoids by plants under varying physiological conditions. Further, the effect of drought 

on compounds utilised for above- and below-ground plant-environmental signalling, such 

as chiral monoterpenes, is so far hard to assess. The mirrored conformation of the two 

enantiomers of chiral monoterpenes alters their biological activity but not their physical 

properties, complicating analytical distinction, which is why they are often overlooked in 

environmental studies. 

Accordingly, the overarching scope of my thesis was to further our understanding 

of the effects of drought on above- and below-ground emission and biosynthesis of iso-

prenoids. A specific focus lied on the investigation of emission pattern and biosynthetic 

dynamics of chiral monoterpenes. Within the framework of the unprecedented drought 

experiment in a tropical rainforest in the Biosphere 2 (during the Biosphere 2 Water and 

Life Dynamics campaign 2019), an automated leaf gas exchange measurement system 

was set up to continuously monitor foliar fluxes of H2O, CO2 and volatile organic com-

pounds. Stable isotope labelling experiments with position-specifically labelled pyruvate 

were performed before and during the drought to investigate changes in above- and, for 

the first time, below-ground carbon utilisation by four representative plant species from 

different plant functional types. The results of these experiments were explored in three 

explicit research studies (Study 1-3). Within these studies, I demonstrated that plant spe-

cies of different plant functional groups vary in their metabolic responses to drought and 

disproportionally affect various ecosystem fluxes. Diminishing atmospheric isoprene con-

centrations in response to drought were partially driven by the legume tree 
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C. fairchildiana, which increasingly resorted to cytosolic pyruvate for isoprene emissions, 

as the supply of fresh photosynthates available for biosynthesis declined. 

The findings from these studies were further developed and adapted to analyse 

above- and below-ground chiral monoterpene emission and biosynthesis by isotopically 

labelling Picea abies saplings during a severe drought climate chamber experiment 

(Study 4 and Study 5). In Study 4, I revealed that three distinct clusters of chiral mono-

terpenes are synthesised in needles of Picea abies by introducing multiple isotopic tracers 

(13CO2, 13C1-pyruvate, 13C2-pyruvate). Biosynthesis of chiral monoterpenes is supposed 

to originate from the same precursor pool but seems to be driven by different metabolic 

pathways. I conclude that biosynthesis of different groups of chiral monoterpenes is com-

partmented, either between different cell types or within cell compartments.  

De novo biosynthesis and emissions of chiral monoterpenes declined in drought-

affected plants, even though storage pool size increased. I therefore argue in Study 5 that 

emission of chiral monoterpenes from storage compartments is not a solely passive pro-

cess. Likely, release of monoterpenes by resin ducts and associated cells or transport 

mechanisms are disrupted by drought, leading to declining emissions. There was no 

de novo synthesis of chiral monoterpenes detected in roots, indicating that below-ground 

emissions might be supplied by precursors from above-ground tissue. Notably, chiral 

monoterpene composition was tissue-specific and drought only affected chiral composi-

tion in needles, but not in roots. In conclusion, this thesis provides evidence that drought 

unequally affects above- and below-ground emission and biosynthesis of isoprenoids and 

implies important findings for atmospheric model parametrisation and our understanding 

of the effects of a changing climate on plant-environmental interactions.  
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Zusammenfassung 

Die Molekülgruppe der Isoprenoide macht den größten Anteil biogener organi-

scher Verbindungen aus, die global von Pflanzen emittiert werden. Emissionen von Iso-

pren und Monoterpenen haben tiefgreifende Auswirkungen auf die Atmosphärenchemie 

und formen die chemische Landschaft vieler Ökosysteme sowie deren komplexe Interak-

tionen zwischen Pflanzen und anderen Organismen. Die Genauigkeit globaler Modelle zur 

Abschätzung der Effekte des Klimawandels auf biogene Emissionen von Isopren und Mo-

noterpenen, ist hierbei durch unser Verständnis der fundamentalen Prozesse beschränkt, 

die die Biosynthese und Emission durch Pflanzen unter variierenden physiologischen Zu-

ständen steuern. Des Weiteren sind die Effekte von Dürreperioden auf über- und unter-

irdische Emissionen von Signalmolekülen, wie zum Beispiel chiralen Monoterpenen, weit-

gehend unerforscht. Die gespiegelte Konformation der zwei Enantiomere chiraler Mono-

terpene ändert zwar deren biologische Aktivität, nicht aber die physikalischen Eigenschaf-

ten. Dies erschwert die analytische Trennung der Enantiomere, weshalb sie in umwelt-

wissenschaftlichen Studien oft nur zusammengefasst betrachtet werden. 

Das übergeordnete Ziel dieser Arbeit war es daher unser Verständnis von regula-

torischen Prozessen zu erweitern, die die über- und unterirdische Emission und Biosyn-

these von Isopren und teils chiralen Monoterpenen in Reaktion auf Trockenstress steu-

ern. Im Zuge des groß angelegten Trockenstress Experimentes (während der „Biosphere 2 

Water and Life Dynamics“ Kampagne 2019), wurde ein automatisiertes Gasaustausch-

Messsystem in dem experimentellen Regenwald der Biosphere 2 (Arizona, USA) aufge-

baut, um die Blattflüsse von H2O, CO2 und volatilen organischen Verbindungen zu über-

wachen. Vor und während der Dürre wurden stabile Isotopenmarker in Blätter und erst-

mals in Wurzeln von vier repräsentativen Pflanzenarten verschiedener funktioneller 

Gruppen eingebracht, um Änderungen in der Verwertung verschiedener Kohlenstoffquel-

len für primäre Stoffwechselwege und die Synthese von Isopren und Monoterpenen zu 

untersuchen. Die Ergebnisse dieser Experimente wurden in drei verschiedenen wissen-

schaftlichen Arbeiten untersucht (Studie 1-3). Mit meinen Analysen konnte ich zeigen, 

dass sich die funktionellen Gruppen in ihrem Einfluss auf verschiedene Ökosystemflüsse, 
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sowie ihren Stoffwechselreaktionen auf den Trockenstress stark unterschieden. Der Ein-

bruch der atmosphärischen Isopren Konzentrationen unter zunehmender Trockenheit 

wurde unter anderem durch die Leguminose Clitoria fairchildiana beeinflusst. Die restli-

chen Emissionen von Isopren von C. fairchildiana wurden zunehmend von cytosolischen 

Kohlenstoffquellen gespeist als die Photosyntheserate unter dem Trockenstress zurück-

ging. 

Die Erkenntnisse aus diesen Studien dienten der Entwicklung weiterführender Iso-

topenmarker-Experimente, um die Zusammensetzung chiraler Monoterpene in den Emis-

sionen und Speicherorganen von Nadeln und Wurzeln von Picea abies Jungbäumen in 

einem Trockenstress Versuch in Klimakammern zu untersuchen (Studie 4 und Studie 5).  

In Studie 4 habe ich drei distinkte Gruppen innerhalb der emittierten, chiralen 

Monoterpene, durch das Einbringen verschiedener Isotopenmarker (13CO2, 13C1-Pyruvat, 
13C2-Pyruvat), offengelegt. Diese Beobachtung war überraschend, da die Synthese ver-

schiedener Monoterpene prinzipiell auf das gleiche Vorprodukt (Geranylpyrophosphat) 

zurückzuführen ist. Aus diesen Erkenntnissen schloss ich, dass die Synthese verschiede-

ner, chiraler Monoterpene höchstwahrscheinlich kompartimentiert ist, entweder zwi-

schen den verschiedenen Zelltypen der Nadeln oder innerhalb einzelner Zellen.  

Die Emission chiraler Monoterpene und deren De-novo-Synthese wurde während 

der extremen Trockenphase stark reduziert, obwohl sich die Konzentration der gespei-

cherten chiralen Monoterpene beinahe verdoppelte. Daher argumentiere ich in Studie 5, 

dass der Anteil der Emissionen aus Speicherorganen nicht ausschließlich passiv abläuft, 

sondern höchstwahrscheinlich regulative Prozesse die Freisetzung der volatilen Stoffe aus 

den Harzkanälen, oder andere Transportprozesse diese Emissionen beeinflussen und un-

ter Trockenheit unterbrechen. Innerhalb der Wurzeln konnte keine De-novo-Synthese 

chiraler Monoterpene detektiert werden, was vermuten lässt, dass die unterirdische Syn-

these dieser Stoffe durch den Phloemtransport komplexerer Vorprodukte über den 

Stamm versorgt wird. Interessanterweise unterschied sich die Zusammensetzung der chi-

ralen Monoterpene stark zwischen Nadeln und Wurzeln. Mit zunehmender Trockenheit 

veränderte sich die chirale Zusammensetzung in den Emissionen und Speicherorganen 
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von Nadeln, blieb jedoch unverändert in den Wurzeln, was vermutlich durch organspezi-

fische Funktionen der chiralen Monoterpene zu erklären ist.  

Die gesammelten Erkenntnisse dieser Arbeit liefern Nachweise dafür, dass sich 

Trockenheit unterschiedlich auf die über- und unterirdische Emission und Biosynthese 

von Isoprenoiden auswirkt. Die durchgeführten Studien implizieren wichtige Ergebnisse 

für die Parametrisierung globaler Emissionsmodelle sowie für unser Verständnis der Ef-

fekte des Klimawandels auf Interaktionen von Pflanzen mit ihrer Umwelt. 
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1. Introduction 

1.1. Volatile organic compounds in a changing climate 

Non-methane volatile organic compounds (VOCs) have profound impacts on atmos-

pheric chemistry (Atkinson & Arey, 2003; Claeys et al., 2004; Kanakidou et al., 2005; Le-

lieveld et al., 2008; Nölscher et al., 2013; Bourtsoukidis et al., 2014; Riccobono et al., 

2014; Unger, 2014), enhancing radiative forcing, significantly contributing to global 

warming (Masson-Delmotte et al., 2021) and subsequent effects on human health (Chen 

et al., 2011b; Tuet et al., 2017) (Figure 1). About 75-90% of global VOC emissions can be 

assigned to natural ecosystems and these emissions are predominantly driven by vegeta-

tion (Guenther et al., 1995; Lamarque et al., 2010). These biogenic VOC (BVOC) emissions 

mainly compose of isoprenoids, contributing 68-83% (Isoprene 50-70%, monoterpenes 

11-15%, sesquiterpenes 2.5-3%) to global BVOC emissions (Guenther et al., 2012; Sinde-

larova et al., 2014). Isoprenoids, specifically isoprene (C5H6), monoterpenes (C10H16) and 

sesquiterpenes (C15H24), influence the photochemical ozone production (Atkinson & Arey, 

2003; Bourtsoukidis et al., 2014) and promote secondary organic aerosol (Riccobono et 

al., 2014) and cloud formation (Unger, 2014). Even though global modelling approaches 

have compellingly improved throughout the last decades (Guenther et al., 1991; Guen-

ther et al., 1993; Guenther et al., 1995; Lathière et al., 2006; Guenther et al., 2012; Sin-

delarova et al., 2014; Messina et al., 2016), predictions of Isoprenoid and other BVOC 

emission development in response to a changing climate still bear high levels of uncer-

tainty (Masson-Delmotte et al., 2021; Thornhill et al., 2021). How global emissions of iso-

prenoids and other BVOCs will alter under ongoing climate change is a matter of current 

debate, ranging from the prediction of dramatic increases of 30-45% with rising global 

temperatures (Peñuelas & Llusià, 2003), to stagnation or even decline due to predicted 

anthropogenic land-use change scenarios (Hantson et al., 2017; Sindelarova et al., 2022). 

Model parameterisation is limited by our understanding of fundamental processes driving 

isoprenoid emissions, their physicochemical controls and plant metabolic adjustments in 

dependence on environmental factors (Niinemets et al., 2004; Messina et al., 2016).  
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Figure 1 Schematic representation of atmospheric processes affected by volatile organic compounds from 

biogenic and anthropogenic sources. Especially metropolitan areas are exposed to interacting emissions of 

BVOCs, AVOCs, and other anthropogenic pollutants, with detrimental effects on air quality and human 

health. Presented estimates for global contributions are based on model comparisons between MEGANv2.1 

(Guenther et al., 2012) and ORCHIDEE (Lathière et al., 2006; Messina et al., 2016) and further studies (Guen-

ther et al., 1995; Lamarque et al., 2010). Estimates for temperate forests include a contribution of < 5% 

from boreal forests. Modified after Peñuelas & Staudt (2010). Visualisation: Lars Erik Daber. 

1.2. Functions, emission and biosynthesis of isoprenoids 

Isoprenoids protect plants against herbivores, pathogens, reactive oxygen species and 

heat shock  

Plants release a plethora of BVOCs that are essential for plant functioning and plant-

environmental interactions (Loreto & Schnitzler, 2010). Floral scents serve to attract 
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pollinators (Raguso, 2008), above- and below-ground emissions from vegetative tissue 

deter herbivores (Unsicker et al., 2009; Hiltpold & Turlings, 2012) and pathogens (Huang 

et al., 2012) and attract beneficial organisms (Schulz-Bohm et al., 2018). Among other 

BVOCs, such as stored green leaf volatiles, isoprenoids are released upon herbivore feed-

ing, attracting herbivore enemies (Turlings et al., 1990; Trapp & Croteau, 2001; Mäntylä 

et al., 2008; Piva et al., 2019) and activating defences in neighbouring plants (Baldwin et 

al., 2006; Riedlmeier et al., 2017). Isoprenoids protect plants against abiotic stressors, 

such as drought, extreme light and heat (Loreto et al., 1998b; Loreto et al., 2001; 

Dudareva et al., 2006). Isoprene protects foliage against heat flecks, i.e. the large and 

rapid changes in leaf temperature caused by sunlight (Sharkey & Yeh, 2001; Velikova & 

Loreto, 2005; Behnke et al., 2007), stabilising photosynthesis under extreme temperature 

spikes (Singsaas et al., 1997). Further, isoprene can prevent losses in photosynthetic ca-

pacity by reactive oxygen species (ROS) (Peñuelas & Llusià, 2002; Sharkey et al., 2008). 

However, the underlying mechanism responsible for the protective functions of isoprene 

remains unknown. Possibly, isoprene prevents heat induced phase transitions in phos-

pholipid membranes of leaves, protecting plants against thermal shock by heat flecks 

(Siwko et al., 2007; Sharkey et al., 2008). Alternatively or additionally, isoprene might 

have direct ozone quenching properties (Loreto et al., 2001), altering leaf internal ROS 

signalling (Vickers et al., 2009). Similar mechanistic explanations revolve around the pro-

tective properties of monoterpenes (Peñuelas & Llusià, 2002, 2003; Loreto et al., 2004; 

Copolovici et al., 2005), and biosynthesis of isoprene and monoterpenes is tightly linked 

(Dudareva et al., 2013).  

 

Physiologic and physicochemical controls of isoprenoid emissions 

Isoprenoid emissions of plants are affected by environmental, physiological and 

physicochemical factors. Isoprene emissions are light-dependent and diminish after a few 

seconds upon darkening, whereas monoterpene emissions can be supported for more 

than 15 minutes without de novo synthesis (i.e. synthesis from simple precursor mole-

cules, such as sugars) by non-specific storage in the lipid phase of the leaf (Loreto et al., 

1998a; Shao et al., 2001). In plants with specialised storage compartments, such as resin 
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ducts or glandular cells, monoterpenes can be emitted light independent for longer peri-

ods and even at night (Guenther et al., 1993; Staudt et al., 1997; Ghirardo et al., 2010). 

Temperature regulates emission rates directly by affecting isoprenoid synthase activities 

(Monson et al., 1992; Lehning et al., 1999; Fischbach et al., 2001) and indirectly by affect-

ing respiration, changing isoprenoid precursor availability (Rosenstiel et al., 2003). Fur-

ther, temperature changes have a direct effect on monoterpene emissions from storage 

compartments and non-specific storage in the lipid phase of the leaf, since variations in 

temperature influence compound volatility (Fischbach et al., 2002). Contribution of 

de novo synthesis to total monoterpene emissions in species with specialised storage 

compartments is species-specific and varies between 10 to 60% under unstressed condi-

tions (Ghirardo et al., 2010). 

Under stressed conditions, for example under drought, emission development and 

contribution of de novo synthesis and storage pools is heterogenous. In the drought-re-

silient conifer Pinus sylvestris, de novo synthesis and emissions of monoterpenes were 

unaffected by a 10 day drought, but sesquiterpene emissions declined (Kreuzwieser et 

al., 2021). Conversely, Wu et al. (2015) observed a slight increase in de novo synthesised 

monoterpene emissions of Pinus sylvestris, Picea abies, Fagus sylvatica and Quercus ilex 

during mild drought stress, but declining emissions with increasing drought severity. 

These trends have also been observed for ecosystem flux dynamics in response to 

drought (Grote et al., 2009; Werner et al., 2021; Byron et al., 2022). Other studies focus-

ing on branch measurements observed significant declines in monoterpene emissions in 

both, deciduous (Lavoir et al., 2009) and conifer (Lüpke et al., 2017) species. Hence, even 

though monoterpene emission dynamics under mild drought stress are highly diverse and 

likely ecosystem- and species-specific, de novo biosynthesis and emissions generally de-

cline in response to long term drought stress, even in species with specialised storage 

compartments (Lewinsohn et al., 1993; Trapp & Croteau, 2001). Notably, the tempera-

ture dependency of isoprene emission can be lost after severe drought (Fortunati et al., 

2008) and temperature dependency of monoterpene emission can be reduced by recur-

rent heatwaves (Birami et al., 2021). However, it remains open how changes in de novo 

synthesis and storage pool size contribute to monoterpene emissions during drought. 
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Isoprenoid emissions of roots 

Very little is known about magnitude, control and function of root emitted isopre-

noids and other BVOCs, and even less is known about drought effects on below-ground 

emissions and storage. In addition to the ROS quenching properties, isoprene is hypoth-

esised to be involved in root development (Miloradovic van Doorn et al., 2020). Mono-

terpenes are likely involved in below-ground plant-environmental signalling (Rasmann et 

al., 2005; Ali et al., 2010) and might deter herbivores and pathogens. In conifer species 

isoprenoid emissions from roots are likely driven by storage pools (Lin et al., 2007) but 

might be additionally emitted de novo (Chen et al., 2004). In response to drought, root 

isoprenoid emissions tend to decline (Lin et al., 2007).  

 

Initial discoveries and recent advances: Isoprenoids are produced via two (in-)                  

dependent pathways 

The two common precursors for biosynthesis of all isoprenoids are isopentenyl di-

phosphate (IDP) and dimethylallyl diphosphate (DMADP) (Figure 2). For a long time it was 

assumed that these precursors are only synthesised in the cytosol via the mevalonate 

(MVA) pathway, starting from acetate that is activated as acetyl coenzyme A (Spurgeon 

& Porter, 1981; Rohmer et al., 1993). It took more than half a century of contradicting 

results and discussions on the universal role of MVA as isoprenoid precursor, until 

Rohmer (1999) discovered an alternative, mevalonate-independent pathway for isopre-

noid biosynthesis in plants: The plastidic methylerythritol 4-phosphate (MEP), also called 

non-mevalonate pathway converts glyceraldehyde 3-phosphate (GA-3-P) and pyruvate to 

IDP and DMADP. Though separated by compartments, these two pathways are connected 

by metabolic crosstalk of various precursors between the cytosol and plastid (Figure 2) 

(Laule et al., 2003; Schuhr et al., 2003; Bartram et al., 2006; Jardine et al., 2010; Ghirardo 

et al., 2011; Opitz et al., 2014; Sharkey & Monson, 2014; Rodríguez-Concepción & Boro-

nat, 2015). However, relevance and magnitude of these crosstalk processes in plants re-

main controversial (McCaskill & Croteau, 1995; Dudareva et al., 2005; de Souza et al., 

2018; Rasulov et al., 2018), especially since the transport mechanisms still remain unclear 

(Bick & Lange, 2003; Dudareva et al., 2006; Dudareva et al., 2013).  
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Figure 2 Metabolic pathways leading to the biosynthesis of isoprenoids in plant cells. Pathway names are 

highlighted in red, enzymes are in italic and volatile isoprenoids are in bold. The scheme was modified as 

synthesis from Study 3 and Study 4. DMADP, dimethylallyl diphosphate; FDP, farnesyl diphosphate; FDPS, 

farnesyl diphosphate synthase; GA-3-P, glyceraldehyde-3-phosphate; GPP, geranyl diphosphate; GPPS, 

geranyl diphosphate synthase; IspS, isoprene synthase; IDP, isopentenyl diphosphate; IDPS, isopentenyl 

diphosphate synthase; MEP, methylerythritol phosphate; mTPS, monoterpene synthase; MVA, mevalo-

nate; Pyr, pyruvate; PDH, pyruvate dehydrogenase; RhNudx, Nudix hydrolase; sqTPS, sesquiterpene syn-

thase; TCA, tricarbocylic acid. Partially adapted from Dudareva et al. (2006), Tcherkez et al. (2017), 

Fasbender et al. (2018), Werner et al. (2020) and Zhou & Pichersky (2020a). 

 

Isoprene biosynthesis is located in the plastids and promoted by conversion of 

IDP/DMADP via isoprene synthase (IspS, Figure 2) (Rohmer, 1999). Some IspS might be 

located in the cytosol, but their activity and contribution to overall biosynthesis is likely 

minor (Zhou & Pichersky, 2020b). IDP and DMADP are condensed to form geranyl diphos-

phate (GDP), the general precursor for monoterpene biosynthesis. There exists a multi-

tude of monoterpene synthases (mTPS) in the plant kingdom that convert GDP to various 

monoterpenes and their diversity is further increased by subsequent modification 

through, e.g. oxidation, dehydrogenation and acylation (Trapp & Croteau, 2001; 
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Dudareva et al., 2004). In general, biosynthesis of monoterpenes is also located within 

plant plastids (Cheniclet & Carde, 1985; Schürmann et al., 1993). However, cytosolic mo-

noterpene biosynthesis has been shown to occur in reproductive (Magnard et al., 2015) 

and vegetative (Liu et al., 2018; Zhou & Pichersky, 2020a) plant tissue in some cases, but 

the magnitude of cytosolic monoterpene biosynthesis compared to plastidic rates re-

mains unresolved. Sesquiterpenes, on the other hand, are generally synthesised in the 

cytosol, where IDP and DMADP are condensed to form farnesyl diphosphate (FDP), which 

is then converted to a plethora of different sesquiterpenes (Dudareva et al., 2006). FDP 

and GDP also resemble the building blocks for biosynthesis of homoterpenes and diter-

penes, respectively. 

1.3. Chiral monoterpenes 

The TPS-enzyme family is characterised by some unusual abilities: Several multi-

substrate TPS were identified in the TPS-f-subfamily, producing monoterpenes from both, 

GPP or FDP (Ruiz-Sola et al., 2016; Dhandapani et al., 2020). Even more substantial is the 

ability of most mTPS to produce multiple, partially chiral, monoterpenes at specific rates 

(Aubourg et al., 2002; Chen et al., 2011a; Wang et al., 2016; Zhou & Pichersky, 2020b, 

2020a). Chiral monoterpenes and other chiral compounds vary in the conformation of 

one or several asymmetric carbon atoms, reflecting non-superposable mirror images of 

each other (Bentley, 2006b). Chiral mixtures of monoterpenes can be produced by non-

enantiospecific transformation by one enzyme, by enantiospecific transformation by two 

different enzymes in parallel, or by synthesis of a racemate, followed by further transfor-

mation steps that preferentially use one enantiomer (Norin, 1996). Chiral monoterpenes 

are identical in their physical properties, aggravating analytical distinction of enantio-

mers, since common ionisation techniques used in mass spectrometry (MS) have no chiral 

selectivity (Powis & Janssen, 2017). Additionally, atmospheric chemical reaction rates are 

not affected by chirality, which is why they are often overlooked in studies focusing on 

atmospheric monoterpene concentrations (Zannoni et al., 2020; Byron et al., 2022). How-

ever, their mirrored conformation significantly changes biochemical functioning by af-

fecting e.g. antimicrobial/insecticidal properties and attractiveness to other organisms 
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(Phillips et al., 1999; van Vuuren & Viljoen, 2007; Rufino et al., 2014; de los Santos & Wolf, 

2020). Since the first identification of enantiomer-specific taste of D-and L-asparagine by 

Piutti (1886), the chirality of natural compounds, their biosynthesis and biologic function-

ing have not only gained significant interest in the perfume, food- and pharmaceutical 

industry (Piutti, 1886; Bentley, 2006b), but also caught attention in the field of ecophysi-

ology to study plant-insect interactions (Klimetzek et al., 1980; Billings & Cameron, 1984; 

Persson et al., 1993; Attygalle et al., 2009).  

Chiral ratios of above- and below-ground monoterpene emissions play essential 

roles in plant-insect communication (Lindström et al., 1990; Norin, 1996; Erbilgin et al., 

2007; Ghimire et al., 2016) and likely affect chemotaxis (Schulz-Bohm et al., 2018). On the 

other hand, the insecticidal and antimicrobial properties of several chiral compounds pro-

duced by e.g. Citrus sp., Mentha sp., or coniferous tree species are seen to deter herbi-

vores (Borg-Karlson et al., 1993; Lücker et al., 2002) and pathogens (Mikaili et al., 2013). 

(-)- and (+)-enantiomers of limonene obtain highly antimicrobial properties (Aggarwal et 

al., 2002), whereas only the (+)-enantiomers of α- and β-pinene were found to possess 

antimicrobial functions (Da Rivas Silva et al., 2012). Further, biological activity and insec-

ticidal/antimicrobial characteristics can be modified depending on chiral ratios of mono-

terpenes (van Vuuren & Viljoen, 2007).For other compounds, such as β-phellandrene and 

camphene, there is no information on insecticidal/antimicrobial activity of isolated enan-

tiomers available, yet. Nonetheless, shifts in chiral monoterpene composition observed 

after application of external stressors, such as mechanical wounding (Yassaa & Williams, 

2007; Williams et al., 2011; Bougas et al., 2022) or drought stress (Byron et al., 2022) likely 

affect interactions of plants with their environment. However, changes in emission and 

biosynthesis of chiral ratios as a consequence of drought are vastly understudied on a 

plant scale.  
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1.4. Scope of this thesis 

Isoprenoids shape the chemical landscape of many ecosystems, protecting plants 

from external stressors and mediating plant-environmental signalling. In addition, isopre-

noids have profound effects on atmospheric chemistry and climate warming. Our under-

standing of emission regulation and biosynthesis of isoprenoids from various plant spe-

cies of different ecosystems has significantly improved throughout the last decades 

(Norin, 1996; Niinemets et al., 2004; Dudareva et al., 2006; Loreto & Schnitzler, 2010; 

Peñuelas & Staudt, 2010; Zhou & Pichersky, 2020a). However, in regard to climate 

change, severe droughts will globally increase (Allen et al., 2015) with unforeseen ramifi-

cations for ecosystem functioning (Grossiord et al., 2014), plant-environmental interac-

tions (Anderegg et al., 2015) and atmospheric isoprenoid concentrations (Guenther et al., 

2012; Messina et al., 2016). Understanding the fundamental processes driving plant bio-

synthesis and emission of isoprenoids in different ecosystems and environmental condi-

tions is therefore essential for many scientific fields: Model parameterisation requires in-

formation on emission changes under a changing climate with increasing drought severity 

and frequency; changes in volatile plant signals are cues for understanding plant-environ-

mental interactions and how they are affected by drought; and possible shifts in chiral 

mixtures under changing environmental conditions can imply vital information for ad-

vances in drug development. Drought affects how fresh photosynthates and alternative 

carbon sources are utilised for isoprenoid biosynthesis (Brilli et al., 2007) but the signifi-

cance of metabolic crosstalk between plant cell compartments remains highly debated 

(Rasulov et al., 2018). We especially lack information on how emission and biosynthesis 

of chiral compounds is regulated during drought. Further, relations between storage de-

rived emissions and storage pool size as well as composition in response to drought have 

not been assessed. Lastly, drought effects on below-ground dynamics of isoprenoids and 

specifically chiral monoterpenes, remain unexcavated until now. Therefore: 

It is the scope of this thesis, to advance our understanding on the effects of drought on 

above- and below-ground emission and biosynthesis of isoprenoids. A specific focus lies 

on investigating these dynamics for chiral monoterpenes in response to drought. 
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1.5. Experimental design and approaches 

Biosynthesis and emission of isoprenoids are affected by plant physiological sta-

tus, which depends on the highly diverse current and past environmental conditions of 

their habitat (Peñuelas & Llusià, 2003; Niinemets et al., 2004). To understand how specific 

environmental stressors, such as drought, affect plant biosynthesis and emission of iso-

prenoids, confounding factors can be exterminated by conducting experiments on potted 

plants under standardised conditions in climate chambers. Heavy, complex and energy 

demanding instrumentation can be installed, simplifying experimental efforts and en-

hancing data resolution compared to field studies. Even though conditions in potted 

plants are far from natural conditions, these experiments are crucial to understand un-

derlying mechanisms that drive emission dynamics in the natural world (Diamond, 1986). 

Nonetheless, metabolic functioning might be significantly affected by plant developmen-

tal status and age (Borg-Karlson et al., 1993; Laothawornkitkul et al., 2009). Fortunately, 

a unique research facility has been built in the Arizonan desert to fill the gap between 

field- and laboratory studies.  

 

The Biosphere 2 Water and Life Dynamics drought experiment 

Though originally built in the 90’s in Tucson, Arizona (USA) to study the suitability 

of space colonisation by creating an independent, second biosphere (Cohen & Tilman, 

1996; Allen & Nelson, 1999), Biosphere 2 (B2) has been developed to an exceptional re-

search platform for large-scale environmental experiments throughout the last decades 

(Lin et al., 1998; Hopp et al., 2009; Barron-Gafford et al., 2019; Roach et al., 2020). The 

tropical rainforest mesocosm at Biosphere 2 is an enclosed ecosystem that enables com-

prehensive studies about environmental effects on individual ecosystem components 

(Ananyev et al., 2005; van Haren et al., 2005; Pegoraro et al., 2006; Taylor et al., 2018; 

Barba et al., 2019; Smith et al., 2020; Werner et al., 2021). The tropical rainforest contains 

a diverse mixture of pantropical shrub and tree species, many of which have been planted 

30 years ago. Humidity, temperature and irrigation can be fully controlled and measured 

on all levels of the ecosystem.  
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With this setup, a 9.5-week drought was imposed on the system during the Bio-

sphere 2 Water and Life Dynamics (B2WALD) campaign. As part of the B2WALD-team, I 

was involved in infrastructural installations, as well as the development, planning, execu-

tion and analysis of experiments throughout the 6 months of the campaign (Study 1-3) 

(Honeker et al., 2022). Drought influenced ecosystem carbon and water fluxes, signifi-

cantly declining evapotranspiration, ecosystem respiration and gross primary productiv-

ity (GPP), but enhancing BVOC emissions (Study 1).  

Within the scope of the overarching drought experiment, representative plant 

species of the ecosystem were selected and classified in four plant functional groups 

(drought-sensitive/-tolerant understory, and canopy forming trees) for further investiga-

tions. Selection was based on canopy coverage, distribution within the ecosystem, and 

number of available replicates (for details, see Study 1). For Study 3, two of the repre-

sentative canopy-forming tree species (Clitoria fiarchildiana R. A. Howard, drought-sensi-

tive; Phytolacca dioica L., drought-tolerant) and two representative understory species 

(Hisbiscus rosa sinensis L., drought-tolerant; Piper auritum Kunth, drought-sensitive) were 

selected for experiments (Study 1). In case of Study 2, experiments were performed on 

C. fairchildiana, H. rosa sinensis, and P. auritum. Experiments were conducted before and 

during the B2WALD drought. To measure fluxes of BVOCs, H2O and CO2 on-line through-

out the whole ecosystem, a sophisticated pneumatic multi-positions leaf cuvette meas-

urement system was setup inside the rainforest (for details, see Study 1 and 3).  

 

Automated, pneumatic multi-position leaf cuvette gas sampling systems 

Several experimental techniques can be exploited to sample volatile organic emis-

sions of plants, ranging from simplistic bag sampling approaches (Capelli et al., 2013) to 

sophisticated, automated multi-cuvette sampling systems (Werner et al., 2021). Since 

BVOCs are generally emitted in low quantities (ppt-ppm), distinction between plant emis-

sions and surrounding (i.e. background) concentrations is challenging. One possibility to 

handle high background concentrations is to accumulate emissions, e.g. by closing sam-

pling containers around the plant material prior to sampling (Tholl et al., 2006; Meischner 

et al., 2022), closed-loop stripping systems (Donath & Boland, 1995) , or by pre-
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concentration on chemical filters (Linskens & Jackson, 1997; Saebo et al., 2013; Kreuzwie-

ser et al., 2021). Alternatively, background concentrations can be eliminated by filtering 

background air through activated charcoal and/or platinum catalysators (Dudareva et al., 

2003; Kunert et al., 2005; Fasbender et al., 2018) or by flushing cuvettes with synthetic 

air (Ghirardo et al., 2010). Each of these approaches comes with different advantages and 

issues, which should be carefully assessed in dependence of the research question (Tholl 

et al., 2006; Kumar & Víden, 2007). BVOC emissions are strongly affected by short-term 

changes of temperature, light and physical contact (Niinemets et al., 2004). Hence, to 

measure plausible BVOC fluxes and their response to isolated stressors, plants should be 

equilibrated in a stable environment for several hours before sampling. To continuously 

measure BVOC fluxes of several plants in equilibrated conditions over longer time periods 

in parallel, automated multi-cuvette sampling systems are currently utilised as state-of-

the-art (Study 5). As part of the B2WALD-team and of this thesis (Study 1 and 3), an au-

tomated multi-cuvette sampling system was developed and constructed within the trop-

ical rainforest biome at B2. For Study 4 and 5 an existing automated multi-cuvette sam-

pling system inside of two walk-in climate chambers basing on the design from Fasbender 

et al. (2018) was rebuilt and improved. Even though complexity between the systems 

differed, the general functioning principle was similar (for details see Study 1 and Study 

4).  

 

Identification and determination of BVOC concentrations 

Proton transfer reaction time-of-flight mass spectrometry is currently the prevalent 

tool to identify and quantify the whole spectrum of VOCs in gas samples on-line (Jordan 

et al., 2009). Pulsed, charged ion beams are focused and accelerated towards a detector, 

usually a microchannel plate coupled to an analogue-to-digital converter. To charge the 

volatile analytes, proton transfer is mediated by chemical ionisation (CI), generally with 

H3O+ ions. CI is a soft ionisation method that is characterised by low fragmentation rates. 

CI significantly simplifies subsequent data analysis since mass-to-charge ratios (m/z) of 

analytes are only changed by the addition of one H+ ion (Equation 1).  
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𝑉𝑂𝐶 + [𝐻 𝑂 ] → [𝑉𝑂𝐶 + 𝐻 ] + 𝐻 𝑂, 1) 

Separation of ions of different m/z is achieved by acceleration through a field-free 

drift path of known length (Wolff & Stephens, 1953). Mass resolution power is deter-

mined by path length, which has been significantly improved from linear- (Wolff & Ste-

phens, 1953) to multi-reflecting TOF-MS (Satoh et al., 2014) throughout the last century. 

Mass determination is achieved by referencing TOF to compounds of known weight 

throughout the spectrum, called mass-axis calibration. Reliable quantification of analytes 

requires regular calibration with gas mixtures of known compounds and concentration to 

relate the detector signal (i.e. counts per second) to an actual concentration of the re-

spective analyte (Holzinger, 2015; Holzinger et al., 2019).  

PTR-TOF-MS resolves and quantifies volatile analytes by mass. The wide range of 

compounds that can be covered with just one instrument is intriguing. However, PTR-

TOF-MS lacks to resolve structural differences among compounds. Hence, other MS tech-

niques, such as gas chromatography electron ionisation (GC-EI) MS is required to resolve 

and quantify e.g. different monoterpenes separately (Lindeman & Annis, 1960). GCs can 

separate volatile analytes in complex mixtures via capillary separation columns (Kuck, 

2002). For analysis of VOCs, volatiles can be sampled on glass tubes filled with Tenax 

(Sigma, Munich, Germany) which are then inserted into the GC-MS. Volatiles are trapped 

on a thermodesorption-cold injection system (TDU-CIS, Gerstel, Germany). A tempera-

ture gradient is applied from low to high temperatures, while the sample is flushed with 

Helium as a carrier gas. Depending on chemical binding strength between the analyte and 

binding chemical, the analytes are released and carried towards the EI through a GC se-

paration column at a specific temperature and retention time (RT). Separation of chiral 

monoterpenes can be achieved by installation of an appropriate column (e.g. beta-

Dex 120 Chirality, 60 m × 250 μm × 0.25 μm, Supelco, USA). Fragmentation patterns of 

the analyte created by EI are compound specific and can be exploited for identification 

via extensive compound libraries, such as NIST library (National Institute of Standards and 

Technology). Identification can be verified by analysing and comparing RTs and fragmen-

tation pattern of commercially available standards with different samples (Study 5). By 
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splitting the eluate towards an isotope ratio (IR) MS, 13C isotope ratios of according vola-

tiles can be additionally determined. 

 

Position-specific 13C pyruvate labelling 

Isotopic tracer experiments are an effective tool to study biosynthetic regulation of 

isoprenoids. The utilisation of fresh photosynthates for biosynthesis of plant metabolites 

can be analysed in vivo by manipulating the isotopic ratio of carbon in CO2 that is supplied 

to branches installed in leaf cuvettes (Figure 2). By supplying plants with 100% 13CO2 in-

stead of ambient concentrations (1.1%), it is possible to estimate the contribution of 

de novo synthesis to overall isoprenoid emissions (Ghirardo et al., 2010). The contribution 

of cytosolic carbon sources to isoprenoid biosynthesis, on the other hand, can be investi-

gated by supplying branches with isotopically labelled, central metabolites, such as 
13C-glucose (Ghirardo et al., 2011), or 13C-pyruvate (Jardine et al., 2014), via the transpi-

ration stream (Figure 2). The application of position-specifically labelled pyruvate allows 

to further understand which metabolic processes lead to the biosynthesis of different 

plant metabolites (Fasbender et al., 2018; Werner et al., 2020; Ladd et al., 2021). These 

presented methods are by now well-established and widely applied to study BVOC emis-

sions from leaves of various plant genera under diverse environmental conditions (Jar-

dine et al., 2010; Yáñez-Serrano et al., 2019; Kreuzwieser et al., 2021). However, to my 

knowledge position-specific pyruvate labelling has not been employed to study these dy-

namics in roots. 

 

These methodologic approaches were selected to appropriately address the scope 

of this thesis. Thus, I conducted position-specific labelling experiments on leaves and 

roots of tropical and boreal plant species and measured plant physiologic responses to 

drought and labelling with an automated multi-cuvette sampling system, including PTR-

TOF-MS and sampling for GC-MS-IRMS analysis of isoprenoids. In the following, the de-

tailed research objectives and hypotheses are presented, specifying current knowledge 

gaps within the scope of this thesis. 
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1.6. Research objectives and hypotheses 

In accordance with the scope of this thesis, the overarching aim of the conducted 

studies was to investigate whether and how above- and below-ground emission and 

biosynthesis of various, partially chiral, isoprenoids are affected by drought in tropical 

and boreal plant species. 

As part of this thesis and of the B2WALD-team, I contributed to the development 

and set up of the experimental measurement system within the B2 tropical rainforest, 

including an automated multi-cuvette sampling system, several kilometres of PFA tubing 

for gas sampling of various plant species, and diverse sensors (see chapter 5 for specific 

contributions). Within the framework of the overarching B2WALD drought experiment 

(Study 1), I performed position-specific stable isotope experiments to investigate changes 

in carbon utilisation for plant respiratory processes and isoprene and monoterpene bio-

synthesis before and during drought (Study 3) and developed a method to isotopically 

label roots for comparative analysis (Study 2). After the B2WALD campaign, I built an au-

tomated multi-cuvette sampling system within two walk-in climate chambers based on 

the initial set up described by Fasbender et al. (2018). I conducted a drought experiment 

on potted Norway spruce saplings to assess differences in chiral monoterpene biosynthe-

sis above- and below-ground by applying several isotopic tracers (Study 4 and 5). The 

research objectives and hypotheses are presented in the following: 

(1) The first objective is to investigate how drought mediated changes in ecosystem 

fluxes are reflected among metabolic processes and isoprenoid emission of differ-

ent plant functional groups. 

The increasing severity and frequency of droughts in current and future climate sce-

narios (Spinoni et al., 2020) could result in increasing isoprenoid emissions from tropical 

forests (Loreto & Schnitzler, 2010; Guenther et al., 2012) and puts their functioning as 

major carbon sinks at risk (Pan et al., 2011; Wigneron et al., 2020). Yet, our understanding 

of species-specific regulation of carbon investment into maintenance and protection by 

drought-stressed plants above- and below-ground, by e.g. maintaining BVOC emissions, 

is insufficient (Holopainen & Gershenzon, 2010; Loreto & Schnitzler, 2010; Hartmann et 

al., 2020). To understand how drought affects ecosystem fluxes, the underlying processes 
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driving these dynamics need to be evaluated. Thus, in Study 1-3, I assess the effect of an 

unprecedented drought in the B2 tropical rainforest on above- and below-ground carbon 

utilisation for isoprenoid biosynthesis of representative canopy and understory species 

of different plant functional groups, using position-specific stable isotope labelling. Orig-

inally, the aim was to additionally compare the drought response of above- and below-

ground BVOC emissions of representative plant species. Unfortunately, we faced substan-

tial technical problems with the PTR-MSs measuring root emissions during the campaign, 

which is why I evaluate the interplay of above-ground emission dynamics with below-

ground metabolic processes instead: 

I hypothesise, that adjustments in water and carbon fluxes and carbon utilisation for 

different metabolic processes in response to drought are species-specific (Study 1-3). 

 

After the assessment of drought mediated metabolic responses from tropical plant 

species, I focus on investigating how drought affects the emission and biosynthesis of 

chiral monoterpenes in needles and roots of Picea abies in Study 4 and Study 5: 

 

(2) The second and main objective is to assess how drought affects above- and below-

ground emission and biosynthesis of chiral monoterpenes from Picea abies, by: 

 

(i) Introducing different isotopic tracers into needles and roots of Picea abies to 

investigate biosynthetic patterns among chiral monoterpene emissions; and 

 

(ii) comparing the composition and concentration of chiral monoterpenes emit-

ted and stored by needles and roots of Picea abies in response to drought. 
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The assessment of drought effects on the biosynthesis of the wide range of chiral 

monoterpenes stored and emitted by conifers (Persson et al., 1993; Sjödin et al., 1996) is 

aggravated by the challenging analytical distinction (Powis & Janssen, 2017). Earlier stud-

ies suggest that monoterpene composition differs between above- and below-ground tis-

sue (Borg-Karlson et al., 1993; Sjödin et al., 1996), which could indicate shoot-independ-

ent biosynthesis in roots. I therefore introduce stable isotope tracers into needles and 

roots of Picea abies to investigate how chiral monoterpenes are synthesised in a species 

that emits chiral monoterpenes de novo and from storage pools in Study 4 and Study 5: 

I hypothesise, that chiral monoterpenes are partially synthesised de novo in needles 

and roots of Picea abies, with de novo synthesis diminishing as a consequence of 

drought stress (Study 4 and Study 5). 

 

Biological activity and biochemical functioning differs between different monoter-

penes and their enantiomers (Borg-Karlson et al., 1993; Aggarwal et al., 2002; Lücker et 

al., 2002; van Vuuren & Viljoen, 2007; Da Rivas Silva et al., 2012; Mikaili et al., 2013) and 

it is likely that chiral monoterpenes serve different functions in plant-atmospheric and 

plant-soil interactions (Lindström et al., 1990; Norin, 1996; Erbilgin et al., 2007; Ghimire 

et al., 2016; Schulz-Bohm et al., 2018). Even though external stressors can lead to shifts 

in chiral monoterpene composition and ratios in plant emissions (Yassaa & Williams, 

2007; Byron et al., 2022), drought-related adjustments in composition of chiral monoter-

pene emissions and storage pools, especially in below-ground tissue, have received little 

attention until now. Thus, in Study 4 and Study 5, I analyse variations in chiral monoter-

pene composition of emissions and storage pools from Picea abies needles and roots in 

response to drought: 

I hypothesise, that composition and concentration of chiral monoterpenes differ above- 

and below-ground and are affected by drought; and that compositional differences con-

stitute cues on chiral monoterpene functioning (Study 4 and Study 5). 
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The light-independent portions of monoterpene emissions from species with spe-

cialised storage compartments are generally seen to be passively emitted from these 

compartments in dependence to temperature (Fischbach et al., 2002). Therefore, passive 

emissions from storage compartments should only be limited by storage pool size and 

temperature. Further, composition of emissions from storage pools should match the 

composition of stored monoterpenes. In Study 5, I tested these relations for needles and 

roots of Norway spruce by analysing chiral monoterpene concentration and composition 

of emissions and storage pools under diminishing contributions from de novo synthesis: 

I hypothesise, that the composition and concentration of chiral monoterpenes emitted 

from needles and roots of Picea abies from storage pools are tightly linked to storage 

pool size and composition (Study 5). 

 

Overall, this study addresses these research objectives and hypotheses by combin-

ing position-specific stable isotope labelling techniques with state-of-the-art measure-

ments of isoprene and chiral monoterpenes via PTR-TOF MS and GC-MS-IRMS, possibly 

stimulating further investigations at the frontier of our current understanding of plant 

isoprenoid biosynthesis and emission regulation. 
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2. Main results and discussion 

2.1. The Biosphere 2 Water and Life Dynamics (B2WALD) drought 

experiment 

In Study 1-3, which were conducted within the overarching framework of the large-

scale drought experiment in an experimental tropical rainforest (B2WALD campaign), I 

investigated how drought affects metabolic carbon utilisation by different plant functional 

groups in relation to overall ecosystem fluxes, with a specific focus on isoprenoid biosyn-

thesis. 

The enclosed tropical rainforest mesocosm at B2 constitutes a unique research fa-

cility for large-scale ecosystem manipulation experiments, since environmental parame-

ters such as humidity, irrigation and temperature can be fully controlled. To determine 

the underlying mechanisms driving drought mediated changes in overall ecosystem water 

and carbon dynamics, the tropical rainforest was exposed to a 9.5-week drought in 2019 

(Study 1).  

2.1.1. Ecosystem fluxes are disproportionally affected by different plant 

functional groups 

Drought led to dramatic declines in ecosystem H2O and CO2 fluxes, reducing GPP by 

79% during severe drought (Study 1). Daytime atmospheric isoprene concentrations in-

creased already in early drought but subsequently diminished during severe drought, 

when monoterpene concentrations peaked (Study 1). At the end of severe drought, mon-

oterpene and hexane concentrations increased before declining to pre-drought levels 

when the ecosystem was released from the drought stress during the recovery period. 

These dynamics in ecosystem fluxes were affected by four distinct plant functional 

groups: drought-sensitive/drought-tolerant canopy trees and drought-sensitive/drought-

tolerant understory species (Study 1). Ecosystem water fluxes in response to drought 

were driven by drought-sensitive canopy trees. However, the contribution of drought-
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tolerant canopy trees and understory increased during drought when fluxes from 

drought-sensitive canopy trees declined (Study 1). 

To evaluate the underlying metabolic adjustments of these four plant functional 

groups to the drought stress, isotope labelling experiments were performed on leaves 

and roots of representative species from each group (Study 2 and Study 3). Leaf and root 

labelling experiments with position-specifically labelled 13C1-/13C2-pyruvate were per-

formed during the pre-drought (12-28 September 2019) and the beginning of the severe 

drought (4-16 November 2019) of the B2WALD campaign (Study 1). After root labelling, 

roots were prepared and split for subsequent imaging via matrix-assisted laser desorp-

tion/ionisation coupled to mass spectrometry imaging (MALDI-MSI), nanoscale-second-

ary ion mass spectrometry (NanoSIMS), and metabolite extraction via water extraction 

for 1H NMR bulk metabolite characterisation (Study 2). 

Carbon and water fluxes of the drought-tolerant understory species Hibiscus rosa 

sinensis were two to four times lower than in the drought-sensitive canopy tree Clitoria 

fairchildiana during pre-drought conditions and were unaffected by drought (Study 3). 

However, root metabolic profiles and carbon utilisation were altered by drought in 

H. rosa sinensis: Concentrations of fatty acids and antioxidants were upregulated below-

ground (Study 2), and increased release of 13CO2 from 13C2-pyruvate by leaves indicated 

elevated daytime TCA cycle activity above-ground (Study 3). These processes likely sup-

ported drought resilience under elevated ROS levels in H. rosa sinensis (Lawlor & Khanna-

Chopra, 1984; Hoefnagel et al., 1998; Noctor et al., 2002; Bartoli et al., 2004; Atkin & 

Macherel, 2009; Zia et al., 2021). Similar trends were observed for the drought-tolerant 

canopy tree Phytolacca dioica (Study 3).The non-woody, drought-sensitive understory 

species Piper auritum reinforced cell walls in response to drought to increase vasculature 

mechanistic ability and to reduce water leakage (Cabane et al., 2012) (Study 2). Nonethe-

less, carbon and water fluxes significantly declined and leaf senescence increased during 

drought in P. auritum (Study 1 and Study 3). Leaf senescence and leaf shedding was even 

higher in drought-sensitive canopy species and was particularly pronounced in the high 

isoprene emitting legume tree C. fairchildiana, contributing to declining atmospheric iso-

prene concentrations after early drought (Study 1). Additionally, isoprene and 



Main results and discussion 

 

21 

 

monoterpene emissions from remaining leaves were downregulated at the beginning of 

severe drought (Study 3). Despite the drought-mediated declines in assimilation, transpi-

ration and isoprenoid emissions in C. fairchildiana, drought had little effect on root met-

abolic profiles and above-ground carbon utilisation for anabolic and catabolic processes 

(Study 2 and Study 3). Rather, root metabolic profiles of C. fairchildiana were affected by 

presence/absence of symbiotic microbial interactions at root nodules (Study 2). Leaf se-

nescence and shedding in response to drought is a common strategy by plants to ensure 

plant survival under severe drought stress to reduce water loss and relocate nutrients 

(Munné-Bosch & Alegre, 2004), which might have supported maintenance of below-

ground metabolism in C. fairchildiana.    

Thus, the combination of position-specific isotope labelling with different MS tech-

niques elucidated plant-specific responses and above- and below-ground metabolic me-

diation strategies in response to drought. These findings demonstrate the importance to 

evaluate both, above- and below-ground adjustments to drought, to fully understand 

drought response strategies of different plant species and their impact on overall ecosys-

tem processes, such as carbon and water fluxes. 

2.1.2. Differences in label incorporation into isoprene and monoterpenes in a 

tropical legume tree in response to drought 

Root metabolic profiles of C. fairchildiana were determined by the symbiotic inter-

action with nitrogen-fixing microbes (Study 2). These below-ground interactions might 

explain the remarkable difference in above-ground 13C-pyruvate daytime utilisation for 

different metabolic processes even under pre-drought conditions (i.e. the low decarbox-

ylation rate of the C1-position of pyruvate), compared to the other three species 

(Study 3). Cytosolic pyruvate might be utilised for anaplerotic reactions without decar-

boxylation of the C1-position of pyruvate, supplying amino acid synthesis (Hanning & 

Heldt, 1993; Tcherkez et al., 2009; Sweetlove et al., 2010), due to the higher nitrogen 

availability in legume trees. C. fairchildiana was the only species allocating significant 

amounts of 13C label to isoprenoids and 13C incorporation into isoprenoids was similar for 
13C1- and 13C2-pyruvate (Study 3). Hence, alternatively or additionally to anaplaerotic 
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processes, pyruvate was likely utilised for biosynthesis of isoprenoids via GA-3-P, which 

conserves all three carbon atoms from pyruvate, instead of decarboxylating the C1-posi-

tion (Figure 2, Study 3) (Werner et al., 2020; Ladd et al., 2021). Interestingly, earlier stud-

ies have suggested a tight link between leaf nitrogen fixation and isoprene synthesis 

(Rosenstiel et al., 2003; Rosenstiel et al., 2004).  

Label incorporation of cytosolic 13C-pyruvate into isoprene increased as the supply 

of fresh photosynthate available for isoprenoid biosynthesis declined in response to 

drought (Study 3). Similar patterns have been observed for heat-stressed plants in growth 

chambers (Yáñez-Serrano et al., 2019) or when assimilation was artificially reduced due 

to abscisic acid mediated stomatal closure (Schnitzler et al., 2004). Surprisingly, label in-

corporation into monoterpenes did not increase in parallel during drought (Study 3). If 

isoprenoid biosynthesis of both isoprene and monoterpenes was supplied by the same 

metabolic pathways, label incorporation should have been similar. The observed differ-

ences in label incorporation indicate that cytosolic pyruvate supplies isoprenoid biosyn-

thesis through (at least) two different pathways. Isoprene and monoterpenes are both 

supplied via GA-3-P, but additionally, monoterpene biosynthesis might be supplied by cy-

tosolic metabolites that are not available for biosynthesis of isoprene (for a detailed dis-

cussion, see Study 3). 

The results of these studies demonstrated that plant species of different plant func-

tional groups vary in their metabolic responses to drought and might disproportionally 

contribute to overall ecosystem fluxes. Diminishing atmospheric isoprene concentra-

tions in response to drought were partially driven by the legume tree C. fairchildiana, 

which increasingly resorted to cytosolic pyruvate for isoprene emissions, as the supply 

of fresh photosynthate available for biosynthesis declined (Study 1-3). 
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2.2. Position-specific pyruvate label indicates significant de novo 

synthesis of chiral monoterpenes in needles but not in roots of 

Norway spruce 

Following the B2 drought experiment, I investigated dynamics in isoprenoid emis-

sion and biosynthesis in the native conifer tree Picea abies in Study 4 and Study 5. As part 

of these studies, I analysed the contribution of de novo synthesis to overall emissions and 

storage pools of chiral monoterpenes in needles and roots of Picea abies. 

Three different isotopic tracers were introduced into needles of Norway spruce to 

evaluate the contribution of de novo synthesis to overall chiral monoterpene emissions: 

(i) 13CO2 via fumigation of branches (Figure 2), (ii) 13C1-pyruvate and (iii) 13C2-pyruvate 

dissolved in H2O by cutting and placing branches inside the isotopic solution (Study 4). 

For investigating whether chiral monoterpenes are synthesised de novo in roots of Nor-

way spruce, the tips of roots were placed in 13C2-pyruvate solution (Study 5). As expected, 

significant amounts of label were integrated into needle emissions (Study 4). In contrast, 

de novo synthesis was not observed in root emitted monoterpenes, even though other 

BVOCs, such as acetaldehyde, ethanol and acetone were significantly labelled (see sup-

plementary information of Study 5).  

These results indicate that chiral monoterpenes are not synthesised de novo from pri-

mary metabolites inside of roots. This is surprising, since earlier studies have indicated 

de novo synthesis of monoterpenes in roots: Zhou & Pichersky (2020b) identified several 

mTPS in roots of tomatoes and Chen et al. (2004) demonstrated that 1,8-cineole is pro-

duced and emitted but not accumulated in roots of Arabidopsis. Biosynthesis and emis-

sion might be driven by the root cortex and surrounding mucilage (Lin et al., 2007). How-

ever, monoterpene biosynthesis could be supplied by more complex intermediates from 

the shoot (Burlat et al., 2004) rather than pyruvate.  

Neither storage pools of needles, nor roots contained detectable amounts of 13C 

into chiral monoterpenes after labelling with 13C2-pyruvate (Study 5). It is not surprising 

that root storage pools did not incorporate any label, since root emissions of chiral mo-

noterpenes were not labelled as well. However, it is likely that storage pools of needles 
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are recharged by de novo synthesis under unstressed conditions. It is possible that the 

intensity of applied label was not sufficient to integrate detectable amounts of 13C into 

storage pools throughout the short period of the experiments. Needle emissions of chiral 

monoterpenes per h were in the magnitude of 0.045-0.1‰ of needle storage pool size 

(Study 5). Hence, integrated 13C was likely diluted in storage pools of needles below de-

tection limits.  

 

Biosynthesis of different monoterpenes is fuelled by a common precursor pool of 

GDP. Hence, labelling patterns among de novo synthesised chiral monoterpenes should 

be similar. Surprisingly, labelling patterns among different chiral monoterpenes emitted 

by Norway spruce varied depending on the isotopic tracer that was applied (Study 4). 

Based on these patterns, the 10 chiral monoterpenes were assigned to three different 

groups by agglomerative hierarchical clustering: (i) storage derived compounds ((-)-β-

phellandrene, (-)- and (+)-β-pinene; (ii) compounds dominantly labelled via 13C2-pyruvate 

((-)-and (+)-limonene, (-)-α-pinene); and (iii) compounds dominantly labelled via 13CO2-

fumigation ((+)-β-phellandrene, (+)-α-pinene, sabinene, myrcene) (Study 4). Notably, the 

grouping matched product groups of mTPS previously identified in Norway spruce 

(Study 4). My results indicate that biosynthesis and emission of chiral monoterpenes may 

be compartmented in needles of Norway spruce. Hence, biosynthesis and emission of 

chiral monoterpenes seems to be regulated in the three different clusters in Norway 

spruce. Multiple mechanisms could explain why labelling patterns differ among de novo 

synthesised chiral monoterpenes: Chiral monoterpenes dominantly labelled via 13CO2 

(group iii) are likely directly synthesised within plastids of mesophyll cells of needles (Fig-

ure 2). In contrast, but in accordance with my findings in Study 3, monoterpenes that 

were mainly labelled via 13C2-pyruvate (group ii) could be partially synthesised in the cy-

tosol as by-products of sesquiterpene synthases (Davidovich-Rikanati et al., 2008; Guten-

sohn et al., 2013) or via enzymes of the Nudix hydrolase family (Magnard et al., 2015; Liu 

et al., 2018). Alternatively, FDP could be transported to plastids (Bick & Lange, 2003) and 

utilised by multi-substrate mTPS of the TPS-f-subfamily to form these monoterpenes (Wu 

et al., 2006; Ruiz-Sola et al., 2016; Dhandapani et al., 2020) (Figure 2). Biosynthesis of 
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monoterpenes might also be sub-compartmented within plastids, analogue to the soluble 

(stromal) and thylakoid-associated IspS in willow leaves (Wildermuth & Fall, 1996, 1998). 

Lastly, mTPS synthesising monoterpenes of group (ii) could be located in plastids of pa-

renchyma cells (Niinemets & Reichstein, 2002) or leucoplasts surrounding the resin chan-

nels (Schürmann et al., 1993; Trapp & Croteau, 2001). Due to a lack of chloroplasts, these 

cells depend on external metabolites, such as cytosolic pyruvate. Though speculative, 

these dynamics could explain the observed labelling patterns.  

These results show that de novo synthesis and emission of chiral monoterpenes is sup-

plied by cytosolic pyruvate in needles, but not in roots of Norway spruce. Above-ground 

emitted monoterpenes were clustered in three different groups based on their labelling 

patterns, indicating that chiral monoterpene biosynthesis is driven by different meta-

bolic pathways and likely takes place in multiple compartments. In response to drought, 

de novo synthesis declined and remaining emissions were maintained by storage pools 

(Study 4 and Study 5). 
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2.3. Above- and below-ground differences in chiral monoterpene 

composition imply information on tissue-specific functioning 

Differences in chiral monoterpene composition and concentration of emissions and 

storage pools above- and below-ground from Norway spruce were analysed before and 

during drought in Study 4 and Study 5. 

Total concentration and chiral composition significantly differed between needles 

and roots of Norway spruce (Study 5). Needle emissions were 3 times higher than emis-

sions of roots and storage pools were ten times larger in needles compared to roots. In 

needle emissions and content, (-)-limonene was the dominant monoterpene, whereas (-

)-enantiomers of α-pinene, β-pinene and β-phellandrene were predominant in roots 

(Study 5). While enantiomeric ratios were more diverse but generally dominated by the 

(-)-enantiomers in needles, root enantiomeric ratios where heavily dominated by (-)-en-

antiomers, except for limonene enantiomers (Study 5).  

By accounting for all compounds with demonstrated antimicrobial and/or insecti-

cidal properties (both enantiomers of limonene, (+)-α-pinene and (+)-β-pinene, see chap-

ter 1.3), contribution of deterring compounds increased during drought from 34% to 50% 

in needle emissions and from 26% to 32% in storage pools (Study 5). In contrast, contri-

bution of these monoterpenes tendentially diminished from 15% to 8% in root emissions 

and was unaffected in root storage pools (7%). Hence, insecticidal/antimicrobial activity 

of emitted and stored monoterpenes might be of higher importance above- than below-

ground. In parallel, OH reactivity of needle emissions increased in response to drought 

(Study 4). Hence, the controlled increase in deterring and reactive emissions as a conse-

quence to drought might reflect an optimised protection when overall emissions dimin-

ished. My results indicate, that insecticidal and antimicrobial activity might be of minor 

importance in below-ground chiral monoterpene emissions. Roots exude a suite of non-

volatile chemicals, many of which are attributed with strong antimicrobial properties 

(Baetz & Martinoia, 2014). Thus, olfactory cues of chiral monoterpenes might be rather 

utilised as signalling molecules for mutualistic interactions in below-ground tissue (Ras-

mann et al., 2005; Ali et al., 2010; Ditengou et al., 2015). 
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Composition of chiral monoterpenes in needles is dominated by compounds with anti-

microbial and/or insecticidal properties and their contribution increases in response to 

drought, whereas these monoterpenes are of minor abundance in roots, where drought 

has no effect on chiral monoterpene composition. Consequently, below-ground emis-

sions of chiral monoterpenes might be rather utilised as signalling molecules for bene-

ficial interactions, while deterring functions are more relevant in above-ground emis-

sions. The drought-mediated compositional changes observed in needles could reflect 

an optimisation of protective properties under declining emissions (Study 4 and 

Study 5). 

 

2.4. Chiral monoterpene emissions are regulated independent of storage 

pool size 

One aim of Study 5 was to investigate if drought affects the dynamics and interac-

tions of chiral monoterpene emissions and storage pools from needles and roots of Nor-

way spruce. 

Total chiral monoterpene emissions declined to one third of control levels in re-

sponse to drought in both, needles and roots (Study 5). Conversely, needle and root stor-

age pools increased by a factor of 1.5 and 2.3, respectively. Hence, the portion of mono-

terpenes emitted per h relative to monoterpene content in storage pools declined from 

control (needles: 0.1‰; roots: 0.35‰) to drought (needles: 0.045‰; roots: 0.05‰;) con-

ditions (Study 5). De novo emissions declined during drought (Study 4), thus remaining 

emissions were driven by storage pools. With about 30% of monoterpene emissions by 

needles from Norway spruce originating from de novo synthesis in undisturbed conditions 

(Ghirardo et al., 2010), the observed decline in de novo synthesis can only partially explain 

the drop in monoterpene emissions by more than 60% in response to drought. Therefore, 

emissions from storage pools also declined during drought conditions. Stored monoter-

penes are generally seen to be passively emitted from storage compartments in depend-

ence to temperature, even in absence of de novo synthesis (Gershenzon et al., 2000; 

Fischbach et al., 2002). Under long term stress, emissions cannot be sustained from non-
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specific storage of monoterpenes in mesophyll cells (Niinemets & Reichstein, 2002). Con-

sequently, monoterpene emissions rely on release and transport from resin ducts and 

associated cells under drought. Notably, monoterpene emissions are not controlled by 

stomatal opening as long as monoterpene concentration in the foliage intercellular air 

space are maintained. Based on my findings, I conclude that the emission of monoter-

penes from storage compartments is not solely determined by temperature and storage 

pool size. Rather, transport processes or release mechanisms seem to control monoter-

pene emissions from storage pools. These findings are important for emission develop-

ment in future climate scenarios, as exponential increases of monoterpene emissions in 

response to rising temperatures (Guenther et al., 2012) could indeed be buffered by the 

active control of emissions resulting from drought stress. 

When emissions from de novo synthesis decline, composition and concentration should 

reflect those of storage compartments. However, my results indicate discrepancies be-

tween content and emissions from these compartments. In contrast to the general as-

sumptions that the light-independent part of monoterpene emissions is passively emit-

ted in dependence to temperature, I conclude that additional release or transport pro-

cesses control the emissions of stored compounds in response to drought. These find-

ings imply important ramifications for modelling approaches, highlighting the uncer-

tainties of current estimates of temperate and boreal monoterpene emissions in a 

changing climate (Study 5). 
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3. Conclusion and outlook 

3.1. Work in progress and future directions 

Chirality is a fundamental phenomenon in biology, observable from macrobiological 

structures to the molecular level. Even though many biologic processes rely on homochi-

rality, in some compound classes both enantiomers play vital and very different roles for 

organismic functioning (Bentley, 2006a). The results of this thesis provide evidence that 

biosynthesis and emissions of monoterpene enantiomers in plants can be driven by dif-

ferent metabolic pathways, which are unevenly affected by drought. Possible ramifica-

tions of shifts in chiral composition for plant-environmental interactions could be im-

mense (Lehmanski et al., 2023), but remain speculative. A better understanding of the 

underlying mechanisms driving chiral product ratios is also of interest for the pharmaceu-

tical and food industry, since biological properties can heavily vary between the pure en-

antiomers and racemic mixtures (Bentley, 2006a, 2006b; van Vuuren & Viljoen, 2007; 

Vickers et al., 2014). External application, or direct biosynthesis of specific herbivore-de-

terring or parasitoid-attracting mixtures of chiral monoterpenes by genetically modified 

crops could help to improve pest control (Loreto et al., 2014). 

In the future, currently available information on compositional changes in chiral 

monoterpenes in response to environmental stressors should be exploited in above- and 

below-ground plant-insect interaction studies, to better understand primary attraction of 

herbivores by stressed tree individuals. Further, antimicrobial and OH-scavenging prop-

erties of complex, chiral monoterpene mixtures of stressed and unstressed trees should 

be analysed to estimate possible protective optimisation in response to environmental 

stressors. These dynamics should be investigated in plant species of different ecosystems 

that are prone to pests and extreme climatic events. Notably, more studies should focus 

on tropical plant species, as they are potentially one of the major sources for chiral mon-

oterpenes (Guenther et al., 2012). As the next step, sophisticated multi-stress and prim-

ing experiments (for example, see Kleist et al., 2012; Copolovici et al., 2014; Birami et al., 

2021), combining drought, heat and/or herbivore feeding with isotopic labelling will be 
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necessary to understand the complex interplay of multivariate stressors that plants are 

faced in natural ecosystems. To this end, more multi-stress experiments on mature trees 

in natural ecosystems, similar to the study by Trowbridge et al. (2021), will be needed to 

test whether or not laboratory projections are applicable. 

To accurately estimate ecosystem fluxes of isoprenoids in a changing climate, con-

tributions of all ecosystem levels need to be assessed. For evaluating changes in source 

contributions from soil microbes, roots, or foliage to atmospheric concentrations, possi-

ble source-specific chiral monoterpene ratios could be exploited (Zannoni et al., 2020; 

Byron et al., 2022). Especially below-ground contributions remain challenging to esti-

mate, since they are driven by diverse biologic (roots, microbes) and physical (soil mois-

ture & soil properties) processes. Disentangling of, and understanding the interdepend-

encies between these processes will remain a major challenge for future research. Iso-

lated uptake/emission experiments with BVOC standards or natural BVOC mixtures on 

sterile or artificial soils could help to better understand the interplay between these fac-

tors. 

The results of this thesis demonstrate the complexity of processes driving isopre-

noid biosynthesis in different plant species. Biosynthetic pathways cannot only differ for 

isoprene and monoterpene biosynthesis, but even for different, chiral monoterpenes that 

supposedly resort to the same metabolic precursor pool. These findings contribute to a 

growing amount of evidence that isoprenoid biosynthesis is not separated by different 

cell compartments (Dudareva et al., 2005; Magnard et al., 2015; Liu et al., 2018; 

Dhandapani et al., 2020; Zhou & Pichersky, 2020a). I was able to identify these differences 

by using position-specifically labelled pyruvate. However, the flexibility in metabolic utili-

sation of pyruvate reduces the certainty for exact tracing of the according pathways that 

lead to the synthesis of a specific molecule. Additionally, refixation of decarboxylated 13C 

from 13C1-pyruvate has been discussed as a possible issue in correctly interpreting py-

ruvate utilisation (Study 3, Fasbender et al., 2018; Kreuzwieser et al., 2021). To better 

understand the driving forces behind the observed compartmentation in chiral monoter-

pene synthesis, subsequent studies should aim to disentangle compartment-specific 

(plastid/cytosol) biosynthesis of different monoterpenes, for example by applying 
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isotopically labelled, MVA-/MEP-specific precursors for monoterpene biosynthesis. Simi-

lar experiments could be conducted to enhance our, currently rudimental understanding 

of below-ground monoterpene biosynthesis (Chen et al., 2004; Zhou & Pichersky, 2020b), 

especially for species with specialised storage compartments. However, proper interpre-

tation of these experiments requires standardised conditions. Hence, the conducted and 

proposed isotopic labelling experiments are in general limited to laboratory conditions. 

Therefore, the development of proper tools for the investigation of biosynthetic controls, 

driving metabolic processes of mature trees in response to drought, will remain a major 

challenge for future research in this field. 

 

3.2. Conclusions 

The aim of this thesis was to further our understanding of how above- and below-

ground emission and biosynthesis of isoprenoids is regulated in plants in response to 

drought. Biosynthesis of isoprenoids is highly flexible and can be fuelled by different bio-

synthetic pathways. Whether or not isoprenoid emissions are maintained during drought, 

depends on plant species and drought severity. While monoterpene emissions can be 

partially maintained during drought by increased utilisation of alternative, cytosolic car-

bon sources, severe drought stress generally leads to strong declines in emissions and 

uncouples passive emissions from storage pools. Drastic declines in isoprenoid emissions 

in response to severe drought likely impact plant-environmental interactions (Lehmanski 

et al., 2023) and reduce resilience against oxidative stress (Sharkey et al., 2008). Shifts in 

composition of chiral monoterpene emissions might enhance protective potential 

(Turlings et al., 1990; Loreto et al., 2014), but could also be utilised as cues by herbivores 

for primary attraction (Erbilgin et al., 2007; Schiebe, 2012). The interacting effects of more 

frequent, longer summer droughts in a hotter future climate (Spinoni et al., 2020) and 

increased tree mortality (Allen et al., 2015) on global isoprenoid emissions are still chal-

lenging to predict (Loreto & Schnitzler, 2010). Exponential increases in emissions due to 

rising temperatures (Guenther et al., 2012) might be buffered to a certain extent by emis-

sion reductions in response to severe drought (Birami et al., 2021). While increased tree 
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mortality will likely reduce isoprenoid emissions in broadleaf-dominated tropical (Yáñez-

Serrano et al., 2020) and Mediterranean (Pasquini et al., 2023) forests, emission bursts of 

dying conifer trees (Birami et al., 2021) could significantly increase the contribution of 

boreal forests to atmospheric isoprenoid concentrations.  

In conclusion, this thesis unravelled new insights into above- and below-ground iso-

prene and chiral monoterpene biosynthesis and emission changes in response to drought. 

Nonetheless, several questions arise from my experiments, for example regarding above-

ground compartmentation of monoterpene biosynthesis, below-ground monoterpene bi-

osynthesis, and regulation of monoterpene emissions from storage compartments. 

Hence, this thesis may provide the initial steppingstones for further investigations at the 

frontier of our current understanding of plant isoprenoid biosynthesis and emission reg-

ulation. 
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